JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 22, NO. 1, JANUARY 2004

193

Tunable Semiconductor Lasers: A Tutorial

Larry A. Coldren, Fellow, IEEE, G. A. Fish, Y. Akulova, J. S. Barton, L. Johansson, and C. W. Coldren, Member, IEEE

Tutorial Paper

Abstract—Tunable semiconductor lasers have been listed in
numerous critical technology lists for future optical communi-
cation and sensing systems. This paper summarizes a tutorial
that was given at OFC ’03. It includes some discussion of why
tunable lasers might be beneficial, an outline of basic tuning
mechanisms, some examples of tunable lasers that have been
commercialized, and a discussion of control techniques. More
extensive data is given for the widely-tunable sampled-grating
distributed-Bragg-reflector (SGDBR) type of laser, including data
for such lasers integrated monolithically with modulators to form
complete transmitter front ends. A summary of reliability data for
the SGDBR laser is also given. It is concluded that tunable lasers
can reduce operational costs, that full-band tunability is desirable
for many applications, that monolithic integration offers the
most potential for reducing size, weight, power and cost, and that
sufficient reliability for system insertion has been demonstrated.

Index Terms—Photonic integrated circuits, semiconductor
lasers, tunable lasers.

1. INTRODUCTION

UNABLE lasers have been of interest for some time [1].
Applications range from sources for fiber optic telecom-
munication systems to broadband sensors. About three or four
years ago, the telecom application began to drive significant
investments into this field to support the perceived need for dy-
namic networks and wavelength reconfigurability in wavelength
division multiplexing (WDM) systems. Vast reductions in opera-
tional costs were predicted for such flexible fiber-optic networks
that were thought to be necessary for the rapidly expanding
demand for bandwidth. However, as many new companies joined
this effort, there was alarge overbuild of capacity, and the need for
the new networks vanished, or more accurately, was pushed back
to least the present time. The good news for the industry is that the
demand for bandwidth continues to nearly double each year.
Although the potential to reduce operational costs with more
dynamical networks still exists, the delay in significant network
expansion has led to a reappraisal of the value proposition for
tunable lasers. Today, the main value for telecom networks ap-
pears to be in the areas of inventory reduction, both in the man-
ufacture and operation of WDM systems. With fixed frequency
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distributed-feedback (DFB) lasers, dozens of different wave-
length codes must be manufactured and inventoried, and per-
haps more importantly, dozens of different wavelength-specific
line cards must be manufactured and inventoried. Since the cost
of line cards is measured in multiples of $10 k, this can be a
significant overhead. Thus, even for this less glamorous appli-
cation, the savings are finite, but as a result, today’s tunable laser
solutions are compared to fixed-frequency DFBs for both cost
and performance.

Bearing all of this in mind, it is generally agreed that if tunable
lasers with the same performance specs as DFBs were available,
most systems companies would select them over DFBs for a
small price premium. As we will show in this report, some tun-
able embodiments appear to have reached specification parity
with DFBs, so the situation may indeed be favorable for tun-
ables in future WDM networks. By the time one considers the
price of a line card, the increased cost of incorporating the tun-
able laser can be quite small, relatively speaking, and one can
gain the functionality of a “universal” line card, which can be
programmed to function at any wavelength over the tuning range
of the laser [2]. Of course, this is a strong argument for full-band
tunability in the laser, because only one part would then be nec-
essary for any slot. Finally, there is still the compelling argu-
ment that the line card can be re-provisioned at some later point
in time, should the network architecture evolve to accommodate
this, and again, full-band tunability would be desired.

The situation in the sensor area is perhaps even more attrac-
tive for tunable lasers. Here many sensor types rely upon the
ability to sweep the laser frequency over a wide range for their
basic functionality, so they are essential. This, perhaps, is a sub-
ject for a different audience than those attending the Optical
Fiber Communication conference, the audience for which this
tutorial was designed.

II. WHY TUNABLE LASERS?

Although we have already stated that the current justifica-
tion for wanting tunable laser solutions is in reduced manufac-
turing and operational costs deriving from inventory reduction,
there are still a number of potential applications in the telecom
area that might be important in the near future [3]. The first to
be mentioned is in reconfigurable optical-add-drop multiplexers
(ROADMs). As illustrated in Fig. 1 these allow single (or mul-
tiple) optical channels to be removed and replaced on a fiber
without de-multiplexing, regenerating, and re-multiplexing the
entire array of wavelengths contained in the fiber. In applica-
tions where this functionality is desired, the ROADM can vastly
reduce the cost of dropping and/or adding a relatively small
amount of information from or to the fiber.
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Fig. 1.
transmitter is needed to insert any desired channel at the add port.

Tunable lasers are also natural complementary components in
optical switches of various kinds. Here they generally are used
for the function of wavelength switching or “wavelength con-
version,” in which an incoming signal on one wavelength is re-
modulated onto another wavelength on the output [4]. This can
be accomplished in numerous ways, the most straightforward
of which is to incorporate a tunable laser within a line card or
transponder, so that the output can be set to any wavelength value.
These “optical-electronic-optical” (OEO) components include
3R regeneration to reconstitute the signal to its original form.
One can also make “all optical” wavelength converters that use
the incoming signal on one wavelength to drive a modulator that
applies the signal directly to a second selectable output wave-
length generated by a tunable laser. Recently, this function has
been demonstrated with a single monolithic chip [5], [6]. How-
ever, in these “all-optical” approaches 3R or even 2R regenera-
tion of the signal is generally not provided, so that these elements
can only work with relatively clean data, and they can only be
cascaded a few times before a 3R regeneration is necessary.

Fig. 2 shows an all-optical space switch that uses wavelength
converters at the input and a passive optical router switching
fabric to provide space switching. In this case the input signal
is placed on the wavelength that the passive “lambda router”
will route to the desired output port. If the signal is to be re-mu-
tiplexed, it would then have to be again converted to the desired
wavelength to enter the optical multiplexer. This sort of switching
architecture is also currently being investigated by several groups
for all-optical packet switching [7], [8]. In this case, the tunable
lasers in the front-end wavelength converters (shown as line cards
with tunable lasers in Fig. 2) must switch wavelengths very fast—
typically in the nanosecond range. Such a criterion will favor
the tunable laser types that are controlled electronically versus
the ones that have thermal or mechanical tuning elements.

Again, the sensor application area has already been men-
tioned, so it shall not be discussed further here.

III. BASIC TUNING MECHANISMS

Fig. 3 gives a schematic of a generic tunable laser together
with the relative spectra of the necessary filter and gain elements
as well as the location of the various cavity modes that all must
be properly aligned and translated to create a tunable, single-fre-
quency laser. Of course, in most practical embodiments, the
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Reconfigurable optical add/drop port. A tunable filter selectively removes (or adds) a single (or several) optical WDM channel from the fiber. A tunable
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Fig. 2. Transparent optical space switch composed of a wavelength converter
array and a passive router such as an arrayed-waveguide-router (AWG). Line
cards with tunable lasers can more generally be replaced by wavelength
converters.

filter, mirror and phase-shifting elements are combined in some
way to create a unique physical structure for the different kinds
of tunable lasers. Fig. 3 can be used to see how a tunable semi-
conductor laser evolves from the most basic “Fabry-Perot” laser,
which has just the gain and the two simple mirror elements, to a
“single-frequency” laser, which adds the mode-selection filter,
to a “tunable single-frequency” laser, which adds possible ad-
justment of the mirror position and the center frequency of the
mode-selection filter, as well as adding a new adjustable cavity
phase element. For more analytical discussion, the reader is re-
ferred to [9], [10].

The most common Fabry-Perot laser is composed of a uni-
form cleaved semiconductor chip that is structured to provide
gain for a guided optical mode with the cleaves functioning as
the mirrors. The most common single-frequency laser is prob-
ably the DFB laser, illustrated in Fig. 4(a), in which an index
grating is formed near the optical waveguide to provide a con-
tinuous reflection that gives both the mirror functionality as well
as the mode selection filter. The vertical-cavity surface-emit-
ting laser (VCSEL) as illustrated in Fig. 4(b), is also a single-
frequency laser, but in this case the cavity is vertical and the
grating mirrors sandwich the gain region. Although the dis-
tributed-Bragg-reflector (DBR) mirrors are frequency selective,
the primary mode selection is done by the finite width of the
gain spectrum in this case, because both the mirror spectrum and
the mode spacing are made large by the short cavity length—a
somewhat different case than that suggested in Fig. 3.
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IV. EXAMPLES OF TUNABLE SEMICONDUCTOR LASERS

Fig. 5 shows several different types of tunable single-fre-
quency lasers that have been commercialized. (Since tunable
lasers need to be single frequency to be of much use, we will

Fig. 3. Schematic of generic tunable laser together with relationship of the spectra of each element.
gain
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Fig. 4. Examples of single-frequency lasers (not tunable): (a) DFB laser and
(b) VCSEL.

Equation (1) gives the relationship between the lasing wave-
length, A, and the cavity mode number, m, effective index of
refraction seen by the cavity mode, 7, and the effective cavity
length, L. Quite obviously, if one changes m, 7, or L, the wave-
length must also change. The relative change in wavelength de-
rived from (1) is given in (2). As indicated the relative wave-
length change is directly proportional to the relative change in
either the length, index or mode number

Mode number Effective cavity length

N\ 7
A =l )
/ N
Wavelength Effective index

Tuned by mode-selection filter
(via index or grating angle)

]
AN An AL Am
D A A @
/! N

Tuned by physical
length change

Tuned by net cavity
index change

now drop this qualifier.) In the figure we have only included
the widely-tunable varieties that are capable of full C or L-band
coverage from a single device.

The first example shows a selectable array of DFB lasers
that are combined in a multimode interference coupler. The
DFBs are excited one at a time and each is manufactured with a
slightly different grating pitch to offset their output wavelengths
by about 3 or 4 nm. The chip is then temperature tuned by
some 3040 C to access the wavelengths between the discrete
values of the array elements. With N-DFB elements, then, a
wavelength range of up to about 4N nm can be accessed, or
with 810 elements the entire C-band can be accessed. The
schematic included in Fig. 5(a) is from NEC[11]; however,
similar work is also being carried out at Fujitsu [12] and
other mostly Japanese labs. Santur Corporation uses a similar
concept, but with an external micro-electromechanical (MEMs)
mirror to select which element is coupled to the output fiber
[13], thus eliminating the 1/N combiner loss, but at the expense
of one more element to package and control. In all cases, this
approach must deal with the requirement of having a number
of closely spaced DFBs all working to tight specifications.
The losses in combining, inherent in most varieties, are also
significant, and the need to temperature tune over a fairly large
tuning range leads to relatively high power dissipation for this
approach.

Fig. 5(b) is an example of an external-cavity laser. In this
case a “gain block” is coupled to external mode-selection fil-
tering and tuning elements via bulk optical elements. The cavity
phase adjustment, necessary to properly align the mode with
the filter peak and the desired ITU grid wavelength, can be
included in one of several places—e.g., on the gain block or
by fine tuning the mirror position. In most external-cavity ap-
proaches the mode selection filter is a diffraction grating that can
also double as a mirror. The so-called Littman-Metcalf cavity ar-
rangement is illustrated. In this case, a retro-reflecting mirror is
translated as it is rotated. This combined motion changes the ef-
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Fig. 5. Examples of widely-tunable laser types: (a) selectable DFB array, (b) external-cavity, (¢c) MEMs/VCSEL, (d) grating-coupled sampled-reflector (GCSR),

and (e) sampled-grating DBR (SGDBR) with integrated SOA.

fective cavity length in proportion to the change in center wave-
length of the mode-selection filter to track the movement of
a single cavity mode. The Littman-Metcalf geometry provides
continuous tuning over some range, but due to cavity dispersion,
one in general still needs to correct the cavity phase at each ITU
channel. This approach has been used by Iolon [14] and New
Focus [15] in their products. Other companies tend to just ro-
tate the mirror and let the mode selection filter scan across the
modes. This is most common in scientific instruments, where
the cavities are quite long and the mode spacing very small.
Intel also has reported some research [16] in which the external
cavity contains two temperature-tuned etalons with slightly dif-
ferent resonance frequencies, which act in combination to create
a widely-tunable filter. A standard external mirror completes the
cavity. All of the external cavity approaches appear to provide
useable specs for telecommunications, although at this writing
we are not aware of any that has completed the full Telcordia
qualification exercise. An obvious concern with these structures
is their manufacturability and reliability, given the need for as-
sembling numerous micro-optical parts and holding them in pre-
cise alignment.

Fig. 5(c) shows a tunable VCSEL that is created by mounting
one mirror on a flexible arm and using an electrostatic force
to translate it up and down. This MEMs approach has been
employed by Coretek [17]—later acquired by Nortel—[as
shown in Fig. 5(c)] and Bandwidth 9 [18]. In Coretek’s case
external optical pumping was used, and in Bandwidth 9’s
case electrical pumping was employed. Both efforts appear to
have been discontinued. The Coretek approach used dielectric
mirrors for wide reflection bandwidth. Thus, it was able to
show full C-band operation; the Bandwidth 9 device had a
somewhat smaller tuning range. The use of optical pumping
also provides for more power output, although advertised
products from Nortel did include an external amplifier to boost
the fiber-coupled power to the 20 mW range. A primary appeal
for the VCSEL approaches is the wafer-scale manufacturing
platform that it appears to provide. The hope here was to make
tunable devices for nearly the same cost as the 850 nm VCSELs
used in Gigabit Ethernet. However, at 1550 nm VCSEL con-
struction is more difficult, and limited output power together
with wide optical linewidth appear to be serious limitations
with the VCSEL approaches at 1550 nm.
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(a)

Fig. 6. Photo of wafer and SEM of mounted single-chip transmitter.

Fig. 5(d) and (e) show monolithic widely-tunable semi-
conductor laser approaches that employ electronic tuning of
the index in a single cavity to provide for full C- or L-band
wavelength coverage. Both are variations on older DBR laser
approaches [19]-[21], but both employ concepts to tune the
relative wavelength by up to an order of magnitude more than
the index of any section can be tuned. In the case of Fig. 5(d), the
so-called grating-coupled sampled-reflector (GCSR) laser [22],
[23], this is accomplished by using a property of a grating-as-
sisted co-directional coupler which has a tuning proportional to
the index tuning relative to the difference in index between two
coupled waveguides, An/(n; — ns), rather than An/n; as in
most other filters. However, because the filter is also broad, a
back multiple-order sampled-grating reflector is required for
good mode selectivity in this case. In the SGDBR of Fig. 5(¢)
[24],[25], the wider tuning range filter is provided by the product
of the two differently spaced and independently tuned reflection
combs of the SGDBRs at each end of the cavity. This product,
R1 R, is what appears in the laser cavity loss factors, and the
variation in the beating effect between the two different mirror
reflection combs is sometimes referred to as the vernier effect.
In this case the net mode selection filter wavelength tuning
is that of a single grating, An/n, multiplied by §A/A\, the
difference in spacing between the mirror reflection peaks of
the two mirrors, d A, divided by the mean mirror peak spacing,
A. Similar physics is involved in the superstructure-grating
DBR developed at NTT [26]. In both cases, good side-mode
suppression has been demonstrated, and tuning of over 40 nm
is easily accomplished, but due to grating losses resulting from
current injection for tuning, the differential efficiency and
chip output powers can be somewhat limited. In the case of
the SGDBR, this is easily addressed by the incorporation of
another gain section on the output side of the output mirror, and
fiber-coupled powers of up to 40 mW have been reported. In
fact, this is the embodiment illustrated in Fig. 5(e). Incorporating
such a semiconductor-optical-amplifier (SOA) is not as easy
for the GCSR, so fiber-coupled powers of typically less than
10 mW result. The integrated SOA also has other benefits for
the SGDBR as will be discussed in the following.

V. CHARACTERISTICS OF SGDBR LASERS AND
SINGLE-CHIP TRANSMITTERS

Work at UCSB and Agility Communications has aimed to de-
velop widely tunable lasers and transmitters with monolithically
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Fig. 7. CW characteristics of SGCBR-SOA device for 100 channels—
calibrated for 20 mW of fiber power. The linewidth, Aw, relative intensity
noise, RIN, and side-mode suppression ratio, SMSR shown for all C-band
channels.

integrated modulators. A low-cost “platform technology” that
is capable of providing a wide variety of photonic ICs (PICs)
without changing the basic manufacturing process has been de-
veloped. Fig. 6 shows a photograph of a 2"/ InP wafer with arrays
of seven-section photonic IC transmitters, each consisting of a
full-band-tunable four-section SGDBR laser integrated with a
monitoring detector, optical amplifier, and modulator. The SEM
inset shows one of these mounted on a carrier ready to be in-
serted into a package. It is important to note that the wafer layer
structure and processing procedure used is identical to that de-
veloped for the SGDBR laser alone. This same structure and
processing procedure is also used in the more complex laser
PICs to be discussed below. Note also a key advantage of pho-
tonic integration—only one optical coupling to fiber is required,
as would be necessary for a simple DFB laser alone.

The basic SGDBR-SOA shown in Fig. 5(e) above as well
as the integrated SGDBR-SOA-EAM transmitter illustrated in
Fig. 6 have been productized and Telcordia qualified for telecom
applications [27]. In Fig. 7 we give a summary of the character-
istics of a 20 mW cw product similar to Fig. 5(e) at each of
100 channels spaced by 50 GHz across the C-band. A common
quaternary waveguide extends throughout the entire device and
offset quantum-well gain layers are included at the laser gain
and SOA sections.
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Fig. 9. (a) RF extinction ratio for 100 superimposed SGDBR/EAM
transmitters across the C-band. (b) Bit-error-rate results after transmission
through 350 km of standard fiber at 2.5 Gb/s.

Fig. 8 shows a schematic cross section of an InP-based trans-
mitter chip [28] as included in the photos of Fig. 6. The modu-
lator bias is varied across the 40 nm tuning range to enable effi-
cient modulation and good extinction across this entire range.

Fig. 9(a) shows superimposed rf-extinction ratio versus
wavelength characteristics for 100 transmitter chips across the
C-band, and Fig. 9(b) shows the bit-error rate after transmission
through 350 km of standard single-mode fiber for two different
wavelengths. The data is applied directly to the EAM of the
chip. The average modulated output power is about 3 dBm in
this case. Error-free operation was observed.

The transmitter illustrated in Figs. 6 and 8 and character-
ized in Fig. 9 provides good results at 2.5 Gb/s for distances
up to 350 km. However, for longer distances and/or higher bit
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rates, some sort of chirp control is necessary. Thus, work at
both Agility [6], [29] and UCSB [30] has explored replacing
the EAM with a Mach-Zehnder modulator (MZM) as shown in
Fig. 10. Such modulators have been used widely for long-haul
applications, and they allow negative chirp with only one drive
signal, although dual drive of both arms of the MZM are neces-
sary for truly programmable chirp. In the past, researchers have
had difficulties in integrating such MZM’s directly with lasers
because of reflections. However, the UCSB-Agility effort ap-
pears to have solved these difficulties. By monolithically inte-
grating the MZM a much smaller footprint and low power dissi-
pation is possible as compared to hybrid packaged or fiber-cou-
pled devices. In addition, the chirp can be tailored for each
channel across the wavelength band by adjusting the biases to
the two legs of the MZM. Chirp values from +1 to —1 are
readily available. Error free transmission over 80 km of stan-
dard fiber was demonstrated for all channels at 10 Gb/s using a
negative chirp configuration.

VI. RELIABILITY OF THE SGDBR LASER

Fig. 11 summarizes some of the reliability data taken on the
10 mW cw product by Agility [31]. Both the integrated EAM
transmitter and the 10 mW cw version have undergone com-
plete Telcordia qualification. Because of the InP single-chip ar-
chitecture, these PICs can be qualified in much the same way
as simple laser chips. Such is not the case with other types of
widely-tunable transmitters in which separated optical parts are
involved in some sort of hybrid package.

A quantitative model of failure rates was developed for each
section of the device by fully characterizing failure modes and
determining failure mode accelerants. The activation energy,
FE, = 0.5 eV was derived assuming an aging rate proportional
to exp[E,/kT]. The current acceleration exponent, n = 1.5
was derived assuming the aging rate was also proportional to
J", where .J is the applied current density to the section in ques-
tion. Mirror drift failure was set to be when the operating point
moved half way from the center of a single-mode region toward
a mode-hop boundary. For the SGDBRs in question this was
equivalent to 2100 pm of allowable open-loop wavelength drift
of the mode boundaries. (Of course, with a wavelength locker in
operation, the lasing mode wavelength only drifts as much as it
does—typically <1 pm over life.) The aging criteria for the gain
and amplifier sections are as for other semiconductor lasers. The
same approximate activation energies and current acceleration
factors were observed for all sections.

The data indicate that no updating of mirror currents is nec-
essary for a FIT rate of <20 at 15 years. This includes rea-
sonable margins for all device parameters. However, a mirror
look-up table updating algorithm has also been developed that
both monitors the mirror drift for setting possible alarms as well
as updating the table. This mirror-control algorithm improves
the FIT rate to <3 at 15 years. The lifetime distribution taken
from 200 parts using accelerated aging procedures shows a clas-
sical log-normal relationship with a mean lifetime of 186 years
for room temperature, but with maximum channel currents as-
sumed. In a normal WDM system populated with such devices,
the channel currents would be distributed over lower values for
the various channels, so Fig. 11 should be taken as a worst case
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Fig. 11. (a) FIT rate versus time, assuming both original mirror biases as
well as with bias updating-mirror control. (b) Lifetime distribution of 200 parts
tested. Maximum channel currents assumed. Mean lifetime of 186 years shown.

result that would not occur over any distribution of components
in a typical system. Taking a distribution of WDM channels into

account, the “no mirror control” FIT rate is estimated to be about
2 @ 15 years.

This relatively low wavelength drift for the SGDBR has been
ascribed to the relatively small percentage of grating that fills
the sampled-grating mirrors. About 90% of the mirror area is
free from gratings in a typical design. Studies have shown that
this results in much higher material quality within the mirrors
[31]. Lack of gratings in most areas permits very high quality
regrowth of the InP cladding following grating formation. Not
only is the surface more planar and free from defects, it can
be composed of InP rather than InGaAsP quaternary waveguide
material in the large regions between the grating bursts. Thus,
while standard DBR lasers, which contain gratings throughout
the mirror tuning sections, continue to have wavelength drift
problems, the SGDBR has emerged as being surprisingly stable.

VII. CONTROL OF WIDELY-TUNABLE LASERS

The control of multi-element tunable lasers, such as those
illustrated in Fig. 5, has been a roadblock to their general ac-
ceptance for some time. Most system engineers are accustomed
to incorporating a two-terminal device, such as a DFB laser, in
their optical transmitters. Of course, even for the DFB the de-
vice temperature is used to fine tune and lock the wavelength
in WDM systems. For the widely-tunable devices of Fig. 5, it
seems apparent that we must simultaneously control some addi-
tional parameters, although in some cases we may only need to
dynamically control the same number as in the DFB to lock the
amplitude and wavelength at a given channel. However, there
is always a need for a “look-up table” to give the specific set
of currents or voltages for each channel to the several sections,
and this indeed, does add a complication for the user. To gain
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Fig. 12. SGDBR/SOA with connections for control circuit.

more wide-spread acceptance, suppliers of the multiple-section
lasers in recent years have provided automatic control systems
within the laser module so that the user doesn’t have to deal with
the control problem. The wavelength and amplitude are set via
a digital command through a common interface. Nevertheless,
users are justifiably concerned with the reliability and stability
of such systems. So they remain of great interest.

The control system must be capable of two basic functions:
1) staying accurately on the desired wavelength channel and 2)
reliably finding a new desired channel when a channel change
is requested at some later time, and this time could be near the
end of life. To accurately stay on a desired wavelength channel
most lasers require a separate wavelength locker. If the wave-
length channel plan is relatively coarse, perhaps >100 GHz,
this locker may not be necessary. For example, given the low
wavelength drift of the SGDBR outlined above, this locker may
not be necessary for even 100 GHz channel spacing if a modest
FIT rate is tolerable. But, more generally a locker is required.
It usually contains an etalon with a free-spectral range roughly
equal to the channel spacing, so that it can provide a feedback
signal to capture and lock the wavelength within about one-third
of a channel spacing on either side of some ITU frequency.

Switching to a new channel after some time is generally a
more difficult problem. The immediate question is, will the orig-
inal look-up table from factory calibration be good enough, or
will aging have changed the values? To be able to use the orig-
inal look-up table, the settings must get us to the correct channel
within the capture range of the locker. For embodiments where
tuning requires mechanical motion or significant swings in tem-
perature, hysteresis and charging of MEMs elements tend to
shift the look-up table. In some DBR structures, changes in car-
rier lifetime also may result in a shift in wavelength that exceeds
the locker capture range. Possible solutions to these problems
involve either some sort of global wavelength monitor, a channel
counting algorithm, or some means of updating the look-up ta-
bles over life. All of these approaches have been demonstrated,
but all require a more complex control system.

Fig. 12 illustrates the control signals necessary to operate the
SGDBR/SOA. An electronic circuit supplies control currents in
response to amplitude and wavelength errors derived from the
locker. The temperature and the current to the gain section are
held constant at factory-set values, so they are not part of the
control system. All other currents are contained in a look-up

table for each channel. The locker signals are converted to error
currents for that are added to the SOA and phase sections. The
SOA is used to lock the amplitude and the phase section is used
to lock the wavelength. In normal operation no corrections are
supplied to the mirrors—this is called the “no mirror control”
case referred to in Fig. 11. In this mode of operation then, the
actual feedback control system is about the same as for the DFB,
with the amplitude correction being added to the SOA instead of
the DFB gain section and the wavelength correction being added
to the phase section instead of the thermoelectric cooler of the
DFB. Of course, there is a look-up table to set different initial
values for each channel in the SGDBR case, but this involves no
dynamic control, just set points.

It may also be seen that the use of an external SOA for ampli-
tude control is desirable in a tunable laser relative to adjusting
the gain current in the cavity. This is because the wavelength
would also change in response to changing the gain current. In
fact, this is one of the primary limitations on wavelength sta-
bility in widely-tunable laser embodiments that do not have the
external SOA to level the amplitude as the device ages.

For “mirror control” the mirror currents are slowly dithered
about their set points and the voltage on the gain section is
monitored. Because the wavelength and amplitude locking cir-
cuits are operating, there is no change in external optical power
or wavelength observed. Second order changes in cavity loss,
caused by changing the mirror currents, are also removed in
this process. The dithering of the reflectivity peaks of the mir-
rors cause the gain voltage to change slightly because it mon-
itors the quasi-Fermi level separation in the gain region, and
this is proportional to the cavity loss change. Thus, a local min-
imum in the gain voltage is observed when the mirror peaks are
properly aligned with the mode wavelength, where the cavity
loss is at a local minimum. The mode, of course, is set by the
locker/phase-section feedback circuit to be at the proper ITU
grid wavelength. So, it can be seen that this “mirror control”
algorithm requires no additional optical elements or electrical
connections. Again, this mirror control mode is probably not
necessary for reliable device operation according to Fig. 11;
however, monitoring of the mirror peaks relative to the cavity
mode gives one assurance that the device is operating properly.

If the mirror currents must be corrected, then it may be
assumed that the currents required to hit other channels must
also change. This is the second aspect of control mentioned
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TABLE 1
CONTROL PARAMETERS FOR TUNABLE LASERS

Laser Coarse Fine Amplitude VOA
Wavelength Wavelength

DFB Varray() T Lgain(j) Alsoa

Array/SOA

DFB/MEMs Vot Vim2(j) T Tgain(j) Vml, Via(j)

SGDBR/SOA L1, T2 Iy Isoa Alsoa

Ext Cavity/ Ve Vi or I Lgain Vimshutter

grating

Ext. Cavity/ Tet1, Ter Vit or Iy Lgin | -

etalons

VCSEL/MEMs Vi Vi Tgin | e

above—finding a new channel. In the SGDBR case with mirror
control the table can be updated dynamically without ever
leaving the original channel. This is because the same reduction
in carrier lifetime that requires a current increase to maintain a
given carrier density and thus index of refraction, is also expe-
rienced by all the other channels. Most importantly, it has been
verified that this carrier lifetime decrease is due to an increase
in nonradiative recombination, and it is well known that this has
a linear relationship to carrier density. Since carrier density is
predominately determined by the radiative recombination rate,
which depends upon the square of the carrier density, we can
assume that the shift in the entire look-up table will be linear in
the square root of current. Fortunately, extensive measurements
have shown that this is indeed the case experimentally [31],
[32], so updating the table is a valid approach in this case.
Table I summarizes the parameters that must be adjusted to
enable the amplitude and wavelength of the various types of
tunable lasers illustrated in Fig. 5 to be set. It also indicates the
parameters for variable-optical-attenuator (VOA) operation.
This function is desirable both to allow the user to adjust
the amplitude as well as to blank the output during tuning
between channels. As can be seen most of the widely-tunable
lasers being considered require several parameters to be set,
and in most cases, most of these must be controlled. In the
VCSEL/MEMs case there are fewer parameters, but this is an
example where changing channels requires some sort of global
wavelength monitor or channel counting scheme, because one
clearly can not depend upon the look-up table for channel se-
lection, especially after some aging with the MEMs mirror. The
case is similar in the other mechanically tuned embodiments.

VIII. CONCLUSION

As presented in the tutorial on tunable semiconductor lasers
at OFC’03 we have outlined why tunable lasers might be
beneficial, discussed basic tuning mechanisms involved in most
tunable lasers, given some examples of tunable lasers that have
been commercialized, discussed reliability issues, and outlined
control techniques. A summary of performance data for the
SGDBR type of laser and the monolithically integrated SGDBR

with both electroabsorption and Mach-Zehnder modulators was
given. It was argued that tunable lasers can reduce operational
costs, that full-band tunability is desirable for many appli-
cations, that monolithic integration offers the most potential
for reducing size, weight, power and cost, and that sufficient
reliability for system insertion has been demonstrated, at least
in the SGDBR case.
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