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T oday, it is impossible to find any-
body with even the loosest con-
nection to the fiber-optics indus-

try who has not at least heard of wave-
length division multiplexing, or WDM
(although many incorrectly think the W
stands for “wave” rather than “wave-
length”). WDM has been widely deployed
in the long-distance telecommunications
network and is the preferred technique
for increasing the data-carrying capacity
of long-haul optical fiber links. What
many people, including many fiber-optics
engineers and scientists, may not yet be
aware of is that a very different form of
WDM, now in development, is beginning
to appear in local area networks, or LANs.
Known as “coarse WDM” (CWDM) or
sometimes “wide WDM” (WWDM), this
new technology is orders of magnitude
more compact and lower in cost than the
traditional DWDM used in the long-haul,
and has the potential to greatly increase
the capacity of both the multimode fiber
links commonly found in premises LANs
and the longer, single-mode fiber links
found in campus LANs. In addition, this

same technology, which integrates lasers,
detectors, WDM optics, and ICs into a
tiny transceiver module, can also be ap-
plied beyond the LAN to provide ex-
tremely low-cost, high-bandwidth inter-
connections for many metropolitan area
network (MAN) access applications.

The terms “CWDM” and “WWDM”
are quite general and are used to refer to a
wide range of very different technologies
in which large wavelength channel spac-
ings are used, creating some confusion in
the industry. For years, people have used
these terms to refer to systems in which
1310-nm and 1550-nm signals copropa-
gate in a single fiber. This is not the subject
of this article. Recently, the metro-optical-
networking community has begun to use
“CWDM” technology as a lower-cost al-
ternative to DWDM technology.1 In this
version of CWDM, a separate single-wave-
length transmitter, receiver, or transceiver
module is used for each wavelength.
Typically the wavelengths lie on a 20-nm
spaced grid ranging from 1470 nm to 
1610 nm. The outputs of each module are
combined and separated using external,
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fiber-coupled wavelength multiplexers,
demultiplexers, and add/drop multiplex-
ers. This is essentially the same scalable,
modular approach as DWDM, but with
the wider channel spacing allowing a
somewhat lower cost. This is also not the
subject of this article, although the inte-
grated CWDM technology that will be dis-
cussed here may have an application space
that overlaps somewhat with this modular
CWDM technology. From here onward,
“CWDM” will be used only to refer to an
integrated, multiwavelength transceiver
technology.

CWDM transceivers leverage a great
deal from parallel optics technology.2 In
parallel optics, an array of lasers is driven
by a multichannel driver IC, and an array
of photodiodes is amplified by a multi-
channel receiver IC. Lasers and detectors
typically have a pitch (center-to-center
spacing) of between 250 �m and 500 �m,
and are coupled through a simple optical
array into a multifiber ribbon. In a
CWDM module, the lasers in the array
must have different wavelengths. This usu-
ally requires that the array be discrete,
rather than monolithic, although there has
been much promising research on mono-
lithic multiwavelength laser arrays.3 The
laser and detector arrays are directly cou-
pled to a tiny optical multiplexer and de-
multiplexer, giving the CWDM transceiver
module a single optical output and a sin-
gle optical input, preferably through a du-
plex connector.

There are several aspects of CWDM
transceivers that enable them to be quite
cost effective. The first and most obvious
aspect is the wide wavelength channel
spacing. This allows for large manufactur-
ing tolerances on laser wavelength and
large operating temperature ranges (elim-
inating the need for cooling). In addition,
multiplexing and demultiplexing optics
can be smaller, simpler, and manufactured
to looser tolerances. The second and
equally important feature comes from in-
tegrating all of the WDM channels into a
single module. By directly coupling the
lasers and detectors to the multiplexer and
demultiplexer, with no intervening fibers,
many expensive fiber alignment and at-
tachment steps are avoided. Additionally,
by placing detectors and lasers on a tight
pitch, parallel electronics can be used, re-
ducing the number, cost, and power dissi-
pation of the ICs. This tight spacing also
allows optical multiplexers and demulti-
plexers to be extremely tiny, dramatically

reducing cost. Finally, the additional ex-
penses associated with heat-sinks, PCBs,
connectors, and housings are all reduced
by having a single module.

Before going into more detail on this
CWDM technology and its application to
the LAN and metro-access, it is important
to first review the basics of the fiber-optic
LAN.

Fiber optics in local area networks
While much of the world’s attention has
focused recently on new fiber-optic tech-
nologies for long distance and metropoli-
tan area networks, fiber-optic technology
has played a role in local area networks for
more than 15 years. Today’s LANs typical-
ly use twisted-pair copper cabling to con-
nect a group of desktop computers and
printers to a small Ethernet switch in a
nearby closet. Connections between
switches, large servers, and routers within
a building, in a premises LAN, and be-
tween buildings, in a campus LAN, are
usually implemented with fiber optics.
Storage area networks (SANs) connect
servers and storage devices. While the pro-
tocols used in a SAN may be quite differ-
ent than those used in a LAN, the fiber-
optic technology used is very similar. Un-
less otherwise stated, everything said be-
low about optical technology for the LAN
should be understood to apply to the SAN
as well.

Unlike public networks, where cus-
tomers buy bandwidth from service
providers that have highly trained field
technicians and engineers, LANs are pri-
vately owned and operated by the user or-
ganization, and setup and maintenance is
usually the responsibility of the organiza-
tion’s IT support staff. For this reason it is
critical that optical technology used in a
LAN be extremely low cost and as simple
to use and understand as any electrical in-
terconnection technology. A typical piece
of LAN equipment will have connectorized
I/O ports, each port specified to work with
a particular type of cabling up to a maxi-
mum distance. To ensure proper operation
of the network interconnections, the net-
work administrator only has to ensure that
the proper cable type (e.g., CAT-5 twisted
pair, 62.5-�m multimode fiber, or single-
mode fiber) is used, the cable doesn’t ex-
ceed the maximum length, and maybe the
connectors are clean. Class I eye safety is
also required, since there is no way to
guarantee that somebody with no training
in laser safety won’t decide to inspect the
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Figure 1.These “hot pluggable” transceiver pack-
ages can be swapped in and out of networking
equipment, without powering down, to reconfig-
ure optical ports for different types of transmis-
sion media. (a) The 1-in.-wide Gigabit interface
converter (GBIC) package is a popular choice for
Gigabit Ethernet transceivers. (b) The newer 
1⁄2-in.-wide small form factor pluggable (SFP) pack-
age allows for twice the port-density of the GBIC.
(c) The new 11⁄2-in.-wide “XENPAK” package will
be used for both serial and CWDM implementa-
tions of 10-Gigabit Ethernet.
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facet of a lit fiber with a magnifying lens.
Optical I/O is achieved using transceiv-

er modules, coming in either a 1-in.-wide
or 1/2-in.-wide package, that either solder
or plug into a network line-card (see 
Fig. 1). These modules tend to be inter-
changeable commodity items manufac-
tured by multiple vendors. A transceiver
includes a transmitter (electrical-to-opti-
cal converter) and a receiver (optical-to-
electrical converter) integrated into a sin-
gle package with a duplex optical connec-
tor. Under normal market conditions, mil-
lions of optical LAN transceivers are sold
every month.

Most of the fiber-optic links found in
premises LANs use 62.5-�m core graded
index multimode fiber. For data rates as
high as 622-Mbit/s, LEDs are used as opti-
cal sources, rather than lasers. The combi-
nation of low-cost LEDs and loose optical
alignment tolerance coming from the
large-core fiber allows these transceivers to
sell for well below $25. For 1-Gbit/s and
higher data rates, lasers must be used.
Vertical-cavity surface-emitting lasers
(VCSELs) are an ideal source for multi-
mode fiber links.4 Gigabit Ethernet trans-
ceivers using 850-nm VCSELs can support
a 220-m link distance on the worst-case
multimode fiber (160 MHz • km at 
850 nm) and cost less than $50.

In campus LANs, which link together
multiple buildings, single-mode fiber is
often used to achieve longer distances. For
most data rates, single-mode transceivers
are available in the same package styles as
the multimode transceivers, but at a high-
er cost. Since most LEDs cannot couple
very much power into a single-mode fiber,
lasers must be used at all data rates. The
higher cost of the lasers, combined with
the tighter alignment tolerances, adds to
the cost of the modules. Typical single-
mode transceiver modules cost two to
three times more than multimode trans-
ceiver modules operating at the same data

rate. For most applications up to 1 Gbit/s,
1310-nm Fabry-Perot (FP) lasers are used.
Gigabit Ethernet transceivers using 
1310-nm FP lasers can support links at
least 6 km long (usually over 10 km) on
worst-case single-mode fiber. In addition,
these transceivers are designed with a mul-
timode receiver, so that the same trans-
ceiver can support both single-mode and
multimode links. On worst-case multi-
mode fiber (500 MHz km at 1310 nm),
these transceivers are specified to support
a 1-Gbit/s link over at least 550 m. (In real-
ity, over 600 m can be supported).

At 1 Gbit/s, traditional single-channel
transceivers of the type described above
satisfy nearly all LAN requirements. The
only exception is in the campus LAN,
where some multimode fiber links as long
as 2 km still exist. Low-cost 100-Mbit/s
LED transceivers can support 2-km link
lengths of 62.5-�m multimode fiber, but
at 1 Gbit/s, there is no serial solution.
The first commercial implementation of
CWDM, Blaze Network Products’
8-channel Afterburner-LHSX product,
which was introduced in 2001, addresses
this need.5 By dividing the 1-Gbit/s signal
over eight wavelengths (ranging from 
770 to 875 nm), each carrying 125 Mbit/s
of data, an eight-fold increase in link dis-
tance can be achieved compared to a sin-
gle-channel 850-nm VCSEL. This fully in-
tegrated, pluggable transceiver module is a
completely interchangeable drop-in re-
placement for a standard serial Gigabit
Ethernet “GBIC” module.

10-Gigabit Ethernet and CWDM
In March 1999, the IEEE 802.3 Working
Group, which has responsibility for Ether-
net standardization, began the process of
developing a standard for 10-Gigabit Eth-
ernet (10-GbE).6 The goal of this effort
was to define a low-cost extension of the
Ethernet standard, which is used in the
vast majority (>95%) of all LANs, to sup-
port 10-Gbit/s data links. At the physical
layer (i.e., the actual fiber-optic technolo-
gy), the proposed standard will aim to
support cost-effective fiber-optic solutions
for short-distance equipment room links,
premises LAN links of up to 300 m on the
installed base of multimode fiber, extend-
ed LAN links of up to 10 km on single-
mode fiber, and metropolitan access links
up to 40 km (and perhaps longer). A wide
range of technologies were proposed, in-
cluding a variety of serial, parallel,
CWDM, and multilevel schemes. Ulti-
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Figure 2. This laboratory prototype transceiver
module integrates four lasers, four detectors, four-
channel driver and receiver circuitry, and a com-
pact CWDM multiplexer and demultiplexer in a
single 1⁄2-in.-wide package. The actual module
shown is non-functional.

Solution Baud Rate Distance Fiber Type Optical Source
(Gbaud)

850-nm Serial 10. 3 26 m 62.5-�m MMF Uncooled 850-nm VCSEL
300 m New 50-�m MMF

1310-nm Serial 10.3  10 km 9-�m SMF Uncooled 1310-nm DFB
1550-nm Serial 10.3  30+ km 9-�m SMF Cooled 1550-nm EA-DFB

1310-nm CWDM 4 x 3.125  300 m 62.5-�m MMF Uncooled, unisolated DFBs
10 km 9-�m SMF 1275.7, 1300.2, 1324.9, 1349.2 nm

850-nm CWDM 4 x 3.125  100 m 62.5-�m MMF Uncooled VCSELs
300 m New 50-�m MMF 778, 800, 825, 850 nm

1550-nm CWDM 4 x 3.125  40+ km 9-�m SMF Uncooled DFBs
1500, 1520, 1540, 1560 nm

850-nm Parallel 4 x 3.125  300 m 50-�m MMF ribbon Uncooled 850-nm VCSELs

Table 1. Proposed standard and non-standard op-
tical solutions for 10-Gigabit Ethernet
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mately, four solutions were adopted by the
committee for inclusion in the proposed
standard, including three serial solutions
and one CWDM solution. In addition,
two non-standard CWDM solutions,
which were not adopted by the committee,
are beginning to appear on the market.
Table 1 summarizes the proposed stan-
dard and non-standard optical solutions
to 10-GbE.

One of the key goals of the 10-GbE
standard is to allow users who have multi-
mode fiber installed in their buildings to
upgrade their networks to 10-GbE with-
out having to replace their fiber. At a serial
10-Gbit/s line rate, worst-case multimode
fiber will at best support a link length of
80 m at 1310 nm and 30 m at 850 nm.
While these distances may be sufficient for
links within an equipment room, many
premises LAN backbone links are between
100 m and 300m long. To support 300 m
of 62.5-mm multimode fiber, the pro-
posed standard CWDM solution (referred
to as “WWDM” within the 10-GbE com-
munity), which is based on the work done
here at Agilent Labs, uses four wave-
lengths, each operating at 3.125 Gbaud
(The baud rate comes from a 2.5-Gbit/s
data rate with a 25% coding overhead).
The wavelengths range from 1275.7 nm to 
1349.2 nm with a 24.5-nm channel spac-
ing. As was the case in Gigabit Ethernet,
the proposed standard provides for a sin-
gle-mode-coupled transmitter and multi-
mode-coupled receiver, so that the same
transceiver can support both multimode
and single-mode links. In addition to sup-
porting 300 m over multimode fiber, the
proposed standard CWDM solution will
support a 10-km link length of standard
single-mode fiber. Several companies have
already announced plans to release prod-
ucts compatible with this standard. More
details will be given in the next section on
the technical approach used to implement
this CWDM approach in the Agilent Labs
prototype.

In addition to the CWDM solution, the
proposed 10-GbE standard also includes
three serial approaches at wavelengths of
850 nm, 1310 nm, and 1550 nm. Each of
the serial approaches uses a 10.3-Gbaud
line rate to transmit 10-Gbit/s of data.
Since most network equipment makers
prefer the digital I/O of the transceiver
module to be at data rates lower than 
10-Gbit/s, the proposed standard provides
for both a 4-bit-wide and a 16-bit-wide
electrical interface to the transceiver. The

4-bit-wide interface, known as “XAUI,”
uses a baud rate of 3.125 Gbaud, and is the
same electrical interface used by the
CWDM solution. Serial transceivers that
use the XAUI interface will include elec-
tronic serializer/deserializer (SERDES)
and coder/decoder (CODEC) circuitry in-
side the module to convert to and from the
10.3-Gbaud optical signal. Using the XAUI
interface, CWDM and serial 10-GbE
transceivers can be sold in identical and
interchangeable transceiver packages. At
least two multisource agreements have
been announced which define standard,
compact, pluggable package styles that will
support both serial and CWDM 10-GbE
transceivers.

The 850-nm serial solution, which uses
a 10-Gbit/s VCSEL, only supports a link
distance of 26 m on worst-case multimode
fiber. Both Lucent and Corning are now
offering an enhanced-bandwidth 50-�m
core multimode fiber that is optimized at
850 nm, and has the potential to support a
link distance of 300 m at 10 Gbit/s. The
1310-nm serial solution, which has as its
source an uncooled, isolated, directly
modulated DFB laser, will support single-
mode fiber distances of 10 km, but cannot
be used with multimode fiber. A third seri-
al solution has also been included, which
uses a cooled externally modulated laser at
1550 nm. This solution will support a
worst-case, unamplified link distance of
30 km on standard single-mode fiber. With
enhanced fiber, amplification, dispersion
compensation and other techniques, much
longer distances are possible.

In addition to the four solutions in-
cluded in the proposed standard, several
non-standard solutions are being intro-
duced by some companies for 10-GbE ap-
plications. One of these is a 4 x 3.125-
Gbaud short-wavelength CWDM solu-
tion, with VCSEL wavelengths ranging
from 770 nm to 875 nm, and > 20-nm
channel spacing. This solution can sup-
port a link distance of 100 m on worst-
case multimode fiber and 300 m on the
new 850-nm-optimized multimode fiber,
and it is compatible with the same package
styles as the standard solutions. Another
solution, to address longer distances, is a 
4 x 3.125-Gbaud CWDM solution with
nominal wavelengths of 1500, 1520, 1540,
and 1560 nm. This can support single-
mode fiber lengths of over 40 km. To date,
the only implementations of this solution
have been with four single-wavelength
transceivers and external multiplexer and
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Figure 3. In this CWDM transmitter subassembly,
four DFB lasers and a silicon V-groove chip are ro-
botically aligned to a 4-to-1 silica waveguide com-
biner and attached to a ceramic substrate. (a) Illus-
tration; (b) photograph of transmitter subassembly
on a dime.
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demultiplexer optics, although Luminent
offers everything bundled together in a 
4-in. x 6-in. connectorized “transceiver”
module. A third non-standard solution,
which is not CWDM but is worth men-
tioning, is a 4 x 3.125-Gbaud parallel op-
tics transceiver, which is also compatible
with the XAUI electrical interface but
transmits its four 850-nm VCSEL chan-
nels over multimode fiber ribbon. Using
fiber ribbon optimized for 850-nm,
300-m links can be supported. Typical
modules include a single multifiber con-
nector that uses eight fibers (four trans-

mit, four receive).
In the short-distance

equipment room market, the
850-nm serial, 850-nm
CWDM, and 850-nm parallel
solutions will all compete.
Since a CWDM module is
basically a parallel optics
module with extra “stuff ”
added to it (i.e., WDM optics,
multiwavelength VCSELs),
the CWDM module should
always cost a bit more than
the parallel optics module
(all other things being equal);
however, since fiber ribbon is

significantly more expensive than single
fiber, the 850-nm CWDM solution should
be more cost effective beyond some dis-
tance. If this distance turns out to be
shorter than the maximum link distance,
there could be a market for 850-nm
CWDM. It is difficult to predict at this
time how competitive the 850-nm serial

solution, included in the proposed 
10-GbE standard, will be. The added cost
of the 10-Gbit/s VCSEL (a relatively new
technology) and the high-speed SERDES
and CODEC electronics make this solu-
tion today more expensive than either the
parallel or CWDM approaches, but over
time costs could come down significantly.

In the premises LAN backbone market
and in the campus LAN, the 1310-nm
CWDM and 1310-nm serial solutions will
compete. The CWDM approach has the
advantage of supporting the installed base
of multimode fiber, while the serial ap-
proach does not. Costwise, the two ap-
proaches are expected to be competitive,
with the serial approach winning in the
long run as the cost of the high-speed elec-
tronic and optoelectronic components
comes down over time. In the longer dis-
tance metro access market, low-cost 
10-Gbit/s 1550-nm serial technology has
not yet hit the market, giving 1550-nm
CWDM solutions the advantage for now,
although volumes are still small.

Agilent Labs CWDM research
At Agilent Laboratories, our group has
been investigating ultra-compact, ultra-
low-cost CWDM technology since 1995.
From the beginning, there has always been
an effort to leverage as much as possible
from parallel optics. In fact, the first
CWDM demonstration vehicle was a
modified parallel optics platform, devel-
oped under the DARPA-funded POLO
program.7 To convert the parallel optics
module into a CWDM module, several
changes had to be made. First, the array of
identical VCSELs had to be replaced with
four VCSELs with wavelengths of 820, 835,
850, and 865 nm. Next, the coupling optics
had to be replaced. In the POLO program,
parallel arrays of polymer waveguides
were used to couple from the VCSEL array
to the fiber ribbon and from the fiber rib-
bon to the detector array. Using identical
waveguide technology, 4-to-1 combiners
and 1-to-4 splitters were made to replace
the parallel arrays. By adding tiny (250-µm
square) dielectric interference filters to the
splitter, a very simple (albeit lossy)
CWDM demultiplexer was realized. A
lower loss demultiplexer was also devel-
oped in the same polymer waveguide tech-
nology using a “zig-zag” geometry.8 With
these simple changes, we were able to
demonstrate a 4 x 2.5-Gbit/s CWDM link
through 100 m of 62.5-µm multimode
fiber by 1997.9 While the optics used today
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Figure 4. Injection-molded plastic, four-wave-
length CWDM demultiplexer. (a) Three ray tracing
views; (b) photograph of demultiplexer on a dime;
(c) transmission spectrum showing worst-case
pass-band insertion-loss of 2.5 dB and adjacent-
channel cross talk of -17 dB over an 11.4-nm chan-
nel width and 24.5-nm channel spacing.
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are quite different, this same basic ap-
proach is being applied to 10-GbE applica-
tions in the 850-nm CWDM solution.

To achieve longer distances in multi-
mode fiber, and to support single-mode
fiber, it is necessary to use optical sources
in the 1270-nm to 1355-nm window
(multimode fiber is not specified in the
1550-nm band). By 1998, our group had
begun working on CWDM technology in
this wavelength range that would be useful
for 10-GbE applications. Since 1310-nm
VCSELs were not available at the time, and
in fact have yet to be introduced commer-
cially, edge-emitting lasers were used.
While Fabry-Perot lasers are low cost, they
have a typical wavelength drift of ~ 40 nm
over an 80° temperature shift. Since any
uncooled module is likely to see this type
of temperature range, FP lasers could not
be used for a CWDM application. Distrib-
uted feedback (DFB) lasers, which have a
wavelength drift of less than 7 nm over the
same temperature range, were therefore
the natural choice. While DFB lasers have
traditionally been pricey, much of the cost
has been in packaging the lasers with a
thermoelectric cooler (TEC), Faraday iso-
lator, and fiber pigtail, and in guarantee-
ing a low side-mode suppression ratio
(SMSR). A much lower cost is possible in
the CWDM application, in which no
SMSR is required (two equal modes will
perform just as well as one mode at 
3.125-Gbaud and < 10 km), since the
lasers are uncooled, unisolated, and not
packaged with fiber pigtails.

The transceiver shown in Fig. 2 is a re-
search prototype10 used for laboratory ex-
periments. The prototype was designed to
fit in the same 1⁄2 in.-wide “small form fac-
tor” (SFF) footprint that is used in today’s
popular Gigabit Ethernet transceivers. To
simultaneously support either single-
mode or multimode fiber links, the mod-
ule connector is internally coupled to the
transmitter subassembly by a short, single-
mode fiber stub, and to the receiver sub-
assembly by a short, multimode fiber stub.
Since the entire transceiver is only 1⁄ 2 in.
wide, each of these subassemblies must fit
in a width no greater than 1⁄ 4 in.

The transmitter (Tx) subassembly,
shown in Fig. 3, is a hybrid package inte-
grated on a multilayer ceramic multichip
module (MCM) substrate. A single-mode
4-to-1 waveguide combiner is attached to
the ceramic. Since this combiner is only 
8 mm x 2 mm, several hundred can be
made on a single 4-in. wafer, driving the

potential chip cost down to only a few dol-
lars. The edges of the combiner are diced
(not polished) using a conventional wafer
saw. Following combiner attachment, the
four DFB laser diodes are aligned and sol-
dered to the ceramic on a 500-µm pitch.
These bare die are butt-coupled, with a
small air gap, to the four input waveguides
of the combiner. To achieve submicrome-
ter alignment tolerance in x, y, and z, a ro-
botic assembly system was developed in
Agilent Labs. This assembly system, which
uses precision vision and optical height
measurement, is based on a similar system
that is already used in the volume produc-
tion of single-channel transceiver prod-
ucts.11 No active alignment is required.
Following the laser attach, a small silicon
V-groove chip is aligned and attached to
the ceramic near the output of the com-
biner. Using the same robotic assembly
system as the lasers, the V-groove is posi-
tioned to hold a fiber with micrometer ac-
curacy to the output waveguide of the
combiner. Once the Tx subassembly is at-
tached in the transceiver, a four-channel
parallel laser driver IC is wire-bonded to
the ceramic to drive the lasers.

The receiver (Rx) subassembly is sim-
ply an array of InGaAs PIN photodiodes
(with a 500-µm center-to-center spacing)
aligned to an injection-molded plastic
CWDM demultiplexer. The demultiplex-
er, shown in Fig. 4, has a molded V-groove
on the input side to hold the multimode
fiber stub. The light propagates internal to
the plastic, where it is focused at an angle
onto the first of four tiny dielectric inter-
ference filters. The filter passes one wave-
length and reflects the other three. A
molded concave micromirror refocuses
the light onto the second filter, which pass-
es the second wavelength, and so on. The
light that is transmitted through the filters
is then turned 90° where it is focused by
four molded microlenses onto the photo-
diode array. The demultiplexer has two in-
jection-molded parts. The four filters,
which are tiny coated glass chips (500 x
400 x 250 µm), are glued to the first plastic
part, which contains the input and focus-
ing mirrors. The second plastic part,
which contains the 90° turning mirror and
four microlenses, is then fit into place and
glued. No alignment is required during as-
sembly of the demultiplexer, which in-
cludes the passive attachment of the mul-
timode fiber stub. Because the output
beams are focused to spots much smaller
than the detectors, a relatively low-preci-
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Figure 5. Simultaneous four-channel eye diagrams
of full CWDM link, showing low-bit-error-rate 
4 x 3.125-Gbaud operation over (a) 300 m of 
62.5-�m multimode fiber, (b) 10.5 km of standard
single-mode fiber. Data shown is driven by four in-
dependent 27-1 PRBS signals.



sion alignment can be performed during
the final attach of the demultiplexer. When
assembled, the entire demultiplexer is only
millimeters on a side. Because the demul-
tiplexer consists of two tiny injection-
molded plastic parts, four tiny filter chips,
and requires no alignment during assem-
bly, it has the potential to be extremely low
cost when produced in volume.

Figure 5 shows experimentally meas-
ured eye diagrams of four-channel
CWDM prototype operation over both
300 m of 62.5-µm multimode fiber and 
10 km of single-mode fiber. In these meas-
urements, all four transmitter channels
were simultaneously driven by independ-
ent 3.125-Gbit/s pseudorandom bit se-
quences. The eye diagrams show the out-
put of the CWDM receiver. Wide-open
eyes were obtained, and low bit-error-rates
(< 10-12) were measured in both the sin-
gle-mode and multimode experiments.

The future
At 1 Gbit/s, the application of CWDM
seems to be limited to a relatively small
niche, where long lengths of multimode
fiber must be supported. At 10 Gbit/s,
CWDM will be needed to support legacy
multimode fiber until such a time as the
fiber is replaced. It also may be a lower-cost
approach for early-adopters of 10-GbE to
use until 10-Gbit/s serial technology has a
chance to mature. At 40-Gbit/s, there may
be a very large and permanent role for
CWDM, and at 100-Gbit/s and higher
speeds, there may be no other realistic al-
ternative for low-cost unamplified links.

For 40-Gbit/s fiber-optic links, several
fundamental issues not present in the 
10-Gbit/s case arise to complicate the im-
plementation of serial transmission. First,
it is unlikely that any semiconductor laser
technology will be developed which can be
directly modulated at 40 Gbit/s. This
leaves external modulation as the only re-
alistic alternative. Progress is being made
on the integration of electro-absorption
modulators and DFB lasers onto a single
chip. This may ultimately be the most
cost-effective way of implementing a 
40-Gbit/s optical source, but it is likely to
always be significantly more expensive
than a directly modulated 10-Gbit/s DFB
laser, particularly one that is produced in
large volume for 10-GbE serial transceiver
applications. Another limitation of
40-Gbit/s serial transmission is fiber dis-
persion, both polarization mode disper-
sion (PMD) and chromatic dispersion

(CD). In particular, there is a significant
fraction of older single-mode fiber, in-
stalled in the early to mid 1990s, on which
the PMD coefficient, which is not known,
may be as bad as 2 ps/km1/2, limiting 
40-Gbit/s-link distances to only a few kilo-
meters. While compensation techniques
exist, they will undoubtedly add consider-
able cost and complexity to any 40-Gbit/s
solution.

By contrast, a 4 x 10-Gbit/s CWDM so-
lution to a 40-Gbit/s optical link will be
straightforward. For <10-km link lengths,
1310-nm-band sources will likely be used.
The 10-Gbit/s DFB lasers and driver and
receiver electronics will be nearly identical
to those used in 10-GbE serial products,
leveraging a high-volume, mature 10-GbE
market. In fact, by the time 40-Gbit/s links
reach high demand, long-wavelength 
VCSEL technology may be ready to pro-
vide an even lower-cost alternative to DFB
lasers. The CWDM mux and demux op-
tics will be very similar to those used in the
4 x 3.125-Gbaud 10-GbE solutions. Final-
ly, a 4 x 10-Gbit/s CWDM solution should
easily support worst-case single-mode
fiber over the same distances as are sup-
ported in 10-GbE, without any dispersion
compensation. For longer, unamplified
distances, up to 40 km or so, not needing
dispersion compensation will be an even
bigger advantage for 4 x 10-Gbit/s CWDM.

It is possible that eventually, very low
cost 40-Gbit/s modulators will be devel-
oped, the cost of 40-Gbit/s driver electron-
ics will come down, and high-PMD fiber
will be eliminated. At such a time,
40-Gbit/s serial technology may begin to
displace CWDM technology. Of course, by
then, somebody will want 160 Gbit/s, and
4 x 40-Gbit/s CWDM could become vi-
able. Since this could easily be 10 years
from now, it is pointless to speculate on
what a low-cost serial 160-Gbit/s source
would look like, but it certainly won’t look
much like anything we have or are even
thinking about today.

It is important to point out that
CWDM is not in any way limited to four
wavelengths. Particularly when both 
1310-nm and 1550-nm bands are consid-
ered, a 16-channel CWDM transceiver is
quite realistic. In fact, it may very well be
that the optimum low-cost solution for
160-Gbit/s could be a 16 x 10-Gbit/s
CWDM module. On a 250-�m pitch, the
laser and detector arrays would each be
less than 4 mm wide, so in principle, one
could envision a 1⁄ 2 in.-wide transceiver

package delivering a full duplex 160-Gbit/s
link. In fact, most of the technology to im-
plement such a module is available today.
The size-limiting factor would be the large
heat sink required to dissipate the heat
generated by the electronics, which will
only improve with time, according to
Moore’s Law.

It is impossible to predict when high
volumes of low-cost 40-Gbit/s or higher-
speed data links will be needed. It is also
difficult to predict what technological
breakthroughs may occur between now
and then to enable lower-cost serial trans-
mission. One thing which is certain, how-
ever, is that CWDM is already a potentially
low-cost method to apply today’s technol-
ogy to these future high-bandwidth needs.
As time marches on, 10-Gbit/s optoelec-
tronics and electronics will become cheap
commodity items; automated precision
alignment technology will get faster,
cheaper, and more accurate; and integrated
CWDM transceivers will become an ever
more competitive solution for compact,
high-bandwidth, unamplified optical links.
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