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1 Introduction tal optical fiber technologies, including light-emitting di-

Fiber optic communication systems have seen widespread®desS and semiconductor lasers capable of high-speed
commercial use for some time. However, in the past 10 yr modulation, solid state optical detectors and receiver cir-
many new applications have emerged for optical fiber in CUltry, and low-loss glass fiber cables. It is interesting to
computer and data communication networks, as compared”Ote that each of these fundamentals developments became
with their applications in voice and telephone communica- Mmature enough for commercial applications at about the
tions (telecom). Despite recent efforts toward convergence Same time, in the early 1970s; this greatly facilitated the
of voice, data, video, and image processing, which attemptadoption of fiber optic communications by the telecom in-
to combine all elements of multimedia on a common hard- dustry, and later by the datacom industry. Today, the
ware and software platform, the design of data communi- branches of this tree are the many applications of fiber optic
cation(datacom)inks remains a subdiscipline with its own datacom, which we discuss in detail:

distinguishing characteristics. In this paper, we describe the

! ; X o 1. ESCON and Serial Byte Connecti¢BBCON)
unigue requirements of optical data communications and ) )
the applications that are driving this subfield. We then dis- 2+ Fiber Channel ConnectidiffICON)
cuss the prevailing standards in the datacom industry, in- 3. FDDI for local and wide area networksAN/WAN)
cluding Enterprise System ConnectidESCON), Fiber 4. Fibre Channe{FC) standard
Distributed Data Interfacé~DDI), Fibre Channel, Gigabit
Ethernet and asynchronous transfer mode/synchronous op- 5. ATM/SONET
tical network (ATM/SONET). The physical layer of each 6. Gigabit Ethernet
standard is described, including requirements for distance, 7. emerging technologies, including

data rates, physical media connectors, and other distin-

- . . a. parallel optical interconnects
guishing features. Finally, we present several emerging

technologies that are expected to have a significant effect b. small-form factor fiber optic connectors
on this field in coming years. c. plastic optical fiber
To provide a perspective on.the scope of optical data- d. free-space data links
com, we can represent the field in a tree structure, as shown L ) )
in Fig. 1. The roots of the optical datacom tree lie in the use e. wavelength-division multiplexing
of copper data links in computer systems and telecommu- f. other application$serial High Performance Paral-
nications. These systems were the basis for most of our lel Interface (HIPPI) and HIPPI 6400, multifiber
communication needs until the development of fundamen- trunking systems, and more].
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DeCusatis: Optical data communication . . .

have enabled new computer architectures, including Paral-
lel Sysplex for mainframes and clustered parallel super-
computers. Some have characterized the history of comput-
ing into three eras: the age of centralized computing using
mainframes, the personal computer revolution, and the cur-
rent age of network-centric computing in which a powerful
datacom network between all types of platforms is the most
important resource.

When discussing the role of fiber optics in data commu-
nication, it is natural to ask how this technology compares
with alternatives such as copper data links, and which ap-
plications are best served by considering an optical solu-
tion. This is, of course, an ongoing and vigorous debate;
rather than attempt to settle it here, we simply provide a
framework for discussions in the rest of the paper. Tradi-
tionally, optical communication solutions have been suc-
cessful in those areas that require higher data rates and
longer unrepeated distances than can be provided by copper
solutions; this is reflected in Table 1, which suggests that
copper solutions are most cost effective for distances less
than a few meters, including card-to-card, chip-to-chip, and
intrachip applicationé. Although there is a great deal of
promising research being conducted with optics in these
areas that may lead to innovative solutions, it is beyond the
scope of this paper. Rather, we consider those areas in
which fiber has already found commercial success, namely,
distances ranging from tens of meters to kilometers. Table
1 also suggests a cost point in dollars per gigabit per second
that is required for a successful solution at these distances
oday. This information is presented as a rough guide only,

ut it is interesting that the typical cost seems to scale by
roughly the same order of magnitude as the distance.

A number of unique features distinguish the subfield of
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Fig. 1 Optical data communications tree (after Ref. 1).

It is convenient to briefly review the history of fiber optic
datacom by organizing the many computer applications
into a few common platforms: personal computers, work-
stations, mainframes/large servers, and supercomputers. A
the low end of functionality and processing power, personal
computergPCs)using modems to transfer data across pub-
lic carrier telephone lines, which often contain a fiber optic ) o .
backbone, were perhaps among the first to indirectly use Optical data communications as compared with telecommu-

optical fiber for data transfer. While this enabled the tele- Nications. First, datacom systems must maintain a much
com carriers to multiplex many low-speed copper lines lower bit error rateg BER), defined as the number of errors

onto a single fiber, the presence of fiber in the system hadPer second in the communication link. This is so because
minimal impact on the end user because the high- the consequences of even a single bit error are potentially
bandwidth telecommunications fiber was bottlenecked by Very serious; critical data such as bank account balances or
much lower speed copper coax or twisted pair wiring at medical records could be corrupted, and in extreme cases,
either end of the communication link. As the functionality the computer or even the entire network could be shut
of the PC increased and a second higher performance platdown. Even in noncritical applications, any errors Impact
form of workstations emerged, dedicated networks to sharethe performance of the attached computer systems. In voice
data became increasingly important. This began the prolif- COmmunications, the ultimate receiver is the human ear,
eration of peer-to-peer LANs and the need emerged to scaleand voice signals have a bandwidth of only about 4 kHz;
into larger platforms including mainframes and supercom- transmission errors often manifest themselves as excessive
puters. This has led to the emergence of client-server-basedackground noise or static, such as encountered on a long
networks, employing either circuit switching or packet distance international call or one from a mobile phone, and
switching. Large systems now offer native fiber optic at- most users can ignore or tolerate ;his level of fidelity. Typi-
tachments, which can reduce or eliminate the bottleneck atcal low-end datacom links operating at 10 to 15 Mbytes/s
either end of a link. Further, high-speed fiber optic links must support a BER of 10 or better(about 1 error every

Table 1 Copper versus optical data link solutions and distance and cost considerations;? costs are
estimated market cost required to compete at a given distance.

Distance Kilometers+ 10-100 m 1-10 m 0.1-1m <10 cm
Cost per gigabit $1000 $100 $10 $1 $0.1

per second
Copper Coax/repeated Coax/twisted pair Coax TP Backplane  Chip-on-board
Optics Single mode Multimode Multimode  Waveguide Free space
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DeCusatis: Optical data communication . . .

hour for a 200 Mbits/s channelas compared with about 2 Datacom Standards

10°° for telecom systemgabout 1 error every 5)sSome  as implied earlier, the datacom network is a multivendor
datacom applications must support a BER as low 30 environment in which the end user assembles equipment
even testing such a link becomes challenging when an errorfrom many different sources into a single netwdttadi-
occurs only once every 57 dagisigher data rates are help-  tjonally, telecom providers have not faced this restriction,
ing to reduce the time required to test very low BERS).  although this situation is changing somewhat in the United
Another unique requirement of datacom systems is eye States). This has placed an increasing emphasis on interop-
safety versus distance trade-offs. Before the introduction of erability through standardization. The goal of standardiza-
fiber optics in the data center, parallel copper coax was tion is to document a minimum set of requiremefits
limited to a maximum distance of perhaps a few hundred encourage innovation and multiple solutions to the same
meters by noise considerations. The introduction of optical problem)that achieve a maximum amount of interoperabil-
fiber has driven a trend toward higher data rates and longerity. |t is important to distinguish a standard from a specifi-
distances; new applications such as distributed computingcation; while multiple products may claim compliance with
and remote backup of data for disaster recovery havega given standard, they may have very different component
pushed fiber optic data links to relatively long unrepeated or functional specifications. Standards may be set byléhe
distanceq10 to 20 km). At the same time that these appli- factoagreement of many different companies, but are more
cations have been expanding the data center, the computeformally administered by professional organizations such
networks are often serviced by the users themselves or by aas the IEEE, 1SO, and ANSI. Because datacom standards
staff that is not trained in optical safety or handling of fiber are evolving rapidly, the latest revisions should be con-
cables. In contrast, most telephone users would never thinksulted frequently; with the advent of the World Wide Web,
of crawling into a manhole and reconnecting cables under many resources are now available online related to fiber
the street if their phone service failed to work; the telecom optic datacom(see Table 2 These specifications are con-
providers completely control the equipment installed in sistent with the applicable European and U.S. industry stan-
their network, and ensure that it is serviced by only trained dards for optical fiber cables.” In the following sections,
personnel. This means that all datacom links must meetwe review the prevailing international datacom standards
international class 1 laser safety standdrahich limit the for fiber optics; ESCON, FDDI, FC, Gigabit Ethernet, and
optical transmitter output power. For datacom links, this ATM over SONET.
implies a trade-off between the requirements for long-  We can categorize the applications that are driving op-
distance, high-fidelity transmission and limitations on the tical datacom into three areas: input/outpl®) device at-
amount of optical power that can be safely launched into tachment for data storage, coupling, and networking. Stor-
the fiber. This makes optical link budget analysis and link age applications typically employ ESCON, FICON, or FC;
planning even more important for the data link designer coupling applications utilize FC or some variant; and net-
(some standards attempt to circumvent this limitation using working applications tend to use FDDI, Gigabit Ethernet,
a technique called open fiber control, which we discuss or ATM/SONET. Large servers require dedicated links to
later). Because most datacom end users are not trained ofnterconnect with storage devices, such as magnetic disk
experienced with fiber optics, datacom equipment must be and tape drives, printers and other direct access storage
designed to withstand large numbers of connections anddevice (DASD) equipment. This has been the driving ap-
disconnections, high pulling forces on fiber cables, and plication for ESCON, FICON, and FC links, and has ad-
other user-inflicted stress. The equipment should be easy tojressed the need to backup data in real time at a remote
use and maintain; for example, connectors are keyed to|ocation for disaster recovery. It has also played a role in
prevent misplugging, and receptacles can be designed tostorage-intensive applications such as data mining. Main-
minimize the necessity for frequent cleaning. Fiber optic frames and large servers contain an estimated 70% of the
connectors must exhibit the same degree of reliability as world’s data. The recent trend toward clustered, parallel
common two-prong electrical wall outlets; they must plug processors to enhance performance has driven the second
into the receptacle and work properly the first time, every requirement for high-bandwidth coupling links. For ex-
time. Despite the requirement for rugged, high-reliability ample, large water-cooled mainframe computers are being
components, the datacom market is very sensitive to thereplaced by smaller, air-cooled complementary metal-oxide
cost of optoelectronics, because there are a much largelsemiconductofCMOS)-based servers that couple together
number of transceivers per kilometer of fiber than in tele- many processor@entrm processing units, or CPUs par-
com applications. Telecom links may stretch hundreds of gjlel. Currently, leading-edge applications are using FC-
kilometers, even around the world, by using many low- type data links for this application, or copper if the dis-
jitter repeaters and signal regenerators, and make more extances are very short. High-performance applications have
tensive use of multiplexing techniques to effectively utilize traditionally been the area in which new technologies are
the available bandwidth of the fiber. Typical datacom links first introduced, however, and these coupling links may be
have not used multiplexing as extensiventil very re-  sypplanted by other technologies such as parallel optical
cently), and use at most only a few repeaters in a long link. interconnects, as we discuss lafiedeed, the area of intra-
machine communications may develop into a fourth appli-
*U.S. laser safety standards are regulated by the Department of Health anccatlon .drlver’. encompassmg opt_lcal .data buses, .ClOCkS' and
Human Service$DHHS), the Occupational Safety and Health Adminis- ~ other links within a single machineFinally, the third and
tration (OSHA), the Food and Drug Administratiqi#DA) Code of Ra- perhaps the most visible app”cation has been in network-
diological Health(CDRH) 21 Code of Federal Regulatiofi€FR) sub- ing, including LANs, WANSs, and metropolitan area net-

chapter J; the relevant standards are given in Ref. 3. Elsewhere in the . . ’ -
world, the relevant standard is as given in Ref. 4. works (MANSs). This has been the domain of FDDI, Gigabit
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DeCusatis: Optical data communication . . .

Table 2 Optical datacom information on the World Wide Web.

ATM Forum http://www.atmforum.com
Desktop ATM25 Alliance http://222.atm25.com
Fibre Channel Association http://www.amdahl.com/ext/CARP/FCA/FCA.html
ANSI FDDI X3T12 Home Page http://www.sholeh.nswc.navy.mil/x3t12
Gigabit Ethernet Alliance http://www.gigabit-ethernet.org
HIPPI standards http://www.esscom.com/hnf
Infrared Data Association http:///www.irda.com
American National Standards Institute (ANSI) http://www.ansi.org
ANSI T1 Committee http://www.t1.0rg
International Telecommunications Union

(ITU, formerly CCITT) http://info.itu.ch
Optoelectronic Industry Association (OIDA) http://www.oida.com
Network Computing Reference Profile http://www.nc.ihost.com
IBM Corporation (ESCON-related information) http://www.ibm.com
IEEE Standards http://www.ieee.org
Optical Society of America (OSA) http://www.osa.org

[also Technical Home for Photonics and homepage
for Institute of Optical Data Communication (IODC)]

Note that this list is not comprehensive.

Ethernet, and SONET-based ATM as well as other non- The ESCON/SBCON channel is a bidirectional, point-
fiber-based network standards including ethernet and tokento-point 1300-nm fiber optic data link with a maximum

ring. data rate of 17 Mbytes(200 Mbits/s minus overheadThe
physical layer specifications are given in Tables 3—-7. ES-
21 ESCON/SBCON CON supports a maximum unrepeated distance of 3 km

. . ) using 62.5xm multimode fiber and LED transmitters with
From the introduction of the IBM System/360 mainframe 5, 8-dB link budget, or a maximum unrepeated distance of

in 1964 until the first use of ESCON 26 yr Iatgr, only in- 50 km using single mode fiber and laser transmitters with a
cremental upgrades had been made to the mainframe com+4_4p jink budget. The laser channels are also known as
puter 1/O interface. The basic interconnection technolo_gy the ESCON extended distance feat((®F). Physical con-

for attachment to DASD suqh as magnetic tape or disk nection is provided by an ESCON duplex connecitins-
drives and storage control units consisted of a parallel cop-y ateqd in Fig. 2 the connector features a unique spring-
per interface with a peak data rate of 4.5 Mbytes/s and &|gadeq retractable dust cover, which protects the ferrules
maximum distance of 144 1200 ft). Indeed, this distance \yhen the connector is not in use and retracts on insertion
limitation is one reason why most mainframe cOmpIeXes jni, an ESCON receptacle. The connector was designed
were contained in a single room or “glass house” with gpecifically to provide a low profile; ease of use; consis-
storage dewces and peripherals c[ustered next to the MaiNtenily low loss; and a rugged, repeatable connection. Ini-
_frame CF_’U. This technology rema_med unchanged until thetially, the ESCON duplex connector was offered in both
introduction of the ESCON architecture on the IBM nitimode and single-mode versions, color coded with
System/390 famﬂyﬁlnlolggo as an alternative high speed I/O pj5ck connectors and orange fiber jacket for multimode and
channel attachmefit" The ESCON interface became the .4y connectors and yellow fiber jacket for single mode.
de factoindustry standard for large system attachments; the Recently, the single-mode ESCON links have adopted the
specifications were subsequently publish?’ed and adopted bygc dupléx connector as standardized by (F@. 3).

other original equipment manufacturefs= (OEMs), and The specifications in Tables 3—7 assume typical values
in 1996 they were adopted by the ANSI X3T1 committee f the |ink budget; by trading off elements of the link de-

as the SBCON standarfi;the name change was required sign, customized ESCON links have been installed that can
because ESCON is a trademark of IBM. The architecture

and protocols have been adopted by a number of main-

frame and large server vendors, and several companies curfable 3 ESCON allowed maximum link loss (at 1300 nm
rently manufacture ESCON-compatible fiber optic trans- wavelength).™*

ceivers. Recently, IBM has authorized use of the ESCON
trademark by selected fiber optic cable vendors whose Maximum Maximum

products are demonstrated to meet the quality, functional-  -ength (km) Loss (dB) Fiber Type

ity, and performance specifications equivalent to compo- 8.0 62.5 um, 500 MHz km
nents obtained directly from IBM. 20 8.0 50.0 um, 800 MHz km
_ 2.0t0 3.0 8.0 62.5 um, 800 MHz km
TESCON System/390 and S/390 are registered trademarks of IBM Corpo-  20.0 14.0 9 um (single mode)

ration.

Optical Engineering, Vol. 37 No. 12, December 1998 3085
Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 28 Mar 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
Exhibit 1010
Infinera Corporation v. Alexander Soto and Walter Soto
Page 004



DeCusatis: Optical data communication . . .

Table 4 Multimode ESCON output interface specification.!

Table 5 Multimode ESCON input interface specification.!*

Parameter Minimum Maximum  Unit Parameter Minimum  Maximum  Unit
Average power? —20.5 -15.0 dBm Sensitivity'? —29.0 dBm
Center wavelength 1280 1380 nm Saturation level -14.0 dBm
Spectral width (FWHM) 175.0 nm Acquisition time® 100 ns
Rise time (t,) (20 to 80%)*3 1.7 ns Loss of light (LOL) threshold* ~ —45 —-36 dB
Fall time (t;) (80 to 20%)*3 1.7 ns LOL hysteresis*® 05 dB
Eye window? 3.4 ns Reaction time for 3 500 uSs
Optical output jitter* 08 ns LOL state change
Extinction ratio®® 8 dB !Based on any valid 8B/10B code pattern measured at, or extrapo-
t, and t; at optical path output®® 2.8 ns lated to, 10™%° BER measured at center of eye. This specification

1Based on any valid 8B/10B code. The length of jumper cable be-
tween the output interface and the instrumentation is 3 m.

2The output power shall be greater than —29 dBm through a worst-

case link, as specified in Table 3. Higher order mode loss (HOML)
is the difference in link loss measured using the device transmitter
as compared to the loss measured with a source conditioned to
achieve an equilibrium mode distribution in the fiber. The transmit-
ter shall compensate for any excess HOML occurring in the link
(e.g., HOML in excess of 1 dB for a 62.5-um link).

3The minimum frequency response bandwidth range of the optical
waveform detector shall be 100 kHz to 1 GHz.

“The optical output jitter includes both deterministic and random jit-

shall be met with worst case conditions as specified in Table 4 for
the output interface and Table 3 for the fiber optic link. This value
allows for a 0.5-dB retiming penalty.

2A minimum receiver output eye opening of 1.4 ns at 10~*2 should
be achieved with a penalty not exceeding 1 dB.

3The acquisition time is the time to reach synchronization after the
removal of the condition that caused the loss of synchronization.
The pattern sent for synchronization is either the idle character or
an alternating sequence of idle and data characters.

“In the direction of decreasing power; if power>—36 dBm, the LOL
state is inactive; if power<—45 dBm, LOL state is active. In the
direction of increasing power, if power<—44.5 dBm, the LOL state
is active; if power>—35.5 dBm, LOL state is inactive.

ter. It is defined as the peak-to-peak time-histogram oscilloscope
value (minimum of 3000 samples) using a 2”-1 pseudorandom pat-
tern or worst-case 8B/10B code pattern. The transmitter output light
is coupled to a p-i-n photodiode optical-to-electrical (O/E) con-
verter (e.g., Tektronix P6703A or equivalent) via a 3-m cable and
jitter measured with a digital sampling oscilloscope.

SMeasurement shall be made with a dc-coupled optical waveform
detector that has a minimum bandwidth of 600 MHz and whose
gain flatness and linearity over the range of optical power being
measured provide an accurate measurement of the high and low
optical power levels.

5The maximum rise or fall time (from, e.g., chromatic, modal disper-

sion, etc.) at the output of a worst-case link as specified in Table 3.
The 0 and 100% levels are set where the optical signal has at least
10 ns to settle. The spectral width of the transmitter shall be con-
trolled to meet this specification.

SRequired to avoid random transitions between LOL being active
and inactive when input power is near threshold level.

includes a header, a payload of up to 1028 bytes of data,
and a trailer. The header consists of a two-character start-
of-frame delimiter, a 2-byte destination address, a 2-byte
source address, and 1 byte of link control information. The
trailer is a 2-byte cyclic redundancy che@&RC)for errors

and a three-character end-of-frame delimifeiESCON
uses a dc-balanced 8 B/10 B coding scheme devel8pyd
IBM.

2.2 FDDI

operate at 10 to 20% or more beyond these distanceThe FDDI was among the first open networking standards
limitations® Using repeaters or switches, an ESCON link to specify optical fiber. It was an outgrowth of the ANSI
can be extended up to three to five times these distancesX3T9.5 committee proposal in 1982 for a high-speed
however, performance of the attached devices typically token-passing ring as a back-end interface for storage de-
falls off quickly at longer distances due to the longer round- vices. While interest in this application waned because of
trip latency of the link, making this approach suitable only the development of higher speéD0 Mbits/s)proprietary

for applications that can tolerate a lower effective through- interfaces, FDDI found new applications as the backbone
put, such as remote backup of data for disaster recovery.for LANs; compatible hardware is available from many dif-
ESCON devices and CPUs may communicate directly ferent companies. The FDDI standard was approved in
through a channel-to-channel attachment, but more com-1992 as ISO standards IS 9314/1-2 and DIS 9314-3; it fol-
monly attach to a central nonblocking dynamic cross-point lows the architectural concepts of IEEE standard &2
switch. The resulting network topology is similar to a star- though it is controlled by ANSI, not IEEE, and therefore
wired ring, which provides both efficient bandwidth utili- has a different numbering sequepead is among the fam-
zation and reduced cabling requirements. This structureily of standards including token ring and ethernet, which
also makes it easy to add or reconfigure equipment while are compatible with a common IEEE 802.2 interfAt¥
maintaining the ability to isolate and partition subdivisions FDDI is a family of four specifications, namely the physical
of the network. The switching function is provided by an layer(PHY), physical-media dependen@& D), media ac-
ESCON director, a nonblocking circuit switch. Although cess control(MAC), and station managemer(SMT).
ESCON uses 8 B/10 B encoded data, it is not a packet- These four specifications correspond to sublayers of the
switching network; instead, the data frame header includesdata link and physical layer of the open systems intercon-
a request for connection that is established by the directornect(OSI) reference model; as before, we will concentrate
for the duration of the data transfer. An ESCON data frame on the physical layer implementation.
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DeCusatis: Optical data communication . . .

Table 6 Single-mode ESCON output interface specification.*

Table 7 Single-mode ESCON input interface specification.*

Parameter Minimum Maximum  Unit Parameter Minimum Maximum Unit
Average® power into -8.0 -3.0 dBm Sensitivity'? —28.0 dBm
single-mode f|be; (SMF) Saturation level* -3.0 dBm
Center wavelength 1261 1360 nm Return loss® 12.5 dB
Spectral width 7.7 nm Acquisition time® 100 ns
[root mean square (rms)] 4
Rise time (t) (20 to 80%)'2 15 ns LOL threshold —45 —32 dB
Ise § 012 1'5 LOL hysteresis® 1.5 dB
. oL,
Fall t|rT1e ([’)1 (80 to 20%) ' ns Reaction time for 0.25 5000 us
Eye window 35 ns LOL state change
Optical output jitter® 0.8 ns =
- 1.4 Based on any valid 8B/10B code pattern measured at, or extrapo-
Extln.ctlor.l ratlo. . 8 ds lated to, 10 *® BER measured at the center of the eye. This speci-
Relative intensity noise (RIN;,)® —112.0 dB/Hz fication shall be met with worst-case conditions as specified in
t, and t; at optical path output®® 28 ns Table 6 for the output interface and Table 3 for the fiber optic link.

1Based on any valid 8B/10B code pattern. The measurement is
made using a 4-m single-mode jumper cable and includes only the
power in the lowest order fundamental mode.

2The minimum frequency response bandwidth range of the optical
waveform detector shall be 100 kHz to 1 GHz.

3The optical output jitter includes both deterministic and random jit-
ter. It is defined as the peak-to-peak time-histogram oscilloscope
value (minimum of 3000 samples) using a 2”-1 pseudorandom pat-
tern or worst-case 8B/10B code pattern. The transmitter output light
is coupled to a p-i-n photodiode O/E converter (e.g., Tektronix
P6703A or equivalent) via a 3 m cable and jitter measured with a
digital-sampling oscilloscope.

“Measurement shall be made with a dc-coupled optical waveform
detector that has a minimum bandwidth of 600 MHz and whose
gain flatness and linearity over the range of optical power being
measured provide an accurate measurement of the high and low
optical power levels.

5The relative intensity noise is measured with a 12-dB optical return
loss into the output interface.

5The maximum degradation in input interface sensitivity (from e.g.,
jitter, mode hopping, intersymbol interference) that can occur by
using a worst case link as specified in Table 3. The spectral width
of the transmitter shall be controlled to meet this specification.

The FDDI network is a 100 Mbits/s token-passing ring,
with dual counterrotating rings for fault tolerance. The dua
rings are independent fiber optic cables; the primary ring i
used for data transmission, and the secondary ring is

backup in case a node or link on the primary ring fails.
Bypass switches are also supported to reroute traffic aroun
a damaged area of the network and prevent the ring from
fragmenting in case of multiple node failures. The actual
data rate is 125 Mbits/s, but this is reduced to an effective

data rate of 100 Mbits/s by using a 4 B/5B coding

schemé?® This high speed enables FDDI to be used as a

This value allows for a 0.5-dB retiming penalty.
2A minimum receiver output eye opening of 1.4 ns at 10~*2 should
be achieved with a penalty not exceeding 1 dB.
3The measurement is made using a 4-m single-mode jumper cable
and includes only the power in the lowest order fundamental mode.

“The acquisition time is the time to reach synchronization after the
removal of the condition that caused the loss of synchronization.
The pattern sent for synchronization is either the idle character or
an alternating sequence of idle and data characters.

®Required to avoid random transitions between LOL being active
and inactive when input power is near threshold level.

though the standard also provides for the attachment of 50-,
100-, 140-, and 8%m fiber (see Table B Using 62.5um
fiber, a maximum distance of 2 km between nodes is sup-
ported with an 11-dB link budget; since each node acts like
a repeater with its own phase lock loop to prevent jitter
accumulation, the entire FDDI ring can be as large as 100
km. However, an FDDI link can fail due to either excessive
attenuation or dispersion; for example, insertion of a bypass
switch increases the link length and may cause dispersion
errors even if the loss budget is within specifications. For
most other applications, this does not occur because the
dispersion penalty is included in the link budget calcula-
| tions or the receiver sensitivity measurements. The physical
s interface is provided by a special media interface connector
a(MIC), illustrated in Fig. 4. The connector has a set of three
color-coded keys that are interchangable, depending on the
dqype of network connection; Table 9 shows the allowed
attachments and corresponding keys. This is intended to
prevent installation errors and assist in cable management.
An FDDI data frame is variable length, and contains up
to 4500 8-bit bytes, or octets, including a preamble, start of
frame, frame control, destination address, data payload,

backbone to encapsulate lower speed 4, 10, and 16 Mbits/sCRC error check, and frame status/end of frame. Each node

LAN protocols; existing ethernet, token ring, or other
LANs can be linked to an FDDI network via a bridge or
router. Although FDDI data flows in a logical ring, a more

typical physical layout is a star configuration with all nodes
connected to a central hub or concentrator rather than to the
backbone itself. There are two types of FDDI nodes, either

dual attach(connected to both ringsdr single attach; a

network supports up to 500 dual-attached nodes, 1000
single-attached nodes, or an equivalent mix of the two
types. FDDI specifies 1300-nm LED transmitters operating
over 62.5um multimode fiber as the reference media, al-

Fig. 2 ESCON duplex fiber optic connector.
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DeCusatis: Optical data communication . . .

Fig. 3 Single mode SC duplex fiber optic connector, per ANSI FC
Standard specifications, with one narrow key and one wide key.
Multimode SC duplex connectors use two wide keys.

Fig. 4 FDDI duplex fiber optic connector.

bandwidth between voice and data; it would accommodate
k- isochronous, circuit-switched traffic as well as existing
packet traffic. Recently, an option known as low-cst)
FDDI has been adopted. This specification uses the more
common SC duplex connectdFig. 2) instead of the ex-
pensive MIC connectors, and a lower cost transceiver with
a nine-pin footprint similar to the single-mode ESCON
.parts (Fig. 3). This is an attempt to provide lower cost
"transceivers and cables for the FDDI market. Most recent
installations, comprising about 10% of the total LAN types
including ethernet and token ring, use the LC FDDI instead
of the MIC interface. Applications include the recent avail-
ability of LC FDDI adapters for large “super-servers” on
the World Wide Web or private corporate intran&ts.

has a MAC sublayer that reviews all the data frames loo
ing for its own destination address. When it finds a packet
destined for its node, that frame is copied into local
memory, a copy bit is turned on in the packet, and it is then
sent on to the next node on the ring. When the packet
returns to the station that originally sent it, the originator
assumes that the packet was received if the copy bit is on
the originator will then delete the packet from the ring. As
in the IEEE 802.5 token ring protocol, a special type of
packet called a token circulates in one direction around the
ring and a node can transmit data only when it holds the
token. Each node observes a token retention time limit, and
also keeps track of the elapsed time since it last received
the token; nodes may be given the token in equal turns, or
they can be given priority by receiving it more often or 2-3 FC Standard
holding it longer after they receive it. This enables devices Development of the ANSI FC Standaf#CS) began in
having different data requirements to be served appropri- 1988 under the X3T9.3 Working Group, as an outgrowth of
ately. the Intelligent Physical Protocol Enhanced Physical
Because of the flexibility built into the FDDI standard, Project. The motivation for this work was to develop a
many changes to the base standard have been proposed tecaleable standard for the attachment of both networking
enable interoperability with other standards, reduce costs,and I/O devices using the same drivers, ports, and adapters
or extend FDDI into the MANs or WANSs. These include a over a single channel at the highest speeds currently
single-mode PMD layer for channel extensions up to 20 to achievable. The standard applies to both copper and fiber
50 km. An alternative PMD provides for FDDI transmis- optic media, and uses the English spelling “fibre” to de-
sion over copper wire, either shielded or unshielded twisted note both types of physical layers. In an effort to simplify
pairs; this is known as copper distributed data interface equipment design, FC provides the means for a large num-
(CDDI). A new PMD is also being developed to adapt ber of existing upper-level protocolE/LPs), such as inter-
FDDI data packets for transfer over a SONET link by stuff- net protocol (IP), Small Computer InterfacéSCI), and
ing approximately 30 Mbits/s into each frame to make up HIPPI, to operate over a variety of physical media. Differ-
for the data rate mismatdlwe discuss SONET as an ATM  ent ULPs are mapped to FC constructs, encapsulated in FC
physical layer in a later section). An enhancement called frames, and transported across a network; this process re-
FDDI-Il uses time-division multiplexing to divide the mains transparent to the attached devices. The standard

Table 8 FDDI PMD specification.'”

Transmitter output (min) —20.0 dBm

Transmitter type LED

Transmitter center wavelength 1300 nm

Link loss, without switch 9.0 dB

Maximum Loss, FDDI bypass switch 2.0 dB

Maximum distance, unrepeated 2.0 km

Fiber type 62.5/125 pum multimode preferred, options include

50/125, 85/125, and 100/140 um,

Fiber bandwidth 500 MHz km (recommended at 62.5 um)

BER (min) 10°°

Data rate 125 Mbits/s (reduced to 100 Mbits/s with 4B/5B
coding)
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DeCusatis: Optical data communication . . .

Table 9 FDDI MIC connector keys color coding.t’

There are four types of keys/labels in the FDDI MIC standard:

Port A (A)=red key/label
Port B (B)=blue key/label
Master (M)=green key/label
Slave (S)=no key/white label

FDDI Connection Type Key Type
Workstation to wall SIS
Distribution panel to concentrator M port M/M
Distribution panel to concentrator A port AIA
Distribution panel to concentrator B port B/B
Concentrator A to concentrator M port AM
Concentrator B to concentrator M port B/M
Concentrator 1A to concentrator 2B port A/B
Concentrator 1B to concentrator 2A port B/A
Workstation to concentrator M port S/M

consists of five hierarchical layet$;? namely a physical

layer to encapsulate ULPs into FC. The second layer de-
fines the FC data frame; frame size depends on the imple-
mentation, and is variable up to 2148 bytes long. Each
frame consists of a 4-byte start of frame delimiter, a 24-
byte header, a 2112-byte payload containing from 0 to 64
bytes of optional headers and 0 to 2048 bytes of data, a
4-byte CRC, and a 4-byte end-of-frame delimiter. In Octo-
ber 1994, the FC physical and signaling interface standard
FC-PH was approved as ANSI standard X3.230-1994.
Logically, FC is a bidirectional point-to-point serial data
link. Physically, there are many different media options
(see Table 10and three basic network topologies. The sim-
plest, default topology is a point-to-point direct link be-
tween two devices, such as a CPU and a device controller.
The second, FC Arbitrated Loo~C-AL), connects be-
tween 2 and 126 devices in a loop configuration. Hubs or
switches are not required, and there is no dedicated loop
controller; all nodes on the loop share the bandwidth and
arbitrate for temporary control of the loop at any given
time. Each node has equal opportunity to gain control of
the loop and establish a communications path; once the
node relinquishes control, a fairness algorithm ensures that
the same node cannot win control of the loop again until all

layer; an encode/decode layer, which has adopted the dc-other nodes have had a turn. As networks become larger,

balanced 8B/10B cod€,a framing protocol layer; a com-

they may grow into the third topology, an interconnected

mon services layefat this time, no functions have been switchable network or fabric in which all network manage-

formally defined for this laygr and a protocol mapping

ment functions are taken over by a switching point, rather

Table 10 FC standard physical layer.'®

Data Rate Maximum Signaling Rate
Media Type (Mbytes/s) Distance (Mbaud) Transmitter
SMF 100 10 km 1062.5 LW laser
50 10 km 1062.5 LW laser
25 10 km 1062.5 LW laser
50-um multimode fiber 100 500 m 1062.5 SW laser
50 1 km 531.25 SW laser
25 2 km 265.625 SW laser
125 10 km 132.8125 LW LED
62.5-um multimode fiber 100 300 m 1062.5 SW laser
50 600 m 531.25 SW laser
25 1 km 265.625 LW LED
125 2 km 132.8125 LW LED
105-Q type 1 shielded 25 50 m 265.125 ECL
twisted pair electrical
125 100 m 132.8125 ECL
75 Q mini coax 100 10 m 1062.5 ECL
50 20 m 531.25 ECL
25 30 m 265.625 ECL
125 40 m 132.8125 ECL
75 Q video coax 100 25 m 1062.5 ECL
50 50 m 531.25 ECL
25 75 m 265.625 ECL
12.5 100 m 132.8125 ECL
150 Q twinax 100 30 m 1062.5 ECL
or STP 50 60 m 531.25 ECL
25 100 m 265.625 ECL

Here LW is long wavelength, SW is short wavelength, and ECL is emitter-coupled logic.
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DeCusatis: Optical data communication . . .

increase performance. Two options were originally avail-
able, an SW, 531 Mbits/s link on 50m multimode fiber
with a maximum distance of 1 kitwhich has recently been
discontinuedand an LW, 1.0625 Gbits/s link on SMF with

a maximum distance of 10 krfrecently increased from 3
km). The gigabit ISC links deviate slightly from the FC
standard; although OFC is not defined for LW links, they
use OFC timings corresponding to the 266 Mbits/s SW
links to support a maximum distance 1 km longer than the
standard. Both options have been used on five generations
of large CMOS-based servers to date, including the Gen-
eration 5(G5)" servers announced in May 1998.

Fig. 5 ANSI FC Standard—compatible optical transceiver module,
also known as Optical Link Module (OLM) or Gigabit Link Module
(GLM).

than each node. An analogy for a switched fabric is the
telephone network; users specify an addrgdsne num-
ber) for a device with which they want to communicate,
and the network provides them with an interconnection
path. In theory, there is no limit to the number of nodes in
a fabric; practically, there are only about 16 million unique
addresses. FC also defines three classes of connection se
vice, which offer options such as guaranteed delivery of
messages in the order they were sent and acknowledgmeny:
of received messages.

As shown in Table 10, FC provides for both single-
mode and multimode fiber optic data links using long
wavelength(LW) (1300-nm)lasers and LEDs as well as
short wavelengtiSW) (780 to 850-nm lasers. The physi-
cal connection is provided by an SC duplex connector de-
fined in the standar(see Fig. 3), which is keyed to prevent
misplugging of a multimode cable into a single-mode re-
ceptacle. This connector design has since been adopted b

24 FICON

Introduced in May 1998 on the IBM G5 servers, FICES!
IBM’s implementation of FC; it is a high-speed 1/O link
with provisions to facilitate limited use of the ESCON
physical cable plant. All FICON links use LW300-nm)
laser sources. The FICON physical layer supports data rates
bf 1 Ghits/s on SMF up to 10 km with a 7-dB link budget,
ompatible with FC physical layer specifications. In addi-
on, FICON enables the use of both 50- and 62rB-mul-
timode fiber with a mode conditioning patch cable, similar
to the emerging gigabit ethernet standard, at distances up to
550 m with a 5-dB link budget. A FICON adapter card will
be available for ESCON directorgnodel 5) which will
enable up to 8 ESCON channels to be time division multi-
plexed on a FICON link, and FICON directors are expected
to be available in the near future. Several other companies,
including Hitachi Data Systems, have announced their in-

other standards, including ATM, LC FDDI, Gigabit Ether-
net, and single-mode ESCON. There have been efforts
from the hub and switch providers to develop a lower cost

Yention to support FICON interfaces as ath hocindustry
standard; IBM has announced its intention to seek approval
of FICON as an ANSI standard. Further documentation of
FICON is available from IBM?

optical connector with a smaller form factor than the SC

duplex (see Section 3.3). Recently, the subscriber group

(SG) connector was adopted as an alternative physical me-2-5 ATM/SONET

dia for FC links. A popular vendor enhancement to FC is The development of ATM networks has received a great
the use of a pluggable 80-pin electrical interface, rather deal of recent attention. Developed by the ATM Forum,
than requiring the transceiver to be soldered to the host cardthis protocol has promised to provide a common transport
(Fig. 5). The requirement for international class 1 laser media for voice, data, video, and other types of multimedia.
safety is addressed using open fiber cont@#C)on some  To date, it has been deployed mostly as a data communi-
types of multimode links with SW lasers. This technique cations network, which is how we treat it in this section.
automatically senses when a full duplex link is interrupted, Actually, ATM is a high-level protocol that can run over
and turns off the laser transmitters on both ends to preservemany different physical layers including copper; part of
laser safety. The lasers then transmits low-duty-cycle opti- ATM’s promise to merge voice and data traffic on a single
cal pulses until the link is reestablished; a handshake se-network comes from plans to run ATM over the SONET
guence then automatically reactivates the transmitters. To-transmission hierarchy developed for the telecommunica-
day, many products offer FC attachments for both storagetions industry. In this section, we begin with a description
and networking applications; in particular, leading worksta- of SONET followed by an overview of ATM; the relation-
tion vendors including IBM, Sun, and Hewlett Packard ship between an “asynchronous” protocol running on top
have formed the Common Optics Group to develop a com- of a “synchronous” physical layer will become apparent.
mon standard for workstation communications based on  SONET is really a family of standards defined by ANSI
FC. Many workstation products use either the 266 Mbits/s T1.105-1988 and T1.106-1988, as well as by several Con-
or 1.0625 Gbits/s fiber optic attachment options from Table sultative Committee for International Telegraphy and Tele-
10. Other applications are also possible; in 1994, IBM an- phony (CCITT) recommendation& 2" Several different
nounced the use of links based on the FC physical layer asdata rates are defined as multiples of 51.84 Mbits/s, known
part of its Parallel Syspléx architecture for large

server$2?® These IBM InterSystem Chann&l$ISCs) or — _

coupling links are used to couple processors in parallel to Irgtt%rr?ystem Channel and ISC are registered trademarks of IBM Corpo-

'Generation 5 and G5 are registered trademarks of IBM Corporation.

*Parallel Sysplex is a registered trademark of IBM Corporation. *FICON is a registered trademark of IBM Corporation.
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Table 11 SONET physical layer specifications.?®

Line Rate
Parameter OC-1 oC-3 ocC-9 OC-12 OC-18 0OC-24 OC-36 OC-48 Unit
Transmitter type MLM/LED MLM/LED MLM/LED MLM/LED MLM MLM MLM MLM
ANr tOANr 1260-1360 1260-1360 1260-1360 1260-1360 1260-1360 1260-1360 1260-1360 1265-1360 nm
A)\W,I:S " 80 40/80 19/45 14.5/35 9.5 7 4.8 4 nm
Pr . —14 -8 -8 -8 -8 -5 -3 -3 dBm
Pr —-23 -15 -15 -15 -15 -12 -10 -10 dBm
re ,:m 8.2 8.2 8.2 8.2 8.2 8.2 8.2 8.2 dB
Optical path
System ORL NA NA NA NA 20 20 24 24 dB
Attenuation 0-7 0-7 0-7 0-7 0-7 0-7 0-7 0-7 dB
Max. reflectance NA NA NA NA —-25 -25 —-27 —-27 dB
between S and R
Receiver
PR max -14 -8 -8 -8 -8 -5 -3 -3 dBm
Pg min -31 -23 -23 -23 -23 -20 -18 -18 dBm

NA stands for not applicable. MLM stands for multi-longitudinal laser. N 7, @and A 7max @re minimum and maximum values of transmitter center
wavelength. A\ s is the transmitter root mean square spectral width Py, and Py, are the maximum and minimum transmitter optical output
powers. r, is the extinction ratio. ORL stands for optical return loss. S and R stand for source and receiver, respectively. Pgmax @and Pgmi, are
the maximum and minimum receiver input optical powers.

as optical carrier level {OC-1). The numerical part of the check on the header information, and other flow control in-
OC-level designation indicates a multiple of this fundamen- formation. Cells are generated asynchronously; as the data
tal data rate, thus, 155 Mbits/s is called OGsge Table source provides enough information to fill a cell, it is
11). The standard provides for seven incremental data ratesplaced in the next available cell slot. There is no fixed
0OC-3, 0C-9, 0OC-12, OC-18, OC-24, OC-36, and OC-48 relationship between the cells and a master clock, as in
(2.48832 Gbits/s). Both single-mode links with laser conventional time-division multiplexing schemes; the flow
sources and multimode links with LED sources are defined of cells is driven by the bandwidth needs of the source.
for OC-1 through OC-12; only single-mode laser links are ATM provides bandwidth on demand; for example, in a
defined for OC-18 and beyond. In addition to the specifi- client-server application the data may come in bursts, and
cations in Table 11, SONET also contains provisions to several data sources could share a common link by multi-
carry sub-OC-1 data rates, called virtual tributaries, which plexing during the idle intervals. Thus, the ATM adaptation
support telecom data rates including digital signal level 1 layer allows for both constant- and variable-bit-rate ser-
(DS-1) (@.544 Mbits/s), DS-26.312 Mbits/s), and 3.152  vices; this is an effective method that does not require that
Mbits/s (DS1C). The basic SONET data frame is an array bandwidth be allocated in fixed multiples. The combination
of nine rows with 90 bytes per row, known as a of transmission options is sometimes described as a pleisio-
synchronous-transport-signal level(3TS-1)frame. In an synchronous network, meaning that it combines some fea-
OC-1 system, an STS-1 frame is transmitted once everytures of multiplexing operations without requiring a fully
125 us (810 bytes per 12%us yields 51.84 Mbits)s The synchronous implementation. Note that the fixed cell length
first three columns provide overhead functions such as enables the use of synchronous multiplexing and switching
identification, framing, error checking, and a pointer which techniques, while the generation of cells on demand en-
identifies the start of the 87-byte data payload. The payload ables flexible use of the link bandwidth for different types
floats in the STS-1 frame, and may be split across two of data, characteristic of packet switching. Higher level
consecutive frames. Higher speeds can be obtained eitheprotocols may be required in an ATM network to ensure

by concatenation oN frames into an STS-Nc framghe ¢ that multiplexed cells arrive in the correct order, or to
stands for concatenatedy by byte interleaved multiplex-  check the data payload for errofgiven the typical high
ing of N frames into an STS-N fram&?® reliability and low BER of modern fiber optic technology, it

ATM technology has been standardized by the concur- was considered unnecessary overhead to replicate data er-

rence of the ATM Forum; the most recent version is avail- ror checks at each node of an ATM netwprk an inter-

able online(Table 2). It incorporates elements of both cir- mediate node in an ATM network detects an error in the
cuit and packet switching. All data is broken down into a cell header, cells may be discarded without notification to
53-byte cell, which may be viewed as a short, fixed-length either end user. Although cell loss priority may be defined
packet. Five bytes make up the header, providing a 48-bytein the ATM header, for some applications the adoption of
payload. The header information contains routing informa- unacknowledged transmission may be a concern.

tion (cell addressesh the form of virtual path and channel ATM data rates were intended to match SONET rates of
identifiers, a field to identify the payload type, an error 51, 155, and 622 Mbits/s; an FDDI compliant data rate of
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Table 12 Gigabit ethernet physical layer specifications. launch of light into the edge of multimode fiber, and avoid
exciting mode groups which are prone to causing differen-
Fiber Type Distance tial mode de|ay_
SM 1000BaselLX 5 km
MM 62.5 220 meters/160 MHz-km
1000BaseSX 275 meters/200 MHz-km 3 Emerging Technologies
MM 62.5 1000BaselLX 550 meters/500 MHz-km There are many developing technologies that may play an
(with mode conditioner) important role in datacom systems within the next 5 to 10
MM 50.0 1000BaseSX 550 meters/500 MHz-km yr. In the following sections, we provide a brief overview
MM 50.0 1000BaselX 550 meters/500 MHz-km of some of the more promising emerging technologies. It is
(with mode conditioner) not possible to make this list all-inclusive; rather, we dis-
cuss some of the major industry trends and directions. As
SX indicates short wavelength lasers, LX indicates long wavelength before, three dominant applications tend to drive emerging
lasers. technologies and standards, but these applications are not

exclusive. For example, future storage systems may benefit
from wavelength multiplexing and free-space interconnects
at long distances, or from parallel optical interconnects at
100 Mbits/s was added to facilitate emulation of different short distances; future coupling systems will probably take
types of LAN traffic over ATM. To provide an LC copper increasing advantage of parallel optical interconnects; and
option and compatibility with 16 Mbits/s token ring LANs  future networking systems will use gigabit ethernet, plastic
to the desktop, a 25 Mbits/s speed is also approved. Forfiper, and wavelength-multiplexing technologies.
premises wiring applications, ATM specifies the SC duplex
connector, color coded beige for multimode links and blue
for single-mode linkgFig. 3). At 155 Mbits/s, multimode 3.1 Parallel Optical Interconnect
(MM) ATM links support a maximum distance of 3 km
while single-mode(SM) links support up to 20 km. Be-
cause of its ability to emulate different LAN protocols,

ATM has sometimes been cast as a competitor to FC; hOW'other approach that may be more cost effective for short

ever,lln most appllcrz]mons theFCtvyo Stﬁn%ardi. ahctually ddistances involves striping several lower speed fibers in
ggr(;]igaﬁ(rende?:t()cr)lrrllggirgﬁse\r/;/r?illgciTM Iiz aelﬁ:ﬁ IFo (tec()j ilr? Efﬁ;’? parallel; this space-division multiplexed approach is the
worked environment ’ pioy motivation behind parallel optical interconne@®0ls). Re-
' cent advances in vertical-cavity surface-emitting |%#2-
SEL) arrays, optical fiber-ribbon connectors, and receiver

L arrays have contributed to the commercialization of this
2.6 Gigabit Ethernet technology. The first commercially available POI trans-
With the commercial success of 10 Mbit/s ethernet and 100 ceiver was the Motorola Optobus, annouriéed 1995; it
Mbit/s fast ethernet standards, a new proposal for 1000 provides a 10-fiber ribbon between transmitter and receiver
Mbit/s or gigabit ethernet was finalized this past y&ar. arrays, with an aggregate data rate of 2.4 Gbits/s over 300
Using a common ethernet frame forn{eEEE 802.3z), this ~ m (this product was recently discontinyedSince then,
widely anticipated standard is being supported by many there have been many vendors who have demonstrated pro-
datacom equipment manufacturers. Many view the large totype POIS(see Table 13), and more commercial products
installed base of ethernet products as an indication that thiswill be available in the near future. Although there is not
new interface will be widely accepted. Since the link to- yeta common standard for these devices, most are based on
pologies and data formats for ethernet are well established,SW VCSELs and are limited to a few tens or hundreds of
we will not cover them in detail here. The fiber optic physi- meters. There is no standardization on the ribbon connec-
cal layer specifications for gigabit ethernet are given in tors; although many products are based on the MTP/MPO
Table 12, the standard supports a family of interfaces, in- 12-fiber ferrule(Fig. 6), which has been accepted as part of
cluding short distances on copper, hundreds of meters onvarious industry standardsgdifferent manufacturers have
multimode fiber, and kilometers on singlemode fiber. All of developed at least a half dozen proprietary implementations
the fiber optic interfaces use the SC duplex connector. Both of optical connectors based on this ferrule that are not com-
short wavelengtiiSX) and long wavelengtkLX) laser op- patible (see Table 14). Applications for POI include highly
tions are supported in the standard, operating at a data ratgparallel supercomputers or clustered multiprocessors for
of 1.25 Gbit/s. A new feature in this standard is a provision large servers, large telecom or datacom switches, channel
for operating the same long wavelength optical transmitter extensions for existing parallel data buses such as the SClI,
over both singlemode and multimode fiber types. If a long and options for emerging parallel bus standards such as
wavelength laser transmitter is optimized for a lauch into HIPPI 6400" With the potential for significant cost reduc-
singlemode fiber, it will typically not be optimal for multi-  tions in packaging and testing, POIs could also supplement
mode fiber; modal noise problems such as differential mode
d?'ay Ca%I%SU|t’ making the Imk. inoperable over any us.erI *International industry standards based on the MT ferrule include those in
distance’® %! The standard provides for the use of optical Rer. 33. Additional work is currently under discussion by the ANSI
mode conditioners to facilitate the launch into multimode HIPPI 6400 committee and the EIA/TIA FOCIS group for draft proposal.
fiber; these mode conditioners typically provide an offset 'As preceding footnote.

In the quest for 2.5 Gbits/s data rates and beyond, one
approach is to develop high-speed serial transceivers simi-
lar to those currently in use for ESCON, ATM, etc. An-
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Table 13 POI transceivers.*?

Number of  Maximum Mbits/s  Maximum

Company Channels per channel Distance Fiber Source/Wavelength
Siemens 12 1000 300 MM LD/850
Gore 12 1000 300 MM LD/850
Fujitsu 6 622 400 SM LD/1300
Hitachi 12 200 100 SM LD/1300
NEC 6 1100 — SM/MM LD/1300
NTT 5 2800 250 MM LD/1300
Oki 12 311 200 MM LD/1310
Motorola® 10 400 300 MM VCSEL/860
OETC? 32 500 100 MM VCSEL/850
POLO® 10 622 400 MM VCSEL/980
Vixel 4 1250 300 MM VCSEL/840
Optobahn 1 10 650 300 SM/MM LD/1301
Optobahn 2 10 1000 300 MM LD/1310
Jitney* 20 1500 300 MM VCSEL/850
SPIEBOC® 12 2500 — SM VCSEL/850

1The Motorola POl was commercially known as Optobus.

20ETC is the Optoelectronics Technology Consortium, an Advanced Research Projects Agency
(ARPA)-funded consortium consisting of IBM, AT&T, Honeywell, and Lockheed Martin.

3POLO is the Parallel Optical Link Organization, an ARPA-funded consortium led by Hewlett Packard.
4Jitney is the product of an ARPA-funded consortium consisting of IBM, 3M, and Lexmark.
5SPIEBOC is the Standardized Packaging and Interconnection for Inter- and Intra-Board Optical Com-
munications, a consortium funded by the Commission for the European Communities under the
ESPRIT Il OLIVES program, whose members include British Telecom, Bull SA, ETH Zurich, Europ-

tics Ltd., Graseby Microsystems Ltd., IMC Stockholm, Ericsson, Philips Optoelectronics Centre, Tele-
fonica de Espana, and White Cross Advanced Products Ltd.

existing duplex transceivers in applications that require connector types have emerged that attempt to mount a pair
multiple duplex channels per card and are typically short of fibers in the same space as a standard RJ-45 electrical
distance. jack; this allows for increased density of fiber optic ports on
Emerging highly parallel computer architectures may networking equipment. There are many different technical
find applications for POIs; for example, ARPA has recently approaches to this problem, and there is no clear industry
granted several contracts to build the world’s largest super- standard yet for small form factor connectors. One option is
computer by 1998 under the Advanced Supercomputingto use a pair of standard 2.5-mm-diam ferrules placed
Initiative (ASCI). To meet the requirements of large simu- closer together; this is the approach used by the
lations for the U.S. Department of Energy, including mod- OPTI-JACK* connector developed by Panduit Corpora-
eling of nuclear explosions that will be heavily relied on tion. Another way to achieve smaller connectors is by using
since live atomic testing is no longer permitted, several smaller ferrules. The LC connector, developed by Lucent,
companies are pursuing different paths to a teraflops ma-is commonly used in telecom applications and standardized
chine. These machines are also applicable to so-calledfor data rates exceeding 800 Mbits/s by IEEE 1394. The
“grand challenge” problems, such as mapping the human | C uses 1.25-mm-diam ferrules for connectors, which are
genetic structure or some types of astronomical modeling available as either simplex or duplex. Another option is to
of our universe. Cray is exploring a nonuniform memory ygse existing multifiber ferrules populated with only two fi-
architecture, Intel is developing a massively parallel ma- pers. The mini-MT connector developed by U.S. Conec
chine with 9000 Pentiums, and IBM is developing coupled (ynder discussion as a possible IEC stanf@dased on
RISC PowerParallélworkstations™* As applications such  the 12-fiber MT ferrule, which mounts fibers on a 760%

as these become more commonplace, the practical need fopjtch and uses a pair of precision metal pins for alignment.

POIs will continue to grow. Similarly, the MT-RJ connector, developed by an industry
. consortium including Amp, Hewlett Packard, Siecor, Si-
3.2 Small Form Factor Optical Connectors emans, and Fujikura, uses an MT ferrule and RJ-45 con-

Conventional duplex fiber optic connectors mount a pair of nector body. Another option is the SC-DC connetide-
fibers about 12.5 mm apart; since the optical fiber is only veloped by Siecor, which features a new type of ferrule
about 125um in diameter, there is potential for signifi- designed to accommodate either two or four fibers; the con-
cantly smaller optical connectors. Recently, several new

R *OPTI-JACK is a registered trademark of Panduit Corporation.
*RISC and PowerParallel are registered trademarks of IBM Corporation. +SC-DC is a registered trademark of Siecor Corporation.
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1300-nm transceiver. Plastic fiber links have already found
some applications in laser printers and microprocessor con-
trol systems for automobiles. Emerging applications in-
clude the consumer market and small office/home office
(SOHO) environment, where there is a need for links be-
tween computers, fax machines, printers, and other equip-
ment that can withstand the high levels of electromagnetic
noise present in a typical home. Many home appliances,
such as microwave ovens, emit broad spectrum noise; ex-
isting home wiring, such as stereo audio cables, may be
insufficient to prevent interference with relatively delicate
computer equipment. Plastic fiber is potentially less expen-
sive than unshielded category 5 wiring, and may be easy
enough for a typical homeowner to install without special
training, since it does not require precise polishing when
terminating a new connector. Several plastic fiber connec-
tors have been proposed, including variations on the F07,
SMA 905 and 906, EIAJ Digital Audio, ST, and FC con-
nectors. The ATM Forum is investigating new standards
for this home area networfHAN), including a 50-m plas-
tic fiber link at 51.8 Mbits/s and a 17-dB link budget. Some
have even proposed that red VCSEL lasers could operate
up to 1 Gbit/s over short distances, providing a solution for
cost-sensitive applications such as fiber to the desktop and
PCltelevision convergence. Higher bandwidth applications
are anticipated in this area, coincident with the develop-
ment of universal serial bus attachments to the PC at 1.5 or
12 Mbits/s [sufficient to carry broadband Integrated Ser-
vices Digital Network (ISDN) traffic] as well as IEEE
b) P1394(better known by the Apple trademark, Firewia

100 or 400 Mbits/s. Such applications are expected to far
Fig. 6 (a) MTP style multifiber connector and (b) multifiber ferrule exceed the 2.5 Mbits/s capacity of a typical parallel com-
with alignment pins. puter port, and may provide additional incentive for plastic
fiber solutions.

Guide Pin

nector body is based on the conventional SC, with different
keying and ferrule alignment features. Finally, it may be .
possible to eliminate ferrules altogether; the SG connectors'4 Free-Space Data Links
(also known as Volition or VF-45, developed by 3M has  In 1995, the Infrared Data AssociatighDA) finalized a
been adopted as an alternative for FC. It cantilevers a pairstandard for wireless IR communications; over 100 vendors
of optical fibers in free space and uses plastigrooves to  including IBM, Microsoft, Motorola, and others have en-
facilitate alignment with a receptacle. Important issues re- dorsed this new standard and announced plans to build
main to be resolved for many of these small connector compliant equipment? While wireless IR data links have
types, including reliability, cost, and support of both MM been available for some time in various forms, this new
and SM fiber’® The various small form factor connectors standard is expected to accelerate their widespread accep-
are illustrated in Fig. 7. tance, especially in areas where it is too expensive or im-
practical to retrofit optical fiber, such as large warehouses
using computerized data management. This is an emerging
3.3 Plastic Fiber market, and most applications do not compete with fiber
éince they are limited to a few hundred kilobits per second
and a few meters distance.

There is a different application for free-space optical
communications, which involves the use of 4- to 8-in. tele-
scope optics to provide unguided optical communication
across several miles in clear weather. One application is
wireless optical data links between office buildings in large
cities, where the cost to run optical fiber across the street is
prohibitive because it involves leasing “dark fiber” from
the local telecom providers. For example, AstroTerra Cor-
poration currently offers 155 Mbits/s ATM services on an
unguided line-of-sight laser beam connection, as well as
D other types of datacom links. This technology is best suited
*Volition and VF-45 are registered trademarks of 3M Corporation. to areas with stable weather conditions, such as the deserts

There has been recent research into the use of large-cor
plastic fiber as an optical data link, and some vendors offer
commercially available plastic fiber link components. Be-
cause of the much higher volumes of glass fiber manufac-
tured today, the cost of plastic optical fiber remains higher
than glass. Plastic fibers are currently limited by their high
loss(120 to 150 dB/km}o fairly short distance&round 50

m). Despite this, there is ongoing interest in this technology
because plastic fiber links can use very low cost visible
light sources; a 680-nrtred) LED transceiver could be as
inexpensive as $5 to $10, compared with over $100 for a
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Table 14 Multifiber connector options.

Company Alignment mechanism Fiber Count Notes
U.S. Conec (MTP) MT ferrule/pins 2-12 Known as MPO in Europe
Amp MT ferrule/pins 2-12
Alcoa-Fujikura MT ferrule/pins 10 Applications on Optobus
Methode (MP) AT&T MAC, external pins 2-16
Berg (MiniMAC) AT&T MAC, external pins 2-32
3M Precision ball-in-socket 2-18

Note that not all connectors are commercially available at this time; none are compatible with any other
connector on list. MTP has been adopted as a Japanese telecom standard.

of Las Vegas or the Middle East; potential problems such sortium led by AT&T, the ESPRIT program in Europe, the
as interference from rain, clouds, and bad weather are beingOptical Network Technology Consortium, the All Optical
addressed by second-generation devices. Network Consortium, and othe?s.

3.6 Other Datacom Applications

3.5 Wavelength Multiplexing Given the rapid pace of developments in the datacom in-

Multiplexing wavelengths is a way to take advantage of the
high bandwidth of fiber optic cables without requiring ex-
tremely high modulation rates at the transceiver. With an
available bandwidth of about 25 THz, a single optical fiber
could carry all the telephone traffic in the United States on

dustry, it is difficult to predict the next big technology
breakthrough; there is a great deal of ongoing research in
smart pixels, optical multichip modules, planar
waveguides, all-optical switching, and other areas that
might contribute to advancing the state of the art. For ex-

the busiest day of the yedrecently, Mother's Day has ample, the first commercial product with an optical back-
been slightly exceeded by Valentine’s Dayraditionally, plane connection, using the MTP connector, was intro-
optical wavelength-division multiplexingVDM) has been duced this past year by DCS Corporation; the use of optics
widely used in telecom applications, but has found only in the backplane may become increasingly important. Since
limited applications in datacom. This may change, as a some datacom technologies derive from telecom applica-
number of companies are now offering multiplexing alter- tions, such as WDM, perhaps future datacom systems will
natives to datacom networks that need to make more effi-incorporate advances such as erbium-doped optical ampli-
cient use of their existing bandwidth. One example is the fiers or multigigabit transmission. Fiber optics have also
IBM 9729 Optical Wavelength Division Multiplexée¥:38 frequently been employed to provide a channel extender for
The first WDM product developed specifically for the data- existing datacom links. For example, some token ring ap-
com industry, it enables the transmission of up to 20 inde- plications have made use of optical fiber chanflmn
pendent data streams over a single fiber. Using differentlarge computing environments, the 800 Mbits/s parallel
adapter cards, a mixture of ESCON, FC, FDDI, and ATM copper interface of HIPPI has been extended to several ki-
links can be plugged into the device, which is protocol lometers by a serial fiber optic channel extender, known
independent. The data is remodulated using distributedag serial HIPPI. There is also interest in new package
feedback laser diodes with wavelengths spaced 1 nm apartypes for optical transceivers, such as the Gigabit Interface
near the 1550-nm region. The optical signals are then com-Converter (GBIC), which enables the transceiver to be
bined using a diffraction grating with embedded fiber pig- pluggable so that different physical layers can be inter-
tails, and coupled into a singlemode fiber; another unit at changed easily. Many of these areas could represent impor-
the far end of the link demultiplexes the signals. The maxi- tant markets for fiber optic datacom. The recent introduc-
mum unrepeated distance is 50 km for data in the 200 tion of network computerg“thin clients” with limited
Mbits/s range; higher speeds are possible at shorter dis-internal storage that rely on network connections to a
tances(for example, 16 bit/s at 20 to 40 km). This type of server)represent a large potential expansion in LAN band-
product is a cost effective way to utilize leased fiber optic width requirementgsee Table 2 for the network computer
lines, which can cost $150 to $300 per mile per month or specification online).

more(where available). This technology is being applied to Another area that has received increased attention is
geographically dispersed parallel sysplex architecttites, cable management in large data centers. Many companies
and may be the first step toward development of all-optical now offer preterminated fiber optic trunks intended to sim-
networks. Other commercial WDM products include the plify the installation of fiber under the raised floor or in
Multiwave WDM terminal from Ciena Corp., which ac- overhead conveyances of a large computer center. Many
commodates up to 16 OC-48 channels and will soon be different options exist, including under-the-floor junction
upgradable to 40 channels, and the WaveMux 3200 from boxes, rack-mounted units, and even “intelligent” patch
Pirelli, which handles up to 10 OC-192 channels or 32 panels that can literally tell the user where to plug cables by
0OC-48 channels. Several other corporations are also inves-means of flashing colored lights. Other approaches include
tigating applications of WDM, including the MONET con- the use of multifiber optical connectors to manage cable
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(@ (b}

(c) (d)

®

Fig. 7 Small form factor fiber optic connectors: (a) SC/DC, (b) SG or VF-45, (c) LC, (d) mini-MT, (e)

MT-RJ, and (f) OPTI-JACK.

congestion and make it easier to reroute or change fiber4 Conclusions

cables. An example is the Fiber Transport ServidebS)
offering developef by IBM; using 12-fiber MTP connec-
tors on trunk cables and hybrid cable harnesses with six
duplex connectors fanning into an MTP connector, this ser- M ™ ) s -
vice provides direct attachment of trunk cables to an IBM Mbits/s, with typical MM distances up to 3 km and SM
distances up to 20 km. Note that most applications get by
cables can be condensed into only four multifiber trunk with much shorter distances, and only a small percentage of
attachments). Similar cable management solutions are of-the market is currently using the upper distance limits.
However, the long-distance applications are typically asso-

parallel server or large datacom swit(?28 duplex jumper

fered by many companies, including Amp and Siecor.
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Table 15 Comparative performance of datacom standards for MM fiber.

ESCON ATM/SONET FCS FDDI POI
Preferred cable 62.5 62.5 50 62.5 100
Type (um)
Maximum distance (km) 3 3 1-3 2 0.10
Data rate (Mbits/s) 200 155-622 266-1062 100 200/channel
Connector ESCON  SC duplex SC duplex MIC or SC duplex MTP or ?
Connector color Black Beige None None None
Wavelength (nm) 1300 1300-1550 850-1300 1300 850
Application 110 Network 1/0, network, Network Coupling

or coupling
OFC Bypass Not

Other comments — —  safety option switch option standardized

ciated with very large data centers and mission critical ap- mand electronic commerce and others. Terabyte and
plications, which makes them an important factor in the petabyte databases are becoming more common, and the
datacom market. Most datacom systems are operating at ehardware required to effectively mine these databases for
wavelength of 1300 nm; there has not been a significant useful information is demanding increasingly high band-
cost differentiation between 1300- and 850-nm laser diodeswidth data links. As an example of the growing need, IBM
to make up for the distance limitations of shorter wave- has recently established a TeraPlex Complex to facilitate
length links. The cost of a 200 Mbits/s LED transceiver has customers interested in using large, parallel coupled trans-
fallen dramatically in the past 5 yr, from several hundred action servers to solve database management issues.
dollars to under $100; this has helped fiber to surpass cop- While different applications may have very different re-
per links in some applications, for example, the displace- quirements, we can draw some conclusions about future
ment of parallel copper cables by ESCON. As users be- bandwidth requirements. Because there are so many varia-
come more familiar with the benefits of optical fib@oise tions on LAN implementations, future technology require-
immunity, ease of installation, high reliability, exchey ments in this area are very difficult to predict, instead, we
have become more comfortable installing fiber in the data consider somewhat more stable applications. In the area of
center. It takes a long time to completely displace any ex- I/O attachments, the bandwidth of an individual I/O chan-
isting technology, however, and parallel copper will prob- nel tends to increase in step increments, always keeping
ably continue to exist in the data center for many years. just ahead of DASD requirements. Parallel copper channels
A high-performance computer system is composed of offered a net bandwidth of 3.0 Mbytes in the early 1960s;
many elements: a fast, powerful CPU; memory; a power this did not increase until 1981, when the data rate in-
supply; I/O devices such as a monitor, keyboard, or mouse; creased to 4.5 Mbytes. With the introduction of optical fi-
and the means to network with other computers, servers, orber in 1990, the data rate jumped to 17 Mbytes and has
DASD for mass storage. Since the advent of the micropro- been on a sharply upward trend ever since. This trend will
cessor in the 1960s, the growth of processing power hasprobably continue, with the next step to 1 Gbit/s I/O being
been governed by improvements in the CPU; Moore’s law widespread use of FICON. If we consider the total band-
predicted the exponential growth in devices per chip, which width requirements for mainframes and large server /O
continues to drive the semiconductor industry totfiith (number of channels multiplied by bandwidth per chapnel
modern very large scale integrati¢WLSI) chips measur-  for high-end applications over time, then we see an expo-
ing feature sizes in fractions of a micrometer, we have nentially increasing trend since the introduction of optical
achieved a 100 million times reduction over vacuum fiber links (Fig. 8). If we extrapolate following Moore’s
tubes—coincidentally, this is about the same as the order oflaw—type behavior, we can estimate the total I/O bandwidth
magnitude increase in speed between voice grade phoneequired on a high-end senfdry the year 2000.
wire to the 20-THz available bandwidth of optical fiber. For other applications such as coupling, the future is
With the emergence of efficient coupling and parallel pro- more difficult to predict. Parallel coupled architectures have
cessing schemes, the need for higher bandwidth intercon-only been available for about 3 yr, and first-generation sys-
nects may become just as important in determining future tems introduced a relatively high total coupling bandwidth
generations of computer performance. This is reflected to (around 2 Gbits/s for two coupled CPUFhis has proven
some extent in the current roadmaps of industry associa-to be adequate bandwidth for two to three generations of
tions such as the OIDA, which project future bandwidth CMOS processors, which are now available in configura-
requirements in datacom networksee Table 2 for the
OIDA -Web site. Many applications are driving this trger)d, *When this chart was first presented at the 1996 Optical Society of
including the growth of the World Wide Web, data mining  america annual meeting by the author, one participant was kind enough
in large corporate databases, digital libraries, video on de- to refer to this trend as “DeCusatis’s law.”
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MByte/Port for Data Communications
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Fig. 8 Trend in large server total I/O bandwidth versus time based on IBM and competitive products
including S/360 (1964), S/370 (1970), S/390 (1990), and G3 and Multiprise Servers (1996); and the
largest available configuration for each year. Future points are extrapolations only.

Key to symbols:

4 =commercial systems

O=high-End technical computing (supercomputers)

+=IBM PowerParallel Supercomputers

FJ VPP500=Fuijitsu Vector Parallel Processor Supercomputer
SGI=Silicon Graphics Supercomputers

FCS=Fiber Channel Standard

DEC=Digital Equipment Corp. proprietary “MemChannel” interconnect
SUN=proprietary “S3.mp” interconnect from SUN Microsystems
Paragon=Intel parallel processor interconnect

tions with up to 10 coupled CPUs and an aggregate system2000), then it must at least be cost competitive with serial
bandwidth of 64 Gbits/qalthough the cost of a 1 Gbhit/s transceiver solutions, and preferably with copper. In the
transceiver has not yet fallen as dramatically as the 200 past, data links were often neglected in the computer center
Mbits/s modules discussed earlier due to smaller volymes because they fall between devid#sus are not truly owned
Although the attached coupling bandwidth may exceed by either end of the linkand represent a small percentage
CPU capacity today, advances in CMOS processors overcost of a large computer system. With the increasing im-
the next 3 to 5 yr along with more sophisticated parallel portance of networking, and the emerging paradigm of
software applications may drive the need for higher band- “networking the mainframe,” this technology will merit
width links, and the gradual replacement of full duplex 1 closer attention in the years to come.

Gbit/s links with full duplex 2 Gbits/s links. Similar oppor-

tunities exist for massively parallel supercomputer architec- References
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