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Abstract. An overview of optical data communications is provided, be-
ginning with a brief history and discussion of the unique requirements
that distinguish this subfield from related areas such as telecommunica-
tions. Each of the major datacom standards is then discussed, including
the physical layer specification, distances and data rates, fiber and con-
nector types, data frame structures, and network considerations. These
standards can be categorized by their prevailing applications, either stor-
age [Enterprise System Connection (ESCON), Fiber Channel Connec-
tion (FICON), and Fibre Channel], coupling (Fibre Channel), or network-
ing [Fiber Distributed Data Interface (FDDI), Gigabit Ethernet, and
asynchronous transfer mode/synchronous optical network (ATM/
SONET)]. We also present some emerging technologies and their appli-
cations, including parallel optical interconnects, plastic optical fiber,
wavelength multiplexing, and free-space optical links. We conclude with
some cost/performance trade-offs and predictions of future bandwidth
trends. © 1998 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction

Fiber optic communication systems have seen widespread
commercial use for some time. However, in the past 10 yr
many new applications have emerged for optical fiber in
computer and data communication networks, as compared
with their applications in voice and telephone communica-
tions ~telecom!. Despite recent efforts toward convergence
of voice, data, video, and image processing, which attempt
to combine all elements of multimedia on a common hard-
ware and software platform, the design of data communi-
cation~datacom!links remains a subdiscipline with its own
distinguishing characteristics. In this paper, we describe the
unique requirements of optical data communications and
the applications that are driving this subfield. We then dis-
cuss the prevailing standards in the datacom industry, in-
cluding Enterprise System Connection~ESCON!, Fiber
Distributed Data Interface~FDDI!, Fibre Channel, Gigabit
Ethernet and asynchronous transfer mode/synchronous op-
tical network ~ATM/SONET!. The physical layer of each
standard is described, including requirements for distance,
data rates, physical media connectors, and other distin-
guishing features. Finally, we present several emerging
technologies that are expected to have a significant effect
on this field in coming years.

To provide a perspective on the scope of optical data-
com, we can represent the field in a tree structure, as shown
in Fig. 1. The roots of the optical datacom tree lie in the use
of copper data links in computer systems and telecommu-
nications. These systems were the basis for most of our
communication needs until the development of fundamen-

tal optical fiber technologies, including light-emitting di-
odes and semiconductor lasers capable of high-speed
modulation, solid state optical detectors and receiver cir-
cuitry, and low-loss glass fiber cables. It is interesting to
note that each of these fundamentals developments became
mature enough for commercial applications at about the
same time, in the early 1970s; this greatly facilitated the
adoption of fiber optic communications by the telecom in-
dustry, and later by the datacom industry. Today, the
branches of this tree are the many applications of fiber optic
datacom, which we discuss in detail:

1. ESCON and Serial Byte Connection~SBCON!

2. Fiber Channel Connection~FICON!

3. FDDI for local and wide area networks~LAN/WAN!

4. Fibre Channel~FC! standard

5. ATM/SONET

6. Gigabit Ethernet

7. emerging technologies, including

a. parallel optical interconnects

b. small-form factor fiber optic connectors

c. plastic optical fiber

d. free-space data links

e. wavelength-division multiplexing

f. other applications@serial High Performance Paral-
lel Interface~HIPPI! and HIPPI 6400, multifiber
trunking systems, and more#.
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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. At
the low end of functionality and processing power, personal
computers~PCs!using modems to transfer data across pub-
lic carrier telephone lines, which often contain a fiber optic
backbone, were perhaps among the first to indirectly use
optical fiber for data transfer. While this enabled the tele-
com carriers to multiplex many low-speed copper lines
onto a single fiber, the presence of fiber in the system had
minimal impact on the end user because the high-
bandwidth telecommunications fiber was bottlenecked by
much lower speed copper coax or twisted pair wiring at
either end of the communication link. As the functionality
of the PC increased and a second higher performance plat-
form of workstations emerged, dedicated networks to share
data became increasingly important. This began the prolif-
eration of peer-to-peer LANs and the need emerged to scale
into larger platforms including mainframes and supercom-
puters. This has led to the emergence of client-server-based
networks, employing either circuit switching or packet
switching. Large systems now offer native fiber optic at-
tachments, which can reduce or eliminate the bottleneck at
either end of a link. Further, high-speed fiber optic links

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 applications.2 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
today. This information is presented as a rough guide only,
but 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
optical data communications as compared with telecommu-
nications. First, datacom systems must maintain a much
lower bit error rate~BER!, defined as the number of errors
per second in the communication link. This is so because
the consequences of even a single bit error are potentially
very serious; critical data such as bank account balances or
medical records could be corrupted, and in extreme cases,
the computer or even the entire network could be shut
down. Even in noncritical applications, any errors impact
the performance of the attached computer systems. In voice
communications, the ultimate receiver is the human ear,
and voice signals have a bandwidth of only about 4 kHz;
transmission errors often manifest themselves as excessive
background noise or static, such as encountered on a long
distance international call or one from a mobile phone, and
most users can ignore or tolerate this level of fidelity. Typi-
cal low-end datacom links operating at 10 to 15 Mbytes/s
must support a BER of 10212 or better~about 1 error every

Fig. 1 Optical data communications tree (after Ref. 1).

Table 1 Copper versus optical data link solutions and distance and cost considerations;2 costs are
estimated market cost required to compete at a given distance.

Distance Kilometers1 10–100 m 1–10 m 0.1–1 m ,10 cm

Cost per gigabit
per second

$1000 $100 $10 $1 $0.1

Copper Coax/repeated Coax/twisted pair Coax TP Backplane Chip-on-board

Optics Single mode Multimode Multimode Waveguide Free space
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hour for a 200 Mbits/s channel!, as compared with about
1029 for telecom systems~about 1 error every 5 s!. Some
datacom applications must support a BER as low as 10215;
even testing such a link becomes challenging when an error
occurs only once every 57 days~higher data rates are help-
ing to reduce the time required to test very low BERs!.

Another unique requirement of datacom systems is eye
safety versus distance trade-offs. Before the introduction of
fiber optics in the data center, parallel copper coax was
limited to a maximum distance of perhaps a few hundred
meters by noise considerations. The introduction of optical
fiber has driven a trend toward higher data rates and longer
distances; new applications such as distributed computing
and remote backup of data for disaster recovery have
pushed fiber optic data links to relatively long unrepeated
distances~10 to 20 km!. At the same time that these appli-
cations have been expanding the data center, the computer
networks are often serviced by the users themselves or by a
staff that is not trained in optical safety or handling of fiber
cables. In contrast, most telephone users would never think
of crawling into a manhole and reconnecting cables under
the street if their phone service failed to work; the telecom
providers completely control the equipment installed in
their network, and ensure that it is serviced by only trained
personnel. This means that all datacom links must meet
international class 1 laser safety standards,* which limit the
optical transmitter output power. For datacom links, this
implies a trade-off between the requirements for long-
distance, high-fidelity transmission and limitations on the
amount of optical power that can be safely launched into
the fiber. This makes optical link budget analysis and link
planning even more important for the data link designer
~some standards attempt to circumvent this limitation using
a technique called open fiber control, which we discuss
later!. Because most datacom end users are not trained or
experienced with fiber optics, datacom equipment must be
designed to withstand large numbers of connections and
disconnections, high pulling forces on fiber cables, and
other user-inflicted stress. The equipment should be easy to
use and maintain; for example, connectors are keyed to
prevent misplugging, and receptacles can be designed to
minimize the necessity for frequent cleaning. Fiber optic
connectors must exhibit the same degree of reliability as
common two-prong electrical wall outlets; they must plug
into the receptacle and work properly the first time, every
time. Despite the requirement for rugged, high-reliability
components, the datacom market is very sensitive to the
cost of optoelectronics, because there are a much larger
number of transceivers per kilometer of fiber than in tele-
com applications. Telecom links may stretch hundreds of
kilometers, even around the world, by using many low-
jitter repeaters and signal regenerators, and make more ex-
tensive use of multiplexing techniques to effectively utilize
the available bandwidth of the fiber. Typical datacom links
have not used multiplexing as extensively~until very re-
cently!, and use at most only a few repeaters in a long link.

2 Datacom Standards

As implied earlier, the datacom network is a multivendor
environment in which the end user assembles equipment
from many different sources into a single network~tradi-
tionally, telecom providers have not faced this restriction,
although this situation is changing somewhat in the United
States!. This has placed an increasing emphasis on interop-
erability through standardization. The goal of standardiza-
tion is to document a minimum set of requirements~to
encourage innovation and multiple solutions to the same
problem!that achieve a maximum amount of interoperabil-
ity. It is important to distinguish a standard from a specifi-
cation; while multiple products may claim compliance with
a given standard, they may have very different component
or functional specifications. Standards may be set by thede
factoagreement of many different companies, but are more
formally administered by professional organizations such
as the IEEE, ISO, and ANSI. Because datacom standards
are evolving rapidly, the latest revisions should be con-
sulted frequently; with the advent of the World Wide Web,
many resources are now available online related to fiber
optic datacom~see Table 2!. These specifications are con-
sistent with the applicable European and U.S. industry stan-
dards for optical fiber cables.5–7 In the following sections,
we review the prevailing international datacom standards
for fiber optics; ESCON, FDDI, FC, Gigabit Ethernet, and
ATM over SONET.

We can categorize the applications that are driving op-
tical datacom into three areas: input/output~I/O! device at-
tachment for data storage, coupling, and networking. Stor-
age applications typically employ ESCON, FICON, or FC;
coupling applications utilize FC or some variant; and net-
working applications tend to use FDDI, Gigabit Ethernet,
or ATM/SONET. Large servers require dedicated links to
interconnect with storage devices, such as magnetic disk
and tape drives, printers and other direct access storage
device ~DASD! equipment. This has been the driving ap-
plication for ESCON, FICON, and FC links, and has ad-
dressed the need to backup data in real time at a remote
location for disaster recovery. It has also played a role in
storage-intensive applications such as data mining. Main-
frames and large servers contain an estimated 70% of the
world’s data. The recent trend toward clustered, parallel
processors to enhance performance has driven the second
requirement for high-bandwidth coupling links. For ex-
ample, large water-cooled mainframe computers are being
replaced by smaller, air-cooled complementary metal-oxide
semiconductor~CMOS!-based servers that couple together
many processors~central processing units, or CPUs! in par-
allel. Currently, leading-edge applications are using FC-
type data links for this application, or copper if the dis-
tances are very short. High-performance applications have
traditionally been the area in which new technologies are
first introduced, however, and these coupling links may be
supplanted by other technologies such as parallel optical
interconnects, as we discuss later~indeed, the area of intra-
machine communications may develop into a fourth appli-
cation driver, encompassing optical data buses, clocks, and
other links within a single machine!. Finally, the third and
perhaps the most visible application has been in network-
ing, including LANs, WANs, and metropolitan area net-
works~MANs!. This has been the domain of FDDI, Gigabit

*U.S. laser safety standards are regulated by the Department of Health and
Human Services~DHHS!, the Occupational Safety and Health Adminis-
tration ~OSHA!, the Food and Drug Administration~FDA! Code of Ra-
diological Health~CDRH! 21 Code of Federal Regulations~CFR! sub-
chapter J; the relevant standards are given in Ref. 3. Elsewhere in the
world, the relevant standard is as given in Ref. 4.
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Ethernet, and SONET-based ATM as well as other non-
fiber-based network standards including ethernet and token
ring.

2.1 ESCON/SBCON

From the introduction of the IBM System/360 mainframe
in 1964 until the first use of ESCON 26 yr later, only in-
cremental upgrades had been made to the mainframe com-
puter I/O interface. The basic interconnection technology
for attachment to DASD such as magnetic tape or disk
drives and storage control units consisted of a parallel cop-
per interface with a peak data rate of 4.5 Mbytes/s and a
maximum distance of 144 m~200 ft!. Indeed, this distance
limitation is one reason why most mainframe complexes
were contained in a single room or ‘‘glass house’’ with
storage devices and peripherals clustered next to the main-
frame CPU. This technology remained unchanged until the
introduction of the ESCON† architecture on the IBM
System/390 family in 1990 as an alternative high speed I/O
channel attachment.8–10 The ESCON interface became the
de factoindustry standard for large system attachments; the
specifications were subsequently published and adopted by
other original equipment manufacturers11–13 ~OEMs!, and
in 1996 they were adopted by the ANSI X3T1 committee
as the SBCON standard;14 the name change was required
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 cur-
rently manufacture ESCON-compatible fiber optic trans-
ceivers. Recently, IBM has authorized use of the ESCON
trademark by selected fiber optic cable vendors whose
products are demonstrated to meet the quality, functional-
ity, and performance specifications equivalent to compo-
nents obtained directly from IBM.

The ESCON/SBCON channel is a bidirectional, point-
to-point 1300-nm fiber optic data link with a maximum
data rate of 17 Mbytes/s~200 Mbits/s minus overhead!. The
physical layer specifications are given in Tables 3–7. ES-
CON supports a maximum unrepeated distance of 3 km
using 62.5-mm multimode fiber and LED transmitters with
an 8-dB link budget, or a maximum unrepeated distance of
20 km using single mode fiber and laser transmitters with a
14-dB link budget. The laser channels are also known as
the ESCON extended distance feature~XDF!. Physical con-
nection is provided by an ESCON duplex connector~illus-
trated in Fig. 2!; the connector features a unique spring-
loaded retractable dust cover, which protects the ferrules
when the connector is not in use and retracts on insertion
into an ESCON receptacle. The connector was designed
specifically to provide a low profile; ease of use; consis-
tently low loss; and a rugged, repeatable connection. Ini-
tially, the ESCON duplex connector was offered in both
multimode and single-mode versions, color coded with
black connectors and orange fiber jacket for multimode and
gray connectors and yellow fiber jacket for single mode.
Recently, the single-mode ESCON links have adopted the
SC duplex connector as standardized by FC~Fig. 3!.

The specifications in Tables 3–7 assume typical values
of the link budget; by trading off elements of the link de-
sign, customized ESCON links have been installed that can

†ESCON System/390 and S/390 are registered trademarks of IBM Corpo-
ration.

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.org

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

http://www.osa.org

Note that this list is not comprehensive.

Table 3 ESCON allowed maximum link loss (at 1300 nm
wavelength).11

Maximum
Length (km)

Maximum
Loss (dB) Fiber Type

2.0 8.0 62.5 mm, 500 MHz km

2.0 8.0 50.0 mm, 800 MHz km

2.0 to 3.0 8.0 62.5 mm, 800 MHz km

20.0 14.0 9 mm (single mode)
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operate at 10 to 20% or more beyond these distance
limitations.9 Using repeaters or switches, an ESCON link
can be extended up to three to five times these distances;
however, performance of the attached devices typically
falls off quickly at longer distances due to the longer round-
trip latency of the link, making this approach suitable only
for applications that can tolerate a lower effective through-
put, such as remote backup of data for disaster recovery.
ESCON devices and CPUs may communicate directly
through a channel-to-channel attachment, but more com-
monly attach to a central nonblocking dynamic cross-point
switch. The resulting network topology is similar to a star-
wired ring, which provides both efficient bandwidth utili-
zation and reduced cabling requirements. This structure
also makes it easy to add or reconfigure equipment while
maintaining the ability to isolate and partition subdivisions
of the network. The switching function is provided by an
ESCON director, a nonblocking circuit switch. Although
ESCON uses 8 B/10 B encoded data, it is not a packet-
switching network; instead, the data frame header includes
a request for connection that is established by the director
for the duration of the data transfer. An ESCON data frame

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 check~CRC! for errors
and a three-character end-of-frame delimiter.10 ESCON
uses a dc-balanced 8 B/10 B coding scheme developed14 by
IBM.

2.2 FDDI

The FDDI was among the first open networking standards
to specify optical fiber. It was an outgrowth of the ANSI
X3T9.5 committee proposal in 1982 for a high-speed
token-passing ring as a back-end interface for storage de-
vices. While interest in this application waned because of
the development of higher speed~800 Mbits/s!proprietary
interfaces, FDDI found new applications as the backbone
for LANs; compatible hardware is available from many dif-
ferent companies. The FDDI standard was approved in
1992 as ISO standards IS 9314/1-2 and DIS 9314-3; it fol-
lows the architectural concepts of IEEE standard 802~al-
though it is controlled by ANSI, not IEEE, and therefore
has a different numbering sequence! and is among the fam-
ily of standards including token ring and ethernet, which
are compatible with a common IEEE 802.2 interface.16,17

FDDI is a family of four specifications, namely the physical
layer~PHY!, physical-media dependence~PMD!, media ac-
cess control ~MAC!, and station management~SMT!.
These four specifications correspond to sublayers of the
data link and physical layer of the open systems intercon-
nect~OSI! reference model; as before, we will concentrate
on the physical layer implementation.

Table 4 Multimode ESCON output interface specification.11

Parameter Minimum Maximum Unit

Average power1,2 220.5 215.0 dBm

Center wavelength 1280 1380 nm

Spectral width (FWHM) 175.0 nm

Rise time (tr) (20 to 80%)1,3 1.7 ns

Fall time (tf) (80 to 20%)1,3 1.7 ns

Eye window1 3.4 ns

Optical output jitter4 0.8 ns

Extinction ratio1,5 8 dB

tr and tf at optical path output3,6 2.8 ns

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 229 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-mm link).

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

4The 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 27-1 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.

5Measurement 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.

6The 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.

Table 5 Multimode ESCON input interface specification.11

Parameter Minimum Maximum Unit

Sensitivity1,2 229.0 dBm

Saturation level1 214.0 dBm

Acquisition time3 100 ns

Loss of light (LOL) threshold4 245 236 dB

LOL hysteresis4,5 0.5 dB

Reaction time for
LOL state change

3 500 ms

1Based on any valid 8B/10B code pattern measured at, or extrapo-
lated to, 10215 BER measured at center of eye. This specification
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 10212 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.

4In the direction of decreasing power; if power.236 dBm, the LOL
state is inactive; if power,245 dBm, LOL state is active. In the
direction of increasing power, if power,244.5 dBm, the LOL state
is active; if power.235.5 dBm, LOL state is inactive.

5Required to avoid random transitions between LOL being active
and inactive when input power is near threshold level.
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The FDDI network is a 100 Mbits/s token-passing ring,
with dual counterrotating rings for fault tolerance. The dual
rings are independent fiber optic cables; the primary ring is
used for data transmission, and the secondary ring is a
backup in case a node or link on the primary ring fails.
Bypass switches are also supported to reroute traffic around
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/5 B coding
scheme.16 This high speed enables FDDI to be used as a
backbone to encapsulate lower speed 4, 10, and 16 Mbits/s
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 rings!or 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 62.5-mm multimode fiber as the reference media, al-

though the standard also provides for the attachment of 50-,
100-, 140-, and 85-mm fiber ~see Table 8!. Using 62.5-mm
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
interface is provided by a special media interface connector
~MIC!, illustrated in Fig. 4. The connector has a set of three
color-coded keys that are interchangable, depending on the
type 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,
CRC error check, and frame status/end of frame. Each node

Fig. 2 ESCON duplex fiber optic connector.

Table 6 Single-mode ESCON output interface specification.11

Parameter Minimum Maximum Unit

Average1 power into
single-mode fiber (SMF)

28.0 23.0 dBm

Center wavelength1 1261 1360 nm

Spectral width
[root mean square (rms)]

7.7 nm

Rise time (tr) (20 to 80%)1,2 1.5 ns

Fall time (tf) (80 to 20%)1,2 1.5 ns

Eye window1 3.5 ns

Optical output jitter3 0.8 ns

Extinction ratio1,4 8 dB

Relative intensity noise (RIN12)
5 2112.0 dB/Hz

tr and tf at optical path output3,6 2.8 ns

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 27-1 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.

4Measurement 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.

6The 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.

Table 7 Single-mode ESCON input interface specification.11

Parameter Minimum Maximum Unit

Sensitivity1,2 228.0 dBm

Saturation level1 23.0 dBm

Return loss3 12.5 dB

Acquisition time3 100 ns

LOL threshold4 245 232 dB

LOL hysteresis5 1.5 dB

Reaction time for
LOL state change

0.25 5000 ms

1Based on any valid 8B/10B code pattern measured at, or extrapo-
lated to, 10215 BER measured at the center of the eye. This speci-
fication shall be met with worst-case conditions as specified in
Table 6 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 10212 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.

4The 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.

5Required to avoid random transitions between LOL being active
and inactive when input power is near threshold level.
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has a MAC sublayer that reviews all the data frames look-
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
holding it longer after they receive it. This enables devices
having different data requirements to be served appropri-
ately.

Because of the flexibility built into the FDDI standard,
many changes to the base standard have been proposed to
enable interoperability with other standards, reduce costs,
or extend FDDI into the MANs or WANs. These include a
single-mode PMD layer for channel extensions up to 20 to
50 km. An alternative PMD provides for FDDI transmis-
sion over copper wire, either shielded or unshielded twisted
pairs; this is known as copper distributed data interface
~CDDI!. A new PMD is also being developed to adapt
FDDI data packets for transfer over a SONET link by stuff-
ing approximately 30 Mbits/s into each frame to make up
for the data rate mismatch~we discuss SONET as an ATM
physical layer in a later section!. An enhancement called
FDDI-II uses time-division multiplexing to divide the

bandwidth between voice and data; it would accommodate
isochronous, circuit-switched traffic as well as existing
packet traffic. Recently, an option known as low-cost~LC!
FDDI has been adopted. This specification uses the more
common SC duplex connector~Fig. 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 intranets.18

2.3 FC Standard

Development of the ANSI FC Standard~FCS! began in
1988 under the X3T9.3 Working Group, as an outgrowth of
the Intelligent Physical Protocol Enhanced Physical
Project. The motivation for this work was to develop a
scaleable standard for the attachment of both networking
and I/O devices using the same drivers, ports, and adapters
over a single channel at the highest speeds currently
achievable. The standard applies to both copper and fiber
optic media, and uses the English spelling ‘‘fibre’’ to de-
note both types of physical layers. In an effort to simplify
equipment design, FC provides the means for a large num-
ber of existing upper-level protocols~ULPs!, such as inter-
net protocol ~IP!, Small Computer Interface~SCI!, and
HIPPI, to operate over a variety of physical media. Differ-
ent ULPs are mapped to FC constructs, encapsulated in FC
frames, and transported across a network; this process re-
mains transparent to the attached devices. The standard

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.

Table 8 FDDI PMD specification.17

Transmitter output (min) 220.0 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 mm multimode preferred, options include
50/125, 85/125, and 100/140 mm,

Fiber bandwidth 500 MHz km (recommended at 62.5 mm)

BER (min) 1029

Data rate 125 Mbits/s (reduced to 100 Mbits/s with 4B/5B
coding)
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consists of five hierarchical layers,19–21 namely a physical
layer; an encode/decode layer, which has adopted the dc-
balanced 8B/10B code,15 a framing protocol layer; a com-
mon services layer~at this time, no functions have been
formally defined for this layer!; and a protocol mapping

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 10!and 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 Loop~FC-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
other nodes have had a turn. As networks become larger,
they may grow into the third topology, an interconnected
switchable network or fabric in which all network manage-
ment functions are taken over by a switching point, rather

Table 9 FDDI MIC connector keys color coding.17

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

Port A (A)5red key/label

Port B (B)5blue key/label

Master (M)5green key/label

Slave (S)5no key/white label

FDDI Connection Type Key Type

Workstation to wall S/S

Distribution panel to concentrator M port M/M

Distribution panel to concentrator A port A/A

Distribution panel to concentrator B port B/B

Concentrator A to concentrator M port A/M

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

Table 10 FC standard physical layer.19

Media Type
Data Rate
(Mbytes/s)

Maximum
Distance

Signaling Rate
(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-mm multimode fiber 100 500 m 1062.5 SW laser

50 1 km 531.25 SW laser

25 2 km 265.625 SW laser

12.5 10 km 132.8125 LW LED

62.5-mm multimode fiber 100 300 m 1062.5 SW laser

50 600 m 531.25 SW laser

25 1 km 265.625 LW LED

12.5 2 km 132.8125 LW LED

105-V type 1 shielded
twisted pair electrical

25 50 m 265.125 ECL

12.5 100 m 132.8125 ECL

75 V mini coax 100 10 m 1062.5 ECL

50 20 m 531.25 ECL

25 30 m 265.625 ECL

12.5 40 m 132.8125 ECL

75 V 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 V 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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than each node. An analogy for a switched fabric is the
telephone network; users specify an address~phone 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 ser-
vice, which offer options such as guaranteed delivery of
messages in the order they were sent and acknowledgment
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 wavelength~SW! ~780 to 850-nm! lasers. The physi-
cal connection is provided by an SC duplex connector de-
fined in the standard~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 by
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
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-
dia for FC links. A popular vendor enhancement to FC is
the use of a pluggable 80-pin electrical interface, rather
than requiring the transceiver to be soldered to the host card
~Fig. 5!. The requirement for international class 1 laser
safety is addressed using open fiber control~OFC!on some
types of multimode links with SW lasers. This technique
automatically senses when a full duplex link is interrupted,
and turns off the laser transmitters on both ends to preserve
laser safety. The lasers then transmits low-duty-cycle opti-
cal pulses until the link is reestablished; a handshake se-
quence then automatically reactivates the transmitters. To-
day, many products offer FC attachments for both storage
and networking applications; in particular, leading worksta-
tion vendors including IBM, Sun, and Hewlett Packard
have formed the Common Optics Group to develop a com-
mon standard for workstation communications based on
FC. Many workstation products use either the 266 Mbits/s
or 1.0625 Gbits/s fiber optic attachment options from Table
10. Other applications are also possible; in 1994, IBM an-
nounced the use of links based on the FC physical layer as
part of its Parallel Sysplex‡ architecture for large
servers.22,23 These IBM InterSystem Channels* ~ISCs! or
coupling links are used to couple processors in parallel to

increase performance. Two options were originally avail-
able, an SW, 531 Mbits/s link on 50-mm multimode fiber
with a maximum distance of 1 km~which has recently been
discontinued!and an LW, 1.0625 Gbits/s link on SMF with
a maximum distance of 10 km~recently 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.

2.4 FICON

Introduced in May 1998 on the IBM G5 servers, FICON‡ is
IBM’s implementation of FC; it is a high-speed I/O link
with provisions to facilitate limited use of the ESCON
physical cable plant. All FICON links use LW~1300-nm!
laser sources. The FICON physical layer supports data rates
of 1 Gbits/s on SMF up to 10 km with a 7-dB link budget,
compatible with FC physical layer specifications. In addi-
tion, FICON enables the use of both 50- and 62.5-mm 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 directors~model 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-
tention to support FICON interfaces as anad hocindustry
standard; IBM has announced its intention to seek approval
of FICON as an ANSI standard. Further documentation of
FICON is available from IBM.23

2.5 ATM/SONET

The development of ATM networks has received a great
deal of recent attention. Developed by the ATM Forum,
this protocol has promised to provide a common transport
media for voice, data, video, and other types of multimedia.
To date, it has been deployed mostly as a data communi-
cations network, which is how we treat it in this section.
Actually, ATM is a high-level protocol that can run over
many different physical layers including copper; part of
ATM’s promise to merge voice and data traffic on a single
network comes from plans to run ATM over the SONET
transmission hierarchy developed for the telecommunica-
tions industry. In this section, we begin with a description
of SONET followed by an overview of ATM; the relation-
ship between an ‘‘asynchronous’’ protocol running on top
of a ‘‘synchronous’’ physical layer will become apparent.

SONET is really a family of standards defined by ANSI
T1.105-1988 and T1.106-1988, as well as by several Con-
sultative Committee for International Telegraphy and Tele-
phony ~CCITT! recommendations.24–27 Several different
data rates are defined as multiples of 51.84 Mbits/s, known

‡Parallel Sysplex is a registered trademark of IBM Corporation.

* InterSystem Channel and ISC are registered trademarks of IBM Corpo-
ration.

†Generation 5 and G5 are registered trademarks of IBM Corporation.
‡FICON is a registered trademark of IBM Corporation.

Fig. 5 ANSI FC Standard–compatible optical transceiver module,
also known as Optical Link Module (OLM) or Gigabit Link Module
(GLM).
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as optical carrier level 1~OC-1!. The numerical part of the
OC-level designation indicates a multiple of this fundamen-
tal data rate, thus, 155 Mbits/s is called OC-3~see Table
11!. The standard provides for seven incremental data rates,
OC-3, OC-9, OC-12, OC-18, OC-24, OC-36, and OC-48
~2.48832 Gbits/s!. Both single-mode links with laser
sources and multimode links with LED sources are defined
for OC-1 through OC-12; only single-mode laser links are
defined for OC-18 and beyond. In addition to the specifi-
cations in Table 11, SONET also contains provisions to
carry sub-OC-1 data rates, called virtual tributaries, which
support telecom data rates including digital signal level 1
~DS-1! ~1.544 Mbits/s!, DS-2~6.312 Mbits/s!, and 3.152
Mbits/s ~DS1C!. The basic SONET data frame is an array
of nine rows with 90 bytes per row, known as a
synchronous-transport-signal level 1~STS-1! frame. In an
OC-1 system, an STS-1 frame is transmitted once every
125 ms ~810 bytes per 125ms yields 51.84 Mbits/s!. The
first three columns provide overhead functions such as
identification, framing, error checking, and a pointer which
identifies the start of the 87-byte data payload. The payload
floats in the STS-1 frame, and may be split across two
consecutive frames. Higher speeds can be obtained either
by concatenation ofN frames into an STS-Nc frame~the c
stands for concatenated!or by byte interleaved multiplex-
ing of N frames into an STS-N frame.9,28

ATM technology has been standardized by the concur-
rence of the ATM Forum; the most recent version is avail-
able online~Table 2!. It incorporates elements of both cir-
cuit and packet switching. All data is broken down into a
53-byte cell, which may be viewed as a short, fixed-length
packet. Five bytes make up the header, providing a 48-byte
payload. The header information contains routing informa-
tion ~cell addresses!in the form of virtual path and channel
identifiers, a field to identify the payload type, an error

check on the header information, and other flow control in-
formation. Cells are generated asynchronously; as the data
source provides enough information to fill a cell, it is
placed in the next available cell slot. There is no fixed
relationship between the cells and a master clock, as in
conventional time-division multiplexing schemes; the flow
of cells is driven by the bandwidth needs of the source.
ATM provides bandwidth on demand; for example, in a
client-server application the data may come in bursts, and
several data sources could share a common link by multi-
plexing during the idle intervals. Thus, the ATM adaptation
layer allows for both constant- and variable-bit-rate ser-
vices; this is an effective method that does not require that
bandwidth be allocated in fixed multiples. The combination
of transmission options is sometimes described as a pleisio-
synchronous network, meaning that it combines some fea-
tures of multiplexing operations without requiring a fully
synchronous implementation. Note that the fixed cell length
enables the use of synchronous multiplexing and switching
techniques, while the generation of cells on demand en-
ables flexible use of the link bandwidth for different types
of data, characteristic of packet switching. Higher level
protocols may be required in an ATM network to ensure
that multiplexed cells arrive in the correct order, or to
check the data payload for errors~given the typical high
reliability and low BER of modern fiber optic technology, it
was considered unnecessary overhead to replicate data er-
ror checks at each node of an ATM network!. If an inter-
mediate node in an ATM network detects an error in the
cell header, cells may be discarded without notification to
either end user. Although cell loss priority may be defined
in the ATM header, for some applications the adoption of
unacknowledged transmission may be a concern.

ATM data rates were intended to match SONET rates of
51, 155, and 622 Mbits/s; an FDDI compliant data rate of

Table 11 SONET physical layer specifications.28

Parameter

Line Rate

OC-1 OC-3 OC-9 OC-12 OC-18 OC-24 OC-36 OC-48 Unit

Transmitter type MLM/LED MLM/LED MLM/LED MLM/LED MLM MLM MLM MLM

lTmin
to lTmax

1260–1360 1260–1360 1260–1360 1260–1360 1260–1360 1260–1360 1260–1360 1265–1360 nm

Dl rms 80 40/80 19/45 14.5/35 9.5 7 4.8 4 nm

PTmax
214 28 28 28 28 25 23 23 dBm

PTmin
223 215 215 215 215 212 210 210 dBm

re min 8.2 8.2 8.2 8.2 8.2 8.2 8.2 8.2 dB

Optical path

System ORLmax 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
between S and R

NA NA NA NA 225 225 227 227 dB

Receiver

PR max 214 28 28 28 28 25 23 23 dBm

PR min 231 223 223 223 223 220 218 218 dBm

NA stands for not applicable. MLM stands for multi-longitudinal laser. lTmin and lTmax are minimum and maximum values of transmitter center
wavelength. Dl rms is the transmitter root mean square spectral width PTmax and PTmin are the maximum and minimum transmitter optical output
powers. re is the extinction ratio. ORL stands for optical return loss. S and R stand for source and receiver, respectively. PRmax and PRmin are
the maximum and minimum receiver input optical powers.
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100 Mbits/s was added to facilitate emulation of different
types of LAN traffic over ATM. To provide an LC copper
option and compatibility with 16 Mbits/s token ring LANs
to the desktop, a 25 Mbits/s speed is also approved. For
premises wiring applications, ATM specifies the SC duplex
connector, color coded beige for multimode links and blue
for single-mode links~Fig. 3!. At 155 Mbits/s, multimode
~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-
ever, in most applications the two standards actually
complement one another, since FC is applied to high-speed
dedicated connections, while ATM is employed in a net-
worked environment.

2.6 Gigabit Ethernet

With the commercial success of 10 Mbit/s ethernet and 100
Mbit/s fast ethernet standards, a new proposal for 1000
Mbit/s or gigabit ethernet was finalized this past year.29

Using a common ethernet frame format~IEEE 802.3z!, this
widely anticipated standard is being supported by many
datacom equipment manufacturers. Many view the large
installed base of ethernet products as an indication that this
new interface will be widely accepted. Since the link to-
pologies and data formats for ethernet are well established,
we will not cover them in detail here. The fiber optic physi-
cal layer specifications for gigabit ethernet are given in
Table 12, the standard supports a family of interfaces, in-
cluding short distances on copper, hundreds of meters on
multimode fiber, and kilometers on singlemode fiber. All of
the fiber optic interfaces use the SC duplex connector. Both
short wavelength~SX! and long wavelength~LX! laser op-
tions are supported in the standard, operating at a data rate
of 1.25 Gbit/s. A new feature in this standard is a provision
for operating the same long wavelength optical transmitter
over both singlemode and multimode fiber types. If a long
wavelength laser transmitter is optimized for a lauch into
singlemode fiber, it will typically not be optimal for multi-
mode fiber; modal noise problems such as differential mode
delay can result, making the link inoperable over any useful
distance.30–31 The standard provides for the use of optical
mode conditioners to facilitate the launch into multimode
fiber; these mode conditioners typically provide an offset

launch of light into the edge of multimode fiber, and avoid
exciting mode groups which are prone to causing differen-
tial mode delay.

3 Emerging Technologies

There are many developing technologies that may play an
important role in datacom systems within the next 5 to 10
yr. In the following sections, we provide a brief overview
of some of the more promising emerging technologies. It is
not possible to make this list all-inclusive; rather, we dis-
cuss some of the major industry trends and directions. As
before, three dominant applications tend to drive emerging
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
short distances; future coupling systems will probably take
increasing advantage of parallel optical interconnects; and
future networking systems will use gigabit ethernet, plastic
fiber, and wavelength-multiplexing technologies.

3.1 Parallel Optical Interconnect

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-
other approach that may be more cost effective for short
distances involves striping several lower speed fibers in
parallel; this space-division multiplexed approach is the
motivation behind parallel optical interconnects~POIs!. Re-
cent advances in vertical-cavity surface-emitting laser~VC-
SEL! arrays, optical fiber-ribbon connectors, and receiver
arrays have contributed to the commercialization of this
technology. The first commercially available POI trans-
ceiver was the Motorola Optobus, announced32 in 1995; it
provides a 10-fiber ribbon between transmitter and receiver
arrays, with an aggregate data rate of 2.4 Gbits/s over 300
m ~this product was recently discontinued!. Since then,
there have been many vendors who have demonstrated pro-
totype POIs~see Table 13!, and more commercial products
will be available in the near future. Although there is not
yet a common standard for these devices, most are based on
SW VCSELs and are limited to a few tens or hundreds of
meters. There is no standardization on the ribbon connec-
tors; although many products are based on the MTP/MPO
12-fiber ferrule~Fig. 6!, which has been accepted as part of
various industry standards,* different manufacturers have
developed at least a half dozen proprietary implementations
of optical connectors based on this ferrule that are not com-
patible~see Table 14!. Applications for POI include highly
parallel supercomputers or clustered multiprocessors for
large servers, large telecom or datacom switches, channel
extensions for existing parallel data buses such as the SCI,
and options for emerging parallel bus standards such as
HIPPI 6400.† With the potential for significant cost reduc-
tions in packaging and testing, POIs could also supplement

*International industry standards based on the MT ferrule include those in
Ref. 33. Additional work is currently under discussion by the ANSI
HIPPI 6400 committee and the EIA/TIA FOCIS group for draft proposal.

†As preceding footnote.

Table 12 Gigabit ethernet physical layer specifications.

Fiber Type Distance

SM 1000BaseLX 5 km

MM 62.5 220 meters/160 MHz-km

1000BaseSX 275 meters/200 MHz-km

MM 62.5 1000BaseLX 550 meters/500 MHz-km

(with mode conditioner)

MM 50.0 1000BaseSX 550 meters/500 MHz-km

MM 50.0 1000BaseLX 550 meters/500 MHz-km

(with mode conditioner)

SX indicates short wavelength lasers, LX indicates long wavelength
lasers.
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existing duplex transceivers in applications that require
multiple duplex channels per card and are typically short
distance.

Emerging highly parallel computer architectures may
find applications for POIs; for example, ARPA has recently
granted several contracts to build the world’s largest super-
computer by 1998 under the Advanced Supercomputing
Initiative ~ASCI!. To meet the requirements of large simu-
lations for the U.S. Department of Energy, including mod-
eling of nuclear explosions that will be heavily relied on
since live atomic testing is no longer permitted, several
companies are pursuing different paths to a teraflops ma-
chine. These machines are also applicable to so-called
‘‘grand challenge’’ problems, such as mapping the human
genetic structure or some types of astronomical modeling
of our universe. Cray is exploring a nonuniform memory
architecture, Intel is developing a massively parallel ma-
chine with 9000 Pentiums, and IBM is developing coupled
RISC PowerParallel‡ workstations.34 As applications such
as these become more commonplace, the practical need for
POIs will continue to grow.

3.2 Small Form Factor Optical Connectors

Conventional duplex fiber optic connectors mount a pair of
fibers about 12.5 mm apart; since the optical fiber is only
about 125mm in diameter, there is potential for signifi-
cantly smaller optical connectors. Recently, several new

connector types have emerged that attempt to mount a pair
of fibers in the same space as a standard RJ-45 electrical
jack; this allows for increased density of fiber optic ports on
networking equipment. There are many different technical
approaches to this problem, and there is no clear industry
standard yet for small form factor connectors. One option is
to use a pair of standard 2.5-mm-diam ferrules placed
closer together; this is the approach used by the
OPTI-JACK* connector developed by Panduit Corpora-
tion. Another way to achieve smaller connectors is by using
smaller ferrules. The LC connector, developed by Lucent,
is commonly used in telecom applications and standardized
for data rates exceeding 800 Mbits/s by IEEE 1394. The
LC uses 1.25-mm-diam ferrules for connectors, which are
available as either simplex or duplex. Another option is to
use existing multifiber ferrules populated with only two fi-
bers. The mini-MT connector developed by U.S. Conec
~under discussion as a possible IEC standard! is based on
the 12-fiber MT ferrule, which mounts fibers on a 750-mm
pitch and uses a pair of precision metal pins for alignment.
Similarly, the MT-RJ connector, developed by an industry
consortium including Amp, Hewlett Packard, Siecor, Si-
emans, and Fujikura, uses an MT ferrule and RJ-45 con-
nector body. Another option is the SC-DC connector† de-
veloped by Siecor, which features a new type of ferrule
designed to accommodate either two or four fibers; the con-

‡RISC and PowerParallel are registered trademarks of IBM Corporation.

*OPTI-JACK is a registered trademark of Panduit Corporation.

†SC-DC is a registered trademark of Siecor Corporation.

Table 13 POI transceivers.32

Company
Number of
Channels

Maximum Mbits/s
per channel

Maximum
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

Motorola1 10 400 300 MM VCSEL/860

OETC2 32 500 100 MM VCSEL/850

POLO3 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

Jitney4 20 1500 300 MM VCSEL/850

SPIEBOC5 12 2500 — SM VCSEL/850

1The Motorola POI was commercially known as Optobus.
2OETC 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 II 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.
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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 connector
~also known as Volition or VF-45‡!, developed by 3M has
been adopted as an alternative for FC. It cantilevers a pair
of optical fibers in free space and uses plasticV-grooves to
facilitate alignment with a receptacle. Important issues re-
main to be resolved for many of these small connector
types, including reliability, cost, and support of both MM
and SM fiber.35 The various small form factor connectors
are illustrated in Fig. 7.

3.3 Plastic Fiber

There has been recent research into the use of large-core
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!to fairly short distances~around 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-nm~red! LED transceiver could be as
inexpensive as $5 to $10, compared with over $100 for a

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 network~HAN!, 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
PC/television 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
P1394~better known by the Apple trademark, Firewire! at
100 or 400 Mbits/s. Such applications are expected to far
exceed the 2.5 Mbits/s capacity of a typical parallel com-
puter port, and may provide additional incentive for plastic
fiber solutions.

3.4 Free-Space Data Links

In 1995, the Infrared Data Association~IrDA! finalized a
standard for wireless IR communications; over 100 vendors
including IBM, Microsoft, Motorola, and others have en-
dorsed this new standard and announced plans to build
compliant equipment.36 While wireless IR data links have
been available for some time in various forms, this new
standard is expected to accelerate their widespread accep-
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
market, and most applications do not compete with fiber
since 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
other types of datacom links. This technology is best suited
to areas with stable weather conditions, such as the deserts‡Volition and VF-45 are registered trademarks of 3M Corporation.

Fig. 6 (a) MTP style multifiber connector and (b) multifiber ferrule
with alignment pins.
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of Las Vegas or the Middle East; potential problems such
as interference from rain, clouds, and bad weather are being
addressed by second-generation devices.

3.5 Wavelength Multiplexing

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
the busiest day of the year~recently, Mother’s Day has
been slightly exceeded by Valentine’s Day!. Traditionally,
optical wavelength-division multiplexing~WDM! has been
widely used in telecom applications, but has found only
limited applications in datacom. This may change, as a
number of companies are now offering multiplexing alter-
natives to datacom networks that need to make more effi-
cient use of their existing bandwidth. One example is the
IBM 9729 Optical Wavelength Division Multiplexer.37,38

The first WDM product developed specifically for the data-
com industry, it enables the transmission of up to 20 inde-
pendent data streams over a single fiber. Using different
adapter cards, a mixture of ESCON, FC, FDDI, and ATM
links can be plugged into the device, which is protocol
independent. The data is remodulated using distributed
feedback laser diodes with wavelengths spaced 1 nm apart
near the 1550-nm region. The optical signals are then com-
bined using a diffraction grating with embedded fiber pig-
tails, and coupled into a singlemode fiber; another unit at
the far end of the link demultiplexes the signals. The maxi-
mum unrepeated distance is 50 km for data in the 200
Mbits/s range; higher speeds are possible at shorter dis-
tances~for example, 16 bit/s at 20 to 40 km!. This type of
product is a cost effective way to utilize leased fiber optic
lines, which can cost $150 to $300 per mile per month or
more~where available!. This technology is being applied to
geographically dispersed parallel sysplex architectures,39

and may be the first step toward development of all-optical
networks. Other commercial WDM products include the
MultiWave WDM terminal from Ciena Corp., which ac-
commodates up to 16 OC-48 channels and will soon be
upgradable to 40 channels, and the WaveMux 3200 from
Pirelli, which handles up to 10 OC-192 channels or 32
OC-48 channels. Several other corporations are also inves-
tigating applications of WDM, including the MONET con-

sortium led by AT&T, the ESPRIT program in Europe, the
Optical Network Technology Consortium, the All Optical
Network Consortium, and others.38

3.6 Other Datacom Applications

Given the rapid pace of developments in the datacom in-
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-
ample, the first commercial product with an optical back-
plane connection, using the MTP connector, was intro-
duced this past year by DCS Corporation; the use of optics
in the backplane may become increasingly important. Since
some datacom technologies derive from telecom applica-
tions, such as WDM, perhaps future datacom systems will
incorporate advances such as erbium-doped optical ampli-
fiers or multigigabit transmission. Fiber optics have also
frequently been employed to provide a channel extender for
existing datacom links. For example, some token ring ap-
plications have made use of optical fiber channels.40 In
large computing environments, the 800 Mbits/s parallel
copper interface of HIPPI has been extended to several ki-
lometers by a serial fiber optic channel extender, known
as41 serial HIPPI. There is also interest in new package
types for optical transceivers, such as the Gigabit Interface
Converter ~GBIC!, which enables the transceiver to be
pluggable so that different physical layers can be inter-
changed easily. Many of these areas could represent impor-
tant markets for fiber optic datacom. The recent introduc-
tion of network computers~‘‘thin clients’’ with limited
internal storage that rely on network connections to a
server!represent a large potential expansion in LAN band-
width requirements~see Table 2 for the network computer
specification online!.

Another area that has received increased attention is
cable management in large data centers. Many companies
now offer preterminated fiber optic trunks intended to sim-
plify the installation of fiber under the raised floor or in
overhead conveyances of a large computer center. Many
different options exist, including under-the-floor junction
boxes, rack-mounted units, and even ‘‘intelligent’’ patch
panels that can literally tell the user where to plug cables by
means of flashing colored lights. Other approaches include
the use of multifiber optical connectors to manage cable

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.
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congestion and make it easier to reroute or change fiber
cables. An example is the Fiber Transport Services~FTS!
offering developed42 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-
vice provides direct attachment of trunk cables to an IBM
parallel server or large datacom switch~128 duplex jumper
cables can be condensed into only four multifiber trunk
attachments!. Similar cable management solutions are of-
fered by many companies, including Amp and Siecor.

4 Conclusions

A comparison of the commercial datacom standards cur-
rently in use from Table 15 reveals that most datacom ap-
plications are presently using data rates around 200
Mbits/s, with typical MM distances up to 3 km and SM
distances up to 20 km. Note that most applications get by
with much shorter distances, and only a small percentage of
the market is currently using the upper distance limits.
However, the long-distance applications are typically asso-

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.
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ciated with very large data centers and mission critical ap-
plications, which makes them an important factor in the
datacom market. Most datacom systems are operating at a
wavelength of 1300 nm; there has not been a significant
cost differentiation between 1300- and 850-nm laser diodes
to make up for the distance limitations of shorter wave-
length links. The cost of a 200 Mbits/s LED transceiver has
fallen dramatically in the past 5 yr, from several hundred
dollars to under $100; this has helped fiber to surpass cop-
per links in some applications, for example, the displace-
ment of parallel copper cables by ESCON. As users be-
come more familiar with the benefits of optical fiber~noise
immunity, ease of installation, high reliability, etc.! they
have become more comfortable installing fiber in the data
center. It takes a long time to completely displace any ex-
isting technology, however, and parallel copper will prob-
ably continue to exist in the data center for many years.

A high-performance computer system is composed of
many elements: a fast, powerful CPU; memory; a power
supply; I/O devices such as a monitor, keyboard, or mouse;
and the means to network with other computers, servers, or
DASD for mass storage. Since the advent of the micropro-
cessor in the 1960s, the growth of processing power has
been governed by improvements in the CPU; Moore’s law
predicted the exponential growth in devices per chip, which
continues to drive the semiconductor industry today.43 With
modern very large scale integration~VLSI! chips measur-
ing feature sizes in fractions of a micrometer, we have
achieved a 100 million times reduction over vacuum
tubes—coincidentally, this is about the same as the order of
magnitude increase in speed between voice grade phone
wire to the 20-THz available bandwidth of optical fiber.
With the emergence of efficient coupling and parallel pro-
cessing schemes, the need for higher bandwidth intercon-
nects may become just as important in determining future
generations of computer performance. This is reflected to
some extent in the current roadmaps of industry associa-
tions such as the OIDA, which project future bandwidth
requirements in datacom networks~see Table 2 for the
OIDA Web site!. Many applications are driving this trend,
including the growth of the World Wide Web, data mining
in large corporate databases, digital libraries, video on de-

mand electronic commerce and others. Terabyte and
petabyte databases are becoming more common, and the
hardware required to effectively mine these databases for
useful information is demanding increasingly high band-
width data links. As an example of the growing need, IBM
has recently established a TeraPlex Complex to facilitate
customers interested in using large, parallel coupled trans-
action servers to solve database management issues.

While different applications may have very different re-
quirements, we can draw some conclusions about future
bandwidth requirements. Because there are so many varia-
tions on LAN implementations, future technology require-
ments in this area are very difficult to predict, instead, we
consider somewhat more stable applications. In the area of
I/O attachments, the bandwidth of an individual I/O chan-
nel tends to increase in step increments, always keeping
just ahead of DASD requirements. Parallel copper channels
offered a net bandwidth of 3.0 Mbytes in the early 1960s;
this did not increase until 1981, when the data rate in-
creased to 4.5 Mbytes. With the introduction of optical fi-
ber in 1990, the data rate jumped to 17 Mbytes and has
been on a sharply upward trend ever since. This trend will
probably continue, with the next step to 1 Gbit/s I/O being
widespread use of FICON. If we consider the total band-
width requirements for mainframes and large server I/O
~number of channels multiplied by bandwidth per channel!
for high-end applications over time, then we see an expo-
nentially increasing trend since the introduction of optical
fiber links ~Fig. 8!. If we extrapolate following Moore’s
law–type behavior, we can estimate the total I/O bandwidth
required on a high-end server‡ by the year 2000.

For other applications such as coupling, the future is
more difficult to predict. Parallel coupled architectures have
only been available for about 3 yr, and first-generation sys-
tems introduced a relatively high total coupling bandwidth
~around 2 Gbits/s for two coupled CPUs!. This has proven
to be adequate bandwidth for two to three generations of
CMOS processors, which are now available in configura-

‡When this chart was first presented at the 1996 Optical Society of
America annual meeting by the author, one participant was kind enough
to refer to this trend as ‘‘DeCusatis’s law.’’

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 (mm)

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 I/O Network I/O, network,
or coupling

Network Coupling

Other comments — —
OFC

safety option
Bypass

switch option
Not

standardized
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tions with up to 10 coupled CPUs and an aggregate system
bandwidth of 64 Gbits/s~although the cost of a 1 Gbit/s
transceiver has not yet fallen as dramatically as the 200
Mbits/s modules discussed earlier due to smaller volumes!.
Although the attached coupling bandwidth may exceed
CPU capacity today, advances in CMOS processors over
the next 3 to 5 yr along with more sophisticated parallel
software applications may drive the need for higher band-
width links, and the gradual replacement of full duplex 1
Gbit/s links with full duplex 2 Gbits/s links. Similar oppor-
tunities exist for massively parallel supercomputer architec-
tures; together, these areas may help drive the introduction
of parallel optical interconnects as a cost-effective way to
reach higher data rates. While the use of serial or parallel
links for this application is not clear, traditionally this mar-
ket has been cost driven, not technology driven; if POI is to
develop into its predicted market~$0.5 B in datacom32 by

2000!, then it must at least be cost competitive with serial
transceiver solutions, and preferably with copper. In the
past, data links were often neglected in the computer center
because they fall between devices~thus are not truly owned
by either end of the link! and represent a small percentage
cost of a large computer system. With the increasing im-
portance of networking, and the emerging paradigm of
‘‘networking the mainframe,’’ this technology will merit
closer attention in the years to come.
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