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Low-cost semiconductor lasers power the shortest networks in the data center 
and the long-haul links that speed information around the globe. Today, lasers 

are integrated into photonic circuitry and even optical cables.

asers drive modern communications. From the huge banks of servers and switches 
powering Web search engines and online shopping to the undersea cables linking 

continents together, the data and images we need and crave originate with the tiniest fl ashes of 
infrared laser light.

According to experts, lasers have replaced LEDs as signal sources in all but the most specialized 
applications of optical fi bers. Semiconductor lasers have signifi cantly faster response times than 

LEDs, which is crucial to the development of ultrafast networks and computers. LEDs also 
fail to meet the spectral-width and power requirements of today’s high-speed fi ber systems, 

although they work with large-core multi-mode fi bers in some short-range applications.
Communications lasers operate in the near-infrared bands tailored to the transmis-

sion properties of optical fi bers. � e most important transmission window is the 
C or “conventional” band from 1,530 to 1,565 nm, centered on 1,550 nm—the 

wavelength at which single-mode fi bers have the least signal loss. � is is also 
called the “erbium window” because it is the best suited for erbium-doped 

fi ber amplifi ers, which are crucial to long-haul communications. Other 
important bands include the L or “long” band from 1,565 to 1,625 nm, 

for long-haul telecom; the O or “original” band at 1,310 nm and the S 
or “short” band at 1,490 nm, for intermediate distances; and the un-

named region centered on 850 nm, for short-range data applications.
Over the past 15 years, engineers have developed the tunable 

semiconductor laser, whose operating wavelength can be adjusted 
within the relevant communications band, and the vertical-cavity 
surface-emitting laser (VCSEL), whose top-emitting geometry 

lends itself to low-cost manufacturing techniques. Without 
these essential elements, it is unlikely that fi ber-optic commu-
nications would be crisscrossing the globe, running the “last 
mile” to homes and businesses and forming the backbone of 
mega data centers.

VCSELs burst onto the communications scene about 
15 years ago, once they became practical. � ese short-
cavity lasers are easy to fabricate on a single semiconduc-
tor wafer, so they have become low-cost and popular 
in many applications. � e VCSEL in your computer 
mouse probably cost its manufacturer 10 cents in U.S. 
funds to make.
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Th e fi rst VCSELs produced 
850-nm radiation with a beam 
width on the order of 10 µm. 
Because these lasers produced 
multiple transverse modes, they 
could be used only with multi-
mode fi ber. By 2002, scientists 
were writing in OPN that 1.5- to 
1.6-µm VCSELs had evolved into 
tunable components for single-
mode fi ber in local-area and 
metropolitan-area networks.

Lasers in any communica-
tions system, from long-haul 
transmissions to the short-haul 
data sharing in a computer center, 
must operate within the proper 
parameters for the optical fi bers in 
the system. Th e lasers must send 
out a signal within the optimum 
transmission windows of the 
fi bers with enough power to reach 
the receiver or repeater with a 
suffi  cient signal-to-noise ratio, but 
not so much as to create undesir-
able nonlinearities.

Lasers and optical fi ber have evolved together, from the fi rst 
Nobel Prize-winning concepts in the 1960s to today’s com-
modity components. Discussions of communications technolo-
gies often cover network architectures, network security, new 
multiplexing schemes, improved fi bers and marketing strategies 
for content delivery, and sometimes it’s hard to fi gure out where 
the lasers fi t into the overall picture.

Th e diff erent types of networks—long-haul (telecom-
munications), metropolitan, access and interconnects (of 

short-haul data communications 
or datacom)—each have their 
own requirements for lasers and 
modulation schemes, which are 
summarized in the table below. 
“Access networks” are the commu-
nications links between subscrib-
ers and their telecom or datacom 
service provider—in other words, 
the link to your Internet provider, 
cable-television supplier or phone 
company (think “fi ber to the 
home” or FTTH). 

Long-haul, metropolitan 
and access networks

For the long haul, lasers need 
power, even though an ecosystem 
of repeaters and amplifi ers exists to 
boost signals over large distances.

Distributed feedback (DFB) 
lasers are still the light source of 
choice in telecom. Th ey work well 
with single-mode fi ber, which 
long-haul networks require for 

its low attenuation. Th e narrow spectral width of DFB lasers 
makes them appropriate for dense wavelength-division multi-
plexing (DWDM), which sends multiple C- and L-band signals 
down the same cable.

In long-haul networks, engineers use WDM to increase the 
data capacity of fi bers that are already in the ground. “People 
don’t want to lay new fi ber until they really have to,” said Larry 
A. Coldren, professor of optoelectronics and sensors at the 
University of California at Santa Barbara (U.S.A.). To improve 
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 Network Type Long-Haul Metro Access Interconnect

Limited to 20 km by International 
Telecommunications Union (ITU) 

standard; often <10 km

Downstream: DFB
Upstream: DFB or Fabry-Pérot
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Diagram of a simple VCSEL (not to scale).
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capacity, the provider first switches 
to higher bit rates, then uses 
WDM to provide additional chan-
nels, and then tries to get more 
bits per channel. Those choices 
affect the kinds of lasers and the 
type of modulation schemes used 
in the network.

Nearly a decade ago, Coldren 
theorizes, the advent of WDM 
increased the capacity of long-haul 
systems so much that the demand 
for new fiber networks crashed 
(the bursting of the telecom 
bubble). Now, new sources of 
data from high-definition video 
to stock exchanges are spewing 
incredible amounts of data into 
networks, once again dispelling the 
notion that bandwidth is free and 
infinite. “We’re going to be putting 
in more fiber, I think, in about five 
more years, and we’re going to be 
running out of fiber bandwidth 
even with our advanced modula-
tion formats,” Coldren said.

Metro networks, which run a few kilometers to a few tens 
of kilometers in size, can employ either DFB lasers or VCSELs, 
depending on the distance involved. Tunable VCSELs operat-
ing at 1,550 nm provide a low-cost alternative for a “local loop” 
that doesn’t require high power.

Access networks have garnered new interest because of the 
growing demand for fiber-to-the-home and high-definition 
video. These links employ a mix of DFB and Fabry-Pérot lasers 
to accommodate the blend of modern and legacy operating 
wavelengths as well as the need to have downstream and up-
stream communications on separate frequencies. Legacy systems 
usually employ time-division multiplexing (TDM); newer sys-
tems that will exceed 10 Gbps are switching to WDM or using 
some sort of hybrid or other multiplexing scheme.

Optical communications in the data center
The traditional short-haul (datacom) approach has been to use 
simpler lasers such as directly modulated VCSELs, Coldren 
said. The small active volume of VCSELs restricts their output 
to a few milliwatts, but they are inexpensive to manufac-
ture—no small consideration when a large Internet company 
needs thousands of fiber connections. Their signal rise and 

fall times, on the order of 1 ns 
or less, mean that they can be 
directly modulated at multi-
gigabit speeds.

Instead of stuffing data 
through one fiber via WDM—
the long-haul approach—
datacom systems typically 
create parallel channels through 
bundles of fibers. Distances 
around the data center are a few 
tens of meters, and the cost of 
the fiber isn’t that high.

The state of the art for 
transmission speeds of up to 10 
Gbps is to design systems with 
parallel channels. In one simple 
example, a 12-fiber ribbon cable 
and a 1 * 12 array of VCSELs, 
each sending data at 10 Gbps, 
provides 100-Gigabit Ethernet 
(100GigE) service with a couple 
of spare channels. Today, manu-
facturers are making connectors 
with two 12-fiber ribbons and 
24 channels, and the next leap 

forward may be six such bundles to provide 72 channels. Such 
examples of “space division multiplexing” are just coming onto 
the market, according to Coldren.

It might be better to start looking at the long-haul ap-
proach, which takes one laser and modulates it in a more 
sophisticated way, or takes an array of lasers and funnels them 
via WDM into a single fiber, Coldren said.

“At datacom, parallel fibers have been a trend, but now 
even the fiber cables are getting too big,” Coldren said. 
“They’ve replaced electrical cables, because the fiber’s smaller, 
but now as we get dozens of fibers in parallel, they’re becom-
ing as big as the electrical cables. So maybe we need to multi-
plex more optics into a single fiber, even in the data centers.”

“Channels have to be dirt-cheap in the data center,” 
Coldren said. The data center doesn’t need to aggregate 
different voices coming from users from all over; a company 
is just processing data in one center, and when connecting 
computer lines between boxes, it can’t afford to spend much  
on a single interconnection.

In data centers, VCSELs power multi-mode fiber up to 10 
Gbps such as in ribbon fiber cables. These cables—the optical 
descendants of the multi-wire planar cables in older comput-
ers—connect the racks and switches that power the big Internet 

Access networks have garnered new interest because of the growing 
demand for fiber-to-the-home and high-definition video. 
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and Web service providers of the 
world. Copper cables would be too 
big and heavy to serve as patch cables 
in today’s data centers and, at trans-
mission speeds approaching 10 Gbps, 
provide too much distortion as well.

The need for speed has prompted 
data center interconnections to evolve 
from “box-to-box” to the circuit 
boards within rack-mounted compo-
nents. Researchers are now pursuing 
chip-to-chip connections on individ-
ual boards. Such technology is on the 
verge of being used in supercomput-
ers, which drive the high end of the 
datacom world.

“People even talk about optics on 
the chips, of course,” Coldren said. 
“There’s a vector here in the comput-
ing arena that’s pushing data into  
the box.”

Silicon, of course, is compatible 
with the silicon in microproces-
sors, and the dividing line between 
photonics and electronics has moved 
closer to the chips in circuit boards. 
Most efforts to create silicon photon-
ics devices still use an external laser 
with a modulator on the silicon chip, 
although a joint UCSB-Intel team  
has created a hybrid silicon evanes-
cent laser in a silicon-on-insulator 
waveguide. Such devices, though, 
probably won’t replace VCSELs in the 
data center.

Tunability and packaging
In communications, lasers are usually 
incorporated into a transponder or transceiver, said Christopher 
Doerr, distinguished technical staff member in the Bell Labora-
tories division of Alcatel-Lucent. Such a device translates electri-
cal signals into optical signals and vice versa and also includes 
receiving equipment. Manufacturers have developed specialized 
packaging types, such as the transmitter optical sub-assembly, 
or TOSA, which integrates a laser with pre-aligned lenses, am-
plifiers and standardized connectors.

Since the advent of WDM, interest in tunable lasers has 
been growing at both the datacom and long-distance ends of 
the communications spectrum, said Jens Buus, a consultant 
with Gayton Photonics in Gayton, England. “It’s becoming a 
very diverse market,” he said.

Tunable lasers must meet all the power, accuracy and noise 
specifications of fixed-wavelength lasers, with the added ability 
to have their wavelength adjusted either just prior to installa-

tion or during operation using micro-
electro-mechanical systems (MEMS).

According to Coldren, the original 
idea behind tunable communications 
lasers was to use them as universal 
spare parts for the fixed-frequency 
lasers in a system.

“Today, every part in the rack is a 
tunable laser,” Coldren said. To his 
knowledge, he added, no one puts 
fixed-frequency lasers in their WDM 
systems anymore. They don’t want 
to have their racks filled with fixed-
frequency lasers that must be replaced 
by a very specific and difficult-to-find 
part if one of them should fail. The 
universal sources don’t cost any more 
than fixed-frequency devices in the 
end, because all the costs are in  
the packaging.

Tunable lasers couldn’t really take 
off before the price difference between 
them and the fixed-wavelength lasers 
had shrunk, Buus said. The growth 
in the market for tunable lasers took 
four or five years longer than origi-
nally anticipated. However, last year 
it exceeded 100,000 units. Although 
long-term frequency stability of tun-
able lasers was originally a concern, 
people trust them now, Buus said.

Future communications sys-
tems will use the tunable lasers as a 
wavelength-selective switch as well  
as a source, according to Coldren.  
By changing the wavelength, the 
system will send the information to 
different customers.

“The excitement, I think, is photonic integration in the 
long haul,” Coldren said. His research group at UCSD studies 
photonic integration circuits (PICs) for universal transceivers 
and other applications.

Each PIC starts with a widely tunable laser that can be set 
to any of the wavelengths in the WDM spectrum. Packaged 
on the same chip as that universal light source is an advanced 
modulator. The chip then needs to be wavelength-division-
multiplexed with other, similar PICs.

Active optical cables

Datacom companies are making networking even easier for 
data-center companies by attaching optical transceivers perma-
nently to the ends of fiber cables, thus making active optical 
cables (AOCs).

Syntune AB (Kista, Sweden)

These modern laser 
modules incorporate 
a tunable laser with 
a semiconductor 
optical amplifier  
on an InP chip.
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AOCs use the same electri-
cal inputs as traditional copper 
cables—they plug into the familiar 
USB and HDMI ports, among 
others—but they carry signals 
over optical fiber for one-fourth to 
one-sixth of the mass and bulk of 
metal wires.

According to Tom Rossi, an 
independent technology consul-
tant in California (U.S.A.), the 
typical AOC operates at 850 nm 
and incorporates VCSELs within 
the transceivers at each end of the 
cable. AOCs incorporate either 
single-mode or multi-mode fiber.

Besides HDMI video and 
USB protocols, AOCs are made 
for InfiniBand, a switched-fabric 
architecture used in high-performance computing, and Display-
Port, a competitor to HDMI for computer-video interfacing. 
Rossi expects that most of these active cables will go into data 
centers rather than fiber-to-the-home applications.

Annual production of VCSELs for AOCs could rise from 
5.2 million units in 2010 to 170 million in 2014, Rossi pre-
dicted in a report for Information Gatekeepers Inc. of Boston 
(Mass., U.S.A.). The most common VCSELs in this product 
area will be rated at 5 Gbps.

Networking the future
This short article could not possi-
bly cover every single type of laser-
based optical communications. 
For example, free space optics is a 
small part of the communications 
market, but it could provide up to 
1.25-Gbps connectivity between 
buildings in urban areas and on 
the military battlefield, where fiber 
cables can’t be laid. Also, future 
interplanetary spacecraft may use 
free-space laser links to transmit 
vast amounts of data back  
to Earth. 

Undoubtedly, both core net-
works and datacom systems will 
continue to move away from elec-

tronics and toward ever-faster optical technology for the fore-
seeable future. Researchers will continue to shrink communi-
cations lasers, make them out of more exotic semiconductors, 
integrate them into tinier devices and move them closer to end 
users. To future generations, communications networks that 
don’t rely on lasers will seem as quaint as the town crier, the 
telegraph and the Pony Express. t

Patricia Daukantas (pdauka@osa.org) is the senior writer/editor of Optics & 
Photonics News.

Datacom companies are making networking even easier for data-center 
companies by attaching optical transceivers permanently to the ends of fiber 
cables, thus making active optical cables.
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