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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
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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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Abstract

Photonic ICs that function as reliable single-chip widely-tunable transmitters have been developed on a
simple InP-based platform technology. This same platform has been shown to be scalable to more than
a dozen optical elements for more complex functionalities such as full-band wavelength converters.
Much higher levels of integration are anticipated.

Summary

The allure of monolithically integrating many photonic components to form high-performance photonic
integrated circuits (PICs) has been with us for many years. Such devices, as their electronic-IC
counterparts, should provide improved performance and reliability, while having lower power, size,
weight, and cost than their discrete-component embodiments. Moreover, the integration technology
should be scalable so that more and more photonic components can be integrated as the technology
matures to provide further improvements in these key parameters. This is a nice vision, but until
recently most efforts to create such PICs have largely fallen short of the goal. In this paper we shall
summarize recent progress in developing a robust InP-based platform technology that is capable of
providing scalable and reliable PICs, which in some forms are now ready for wide-scale deployment in
WDM networks.

Figure 1 gives a schematic and an SEM photo of an integrated PIC transmitter, which includes a
widely-tunable laser, a back-side monitoring detector, a semiconductor optical amplifier (SOA), and an
electroabsorption modulator (EAM)[1]. The integration platform includes only one regrowth step to
form the gratings and define the active and passive regions. The entire transmistter is fabricated with
the same layer structure and the same fabrication process as the laser alone.
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Figure 1. Schematic and SEM of single-chip transmitter.
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Figure 2. Unleveled cw chip power vs. wavelength (left) and BER of the packaged transmitter for several wavelengths (right)
across the C-band after transmission over 350 km on standard fiber.

Figure 2 shows that relatively high powers are available from these chips and that the packaged chips
can give very competitive transmitter performance.



These devices have undergone extensive reliability testing and have shown very stable operation over
life[2]. In fact, the open-loop wavelength is surprisingly stable on these SGDBR lasers as compared to
previous reports on DBR lasers[3], and the results compare favorably to the stability of DFB lasers.
The explanation for this seems to lie in the fact that the SGDBR mirrors only contain a small fraction
of grating, and the space between the grating bursts, which provides an InP-on-InP regrowth surface,
actually determines the mirror peak position. Thus, mode hops never occur within the lifetime of the
gain section, which extends to several hundred years for a 20% roll off in power as determined by
rigorous Telcordia standards. Moreover, the dual grating SGDBR laser design has a much larger
design window than simple DBRs. Mirrors can be misaligned by more than 50% without degrading
the side-mode-suppression ratio (SMSR) to less than 40dB.

More recently, state-of-the-art Mach-Zehnder modulators have been successfully integrated on the
same chip as the SGDBR, detector, and SOA[4,5]. Figure 3 illustrates a schematic and SEM of the
chip as well as transmission results at 10Gb/s. This represents a still higher level of integration,
because the chip now includes MMI power splitters and combiners and additional phase shifters for the
ultimate in chirp control. The effective chirp parameter has been shown to be programmable from +1
to —1. In Fig. 3, a chirp parameter of approximately —0.7 was set to provide error-free transmission
over 100km of standard fiber across the entire C-band.
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Figure 3. Schematic, SEM blowup, and transmission results with integrated transmitter using an integrated Mach-Zehnder
modulator.

Most recently, the integration platform has been extended to include additional functionalities as well
as to make arrays of devices. All-optical wavelength converters, incorporating SOAs modulated by
optical data on preamplified inputs[6], as well as photocurrent-driven wavelength converters that used
SOA-PIN input stages directly coupled to either the SGDBR gain section or the integrated external
modulator[7] have been demonstrated with error free operation over a wide bandwidth of input and
output wavelengths. Yields for these complex devices appear to be similar to the SGDBR itself, and
these have been reported to exceed DFB yields.

Conclusions

A PIC integration platform on InP has been demonstrated to provide high-performance, high-reliability
devices with significant numbers of elements on a single chip. The design rules require that all other
devices must be integrable with the same layer structure and processing steps as required for the
widely-tunable SGDBR laser alone.  Future plans call for significant increases in the level of
integration from this platform.
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Sampled-grating DBR laser integrated with
SOA and tandem electroabsorption
modulator for chirp-control

L.A. Johansson, Y.A. Akulova, G.A. Fish
and L.A. Coldren

Chirp-controlled optical modulation is demonstrated using a voltage
division scheme applied to a long-section phase modulator to compen-
sate for the positive chirp of an electroabsorption modulator arranged
in a tandem configuration. Both modulators are integrated with a
semiconductor optical amplifier (SOA) and a sampled-grating distri-
buted Bragg reflector (DBR) laser. The effective chirp factor can be
controlled from +1 to —0.86 with less than 2 dB penalty in extinction
ratio and insertion loss.

Introduction: Widely tunable lasers integrated with electroabsorption
modulators generally use a Franz-Keldysh modulator for wide spec-
tral bandwidth [1]. The positive chirp of these modulators is a limiting
factor for data transmission over long spans of fibre. Negative chirp
and wide spectral bandwidth can be offered by integration of a widely
tunable laser with a Mach-Zehnder modulator [2] at the cost of more
complex modulator design and increased passive loss of the modu-
lator. An alternative approach to generate negative chirp is using two
EA modulators in a tandem configuration, one biased for amplitude
modulation, the other biased for phase modulation using an inverted
driver signal, compensating for the residual phase modulation of the
amplitude modulator [3]. This approach is limited by the voltage
swing available at the phase modulator, determined on the high
voltage side by the diode threshold voltage, where carrier injection
is causing distortion, and limited on the low voltage side by the onset
of absorption that ultimately makes the insertion loss prohibitive
and deteriorates the extinction ratio. One possibility to enhance the
available performance of this approach is to use different bandgap EA
modulators, possible to achieve using quantum-well intermixing
techniques [4]. A second possibility that applies to Franz-Keldysh
modulators is to use a simple voltage division scheme, which is
described in this Letter.

Device design: Fig. 1 shows a schematic diagram of the device used in
this work together with the voltage division scheme used. The electro-
absorption modulator is split in two parts arranged in a tandem
configuration. The device is mounted onto an aluminium nitride RF
carrier, with integrated thin-film resistors. The amplitude modulator is
terminated in parallel to 50 Q in series with a capacitor. In contrast, the
phase modulator is terminated in parallel by a lower value resistor and
in series by a second resistor, such that R; + R, =50 Q. The resulting
voltage division factor, n, is given by n =50 Q/R;. To compensate for
the lower modulation voltage, the phase modulator is made » times
longer than the amplitude modulator. To a first-order estimate, the
RC-limited bandwidth of the modulators remains the same. The main
advantage of the described voltage division scheme is that while the
modulation voltage is now scaled down by a factor of n, the threshold
voltage stays constant, increasing the available phase swing while
keeping amplitude modulation in the phase modulator low.

data data

SG-DBR laser
N

light
out amplitude phase  amplifier front gain phase  rear
modulator modulator mirror mirror

Fig. 1 Schematic diagram of tandem EAM modulator, integrated with SOA
and sampled-grating DBR laser; simple schematic of voltage division
scheme also shown

Two devices are investigated, the first having a 200 um amplitude
modulator and an 800 pm phase modulator, with a voltage division factor
of n=4. The second device has equal length sections of 120 pm, and is
used for verification of the benefits of the principle. The sampled-grating

DBR lasers are similar to the one described in [2], with more than 10 mW
output power, lower than 2 MHz linewidth, and more than 40 dB side-
mode suppression ratio, achieved over more than 40 nm wavelength
tuning range.

Experimental results: The amplitude modulator is modulated at
2.5 Gbit/s datastream while the phase modulator is complementary
modulated by the inverted signal. By varying the attenuation/
amplification of the signal applied to the phase modulator, the
resulting chirp of the device can be controlled. The time-resolved
chirp characteristics of the modulated optical signal is measured using
an Advantest Q7606B optical chirp form test set and an Agilent
86100A oscilloscope. The effective chirp factor, o is then derived
from the time-resolved chirp data. Previously, using the amplitude
modulator only, the effective chirp parameter has been shown to
correlate well to the fibre dispersion penalty for this type of device [5].
Fig. 2 shows the measured chirp forms for the device when voltage
division of n =4 was used. The phase modulator was biased at 0 V and
the amplitude modulator at —2.6 V. The upper plot shows the chirp
characteristics of the amplitude modulator alone, corresponding to an
e of 0.97. Applying a modulation signal to the phase modulator of
equal amplitude as to the amplitude modulator, results in the charac-
teristics shown by the centre plot, corresponding to o4 of 0.03. The
remaining frequency chirping, particularly apparent at the falling edge,
is a result of different impulse response between the phase and
amplitude modulator. The different impulse response can be attributed
in part to the inductance of the bondwire used to connect the
modulators to the RF lines of the carrier. A more careful RF design
should further decrease the envelope of the frequency chirp. The lower
plot in Fig. 2 shows o,y of —0.86 for a phase modulation signal
amplified by 3 dB relative to that of the amplitude modulator.
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Fig. 2 Measured output amplitude (dotted line) and time-resolved

frequency chirping (solid line) of tandem EAM configuration

Resulting effective chirp factors 0.97, 0.03, —0.86, respectively, top to bottom

Fig. 3 shows the extinction and excess insertion loss compared to
amplitude modulation only against achieved effective chirp factor for a
device using voltage division and a control device with equal length
modulators. Significant penalties are shown for the control device
at lower chirp values, as a result of counteracting amplitude modulation
in the phase modulator. Using voltage division, o.4 down to —0.86
is observed with <2 dB excess insertion loss and <2 dB degradation of
extinction ratio. For even lower values of achieved effective chirp,
further degradation is observed, partly due to too high applied voltage
in the phase modulator. This can be traded-off with a slightly degraded

ELECTRONICS LETTERS 8th January 2004 Vol. 40 No. 1



insertion loss and extinction by lowering the bias point of the phase
modulator.

12

extinction, dB
excess insertion loss, dB

0 T T T 0
-1.0 -0.5 0 0.5 1.0
effective chirp factor

Fig. 3 Extinction ratio and resulting penalty in terms of insertion loss,
compared to amplitude modulation only, against measured large-signal
chirp factor for n=4 and n=1

The control device achieves negative chirp with lower phase modula-
tion voltage. The cause for this is believed to be localised heating at the
front edge of the phase modulator that for the control device experi-
ences significant optical absorption, with the higher applied modulation
voltage and therefore necessarily lower bias point: —2 V.

Conclusion: We have demonstrated how two Franz-Keldysh modu-
lators arranged in a tandem configuration can be used to produce
chirp-controlled optical modulation with an effective chirp factor
down to —0.86. It is shown how using a long phase modulating
section in combination with a simple voltage division scheme to one

of the modulator sections can improve the performance of the tandem
modulator to <2 dB excess insertion loss and <2 dB degradation of
extinction ratio compared to a single section modulator for effective
chirp factors down to —0.86.
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Abstract: A factor of ten improvement of modulation bandwidth, from 2GHz to 20GHz, is demonstrated
using phase modulator monolithically integrated to a semiconductor amplifier and a widely-tunable SG-DBR
laser. This is achieved by generating optical frequency modulation converted to intensity modulation in an
oplical ASE filter.

OCIS codes: (250.5300) Photonic integrated devices; (060.2630) Frequency modulation

1. [ntroduction

Optical frequency modulation (FM) has been considered mainly for analog or coherent links. A frequency
modulated, coherently detected link has been shown to exhibit advantages relative to intensity modulated, directly
detected links both in terms of SFDR when the received optical power is limited [1] and available SNR [2].
Frequency modulation combined with an optical frequency discriminator has also been considered for analog links
[3] in order to reduce the required drive power and therefore to reduce link loss and improve potential link noise
figure. In a discriminator-aided FM-link, the SFDR is determined limited by the nonlinear characteristics of the
discriminator and can be improved by using special lincarized FM discriminators [4]. Recently, increasing interest
has also been focused at alternative modulation formats for data transmission when receiver sensitivity, spectral
efficiency, constant envelope, or leng haul performance is of importance [5].

Common for most FM links is that a directly modulated semiconductor laser diode is used as source because of
the relative ease a frequency modulated output can be produced. The drawback of using directly modulated devices
is the modulation bandwidth, typically limited to ~10GHz. Optical phase modulators can produce FM at higher
modulation frequencies utilizing the transient chirp preceded by signal integration to produce linear frequency
modulation. In this paper, we will show how an optical phase modulator can be used to produce optical frequency
modulation by operating beyond the conventional RC-limited bandwidth of the modulator and how this operating
point eliminates the requirement for any preceding signal integration. Combined with an optical frequency
discriminator, this modulation scheme also provides a method of greatly extending the available bandwidth of
optical modulators. In this work, the modulation bandwidth is increased by a factor of ten.

2. Freguency modulation scheme

An optical phase modulator produces an output optical phase dependent on the applied voltage over the modulator.
Within the conventional RC-limited bandwidth of the modulator, the phase shift is proportional to the applied signal,
(=F, at DC) and determined by the resistive part of the impedance. The frequency dependence of the phase
modulation is given by:

og dp | Sp 1
- v == . V¥ ~ —_—V
0plen) =y V)= o et ), Ry G ke o) @
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The phase medulation sensitivity is at lower modulation frequency, w,, constant, while at higher frequencies
inversely proportional to the modulation frequency. The 3-dB bandwidth is given by the RC-constant. Phase
modulation can then be converted into amplitude modulation using for example a Mach-Zehnder configuration.
An alternative way of lcoking at the phase modulator is to consider the frequency modulation at the output of the

modulator. The modulator will produce an optical frequency shift, dw, given by:
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At low modulation frequency, the frequency modulation is proportional to the slope of the modulating signal, which
increases as the modulation frequency. At high modulation frequency, the increased slope of the medulating signal
is compensated by the capacitive roll-off, and the frequency response will be that of a high-pass filter with a 3-dB
cut-off frequency again given by the RC-constant. Above the 3-dB point, the frequency dependence of the FM is
flat. For a very long modulator, the increased capacitance will be compensated for by increased phase modulation
sensitivity, leaving the FM sensitivity constant, according to eq. 2, the low-frequency cut-off will however be
improved. The frequency modulated signal can be demodulated in a number of ways, including coherent detection
schemes [2] or FM to IM conversion using an optical frequency discriminator {4,6].

When using demodulation by FM to IM conversion, there is a tradeoff in required modulation efficiency and
bandwidth. The spectral bandwidth of an FM signal is given by Carson’s rule, By, = 2(daw+ w,). The modulation
bandwidth is limited by the response of the discriminator, that can only sustain a high slope sensitivity over a limited
frequency range. Meanwhile, the instantaneous frequency shift required to achieve a high modulation depth is
similarly determined by the discriminator response. A relative comparison of phase modulation and the
corresponding frequency modulation of a modulator can be obtained by considering the modulation voltage required
to switch the output between maximum and minimum transmission, the equivalent V, . For frequency modulation,
the equivalent V', is given by the voltage needed to generate a frequency shift of Sw,, corresponding to maximum
and minimum transmission through the discriminator. From the bandwidth-efficiency limit outlined above, dw, also
roughly corresponds to the bandwidth limit. Assuming a Mach-Zehnder-type discriminator chosen to achieve a FM
bandwidth » times that of the modulator RC-limit. Inserting this into equation 2, we obtain the equivalent V,:

Vx - nmw
The factor of « in the numerator results from the sinusoidal response of the Mach-Zehnder discriminator. The
expression for V, corresponds to the bandwidth-modulation efficiency limit of the corresponding MZ modulator that

is obtained by changing the length of the modulator arms, assuming the first order approximation of linear
dependency of capacitance to modulator length.

(3)
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Fig. 1. Outline of SG-DBR laser integrated with an SOA Fig. 2. Qutline schematic of experimental Arrangement.
and a Mach-Zehnder modulator. :

A
SG-DBR Laser

3. Experiment

The monolithically integrated device is similar to that described in [7], where a sampled-grating DBR laser is
integrated with a semiconductor optical amplifier and a Mach-Zehnder modulator, all on a single InP-substrate. An
outline of the device is shown in Fig. 1. The modulator electrodes are 500pm long with a 97um long 1x2 MMI
coupler at the laser input and a 170 um long 2x2 MMI to the waveguide outputs. The total device length is then
3400um long consisting of the 1.75mm SGDBR 0.4mm S0OA and 1000um MZ device with integrated curved
waveguide passive regions at the facets.

Figure 2 shows a schematic of the experimental setup. An Agilent 50GHz network analyzer was used to
modulate the phase modulator. For characterization of phase modulation performance, the MZ meodulator is biased
for maximum slope sensitivity, while for characterization of frequency modulation, one arm of the MZ modulator is
reverse biased for absorption such that the output consists only of the output of the second arm. The output of the
device is then amplified to compensate for the filter insertion loss. After the EDFA, a 0.4nm optical filter is used,
partly to remove the ASE noise and partly to provide an optical frequency dependent element for discriminator FM
to IM conversion. The IM signal is then detected by a U’T photodiode and the output signal is fed back to the
Agilent network analyzer.
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Figure 3 shows the measured bandwidth using phase modulation and frequency modulation of one arm of the
MZ modulator. The phase modulator is unmatched with a bandwidth of 2GHz. The bandwidth of a 50£2-matched,
equally long modulator is on the order of 5GHz. Switching off the output of the second arm, the output consists of
the phase/frequency modulated output of the first arm of the MZ-modulator. Tuning the optical filter to maximum
slope sensitivity at center frequency, the bandwidth of the modulator is increased by a factor of ten to 20GHz. The
measured bandwidth corresponds well to what is expected from the filter FWHM bandwidth; 0.4nm ~ 50GHz at
1566.4nm, the emission wavelength of the SG-DBR laser. A wider bandwidth optical filter will sustain a wider
frequency swing and therefore produce a wider modulation bandwidth, though the efficiency of the FM to IM
conversion will be compromised.

BN ——Frequency modulation |
.20 | = - Phase modulation

Modulation response (dB)
]

Frequency (GHz)

Fig. 3. Measured bandwidth for phase modulation converted to intensity modulation in the Mach-Zehnder
modulator and for frequency modulation converted to intensity modulation using an optical frequency
discriminator.

4. Summary

In this paper we have showed how an optical phase modulator monolithically integrated to a semiconductor
amplifier and a widely-tunable SG-DBR !aser can be used to produce optical frequency modulation at modulation
frequencies beyond the RC-limited bandwidth of the phase modulator. Combined with FM to IM conversion using
an optical frequency discriminator, the available modulation bandwidth is limited to frequencies between the
conventional RC-limit on the low frequency side and the maximum frequency swing accommodated by the
frequency discriminator. Further, ‘it is shown how the available bandwidth-modulation efficiency product is
comparable to that of using phase modulation to intensity modulation conversion in a Mach-Zehnder configuration.
The bandwidth-modulation efficiency product can be improved by using a coherent detection scheme, instead of FM
to IM conversion. Finally, the described modulation scheme is demonstrated modulating one electrode of a Mach-
Zehnder modulator integrated with an SG-DBR laser and an SOA. The available FM bandwidth is shown to increase
by a factor of ten, from 2GHz to 20GHz, compared to that of the Mach-Zehnder modulator. The FM bandwidth can
be further increased by selecting a frequency discriminator with lower slope sensitivity at the price of lower
conversion efficiency.
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Abstract: We report on a sampled grating DBR laser monolithically integrated with a Mach-
Zehnder modulator and a semiconductor optical amplifier. Transmission over 100 km of standard
fiber at 10 Gb/s is demonstrated across 30 nm tuning range.

© 2003 Optical Society of America

OCIS codes: (250.5300) Photonic integrated circuits; {060.2330) Fiber optics communications

1. Introduction

A compact, high-performance widely-tunable integrated laser/modulator chip is a key component of a tunable
transmitter that can dramatically lower the barriers to deployment and operation of high capacity DWDM networks.

Several tunable laser technologies with integrated electroabsorption (EA) modulator operating at a bit rate of 2.5
Gb/s and beyond have been demonstrated [1-3}. Integrated transmitters based on EA-modulators although
successfully deployed in metropolitan networks have received only limited acceptance in long-haul transmission
systems at 10 Gb/s. The main limitations of the EA-modulator are inherent wavelength dependence of extinction
ratio (ER) and chirp and trade-off between these characteristics and insertion loss. In contrast to EA-modulators,
Mach-Zehnder (MZ) modulators offer the capability of precise control over chirp and extinction ratio over wide
wavelength range without introducing excess loss [4]. Co-packaging of a tunable laser with a lithium niobate or HI-
V MZ modulator is being widely pursued by component manufactures to minimize cost and size of tunable
transmitters [5]. The advantage of the co-package approach is the possibility to select laser and modulator chip
characteristics independently and to ensure good optical and electrical isolation between the laser and modulator.
However, further reduction of package complexity, cost, and size is achievable only through monolithic integration
of a laser and a MZ medulator. Reports on a monolithically integrated III-V MZ modulator with a very narrowly-
tunable gain-coupled DFB laser have demonstrated feasibility of integration and acceptable system performance at
2.5 and 10 Gb/s [6].

In this paper we discuss the design and performance of a widely tunable transmitter chip based on a Sampled
Grating Distributed Bragg Reflecior (SG-DBR) laser monelithically integrated with a semiconductor optical
amplifier (SOA), and a Mach-Zehnder modulator (MZM). Negative and zero chirp of the transmitted signal were
demonstrated by adjusting the drive voltages for two arms of MZM. Ermror-free transmisston at 10 Gb/s for 100 km
of standard single mode fiber over 30 nm wavelength range has been demonstrated for the first time for a widely-
tunable laser monolithically integrated with a modulator.

2, Device design and fabrication

As illustrated in Fig. 1, the device consists of a four-section SG-DBR laser, an SOA, and a MZM, all integrated on
the same InP chip. The integrated SOA compensates on-state modulator loss and cavity losses caused by free carrier
absorpticn in the tuning sections and allows wavelength independent power leveling, beam blanking during
wavelength switching, and variable optical attenuator functionality. The MZ modulator consists of two muiti-mode
interference (MMI) sections with curved waveguides and 400 um long lumped electrodes. The integration of the
laser and SOA active regions with the tuning and modulator sections of the device has been accomplished by using
an offset quantum-well structure [7]. In this simple integration technology the active region of the modulaior uses
the same bulk quaternary waveguide as the tuning sections of the laser. The composition of the bulk waveguide can
be optimized to achieve high tuning efficiency for the laser and a target V; over the required wide spectral
bandwidth for the modulator. The device is fabricated using shallow-ridge technology to ensure low optical
reflections as compared to the deep-ridge structures due to reduced index step between optical waveguides and MMI
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sections [8]. An angled waveguide and wide-band anti-reflection coating at the output of the device were used to
suppress the facet feedback.

SG-DBR Laser

f Front Rearj
MZ Modulator Amplifier  Mirror  Gain Phase  Mirror

1.5

Light Out

Q waveguide MQW active regions Sampled gratings

Fig. 1. Schematic of SG-DBR laser integrated with SOA and MZ modulator.

3. Results and discussion

The fabricated devices were mounted on ceramic carriers with co-planar waveguides and integrated matching
resistors. For transmission measurements the chip-on-carrier was packaged into a cooled butterfly module with a co-
planar RF input.

The output power vs. wavelength for a SG-DBR-SOA-MZM chip is shown in Fig. 2a). For this measurement the
nominally n-phase shifted MZM is biased to produce differential phase shift of 0 radians between the two arms. The
integrated chips are capable of producing more than 15 mW of power across 40 nm tuning range in the C-band.
Figure 2b) shows normalized transmission characteristics for a packaged SG-DBR-SOA-MZM chip at three
wavelength across C-band. DC ER in excess of 20 dB is achieved with less than 3.3 V. In single-ended drive
configuration RF ER of 12 dB was measured across 40 nm tuning range with less than 3 V peak-to-peak modulation
voltage (Fig. 2c).

The key for achieving uniform transmission performance of the integrated SG-DBR-SOA-MZM transmitter over
wide wavelength range is in eliminating optical and electrical crosstalk and precise control of the transient chirp of
the modulator. Measurements of the time-resolved chirp characteristics of the integrated chips confirmed that
exirinsic chirp components due to optical feedback or electrical crosstalk are completely eliminated. The remaining
chirp component is transient chirp determined by a MZM design and drive conditions. The trangient chirp of p-i-n
InP MZ modulator is a function of electrooptic properties of active material, splitting ratio of the two MMI sections,
the differential phase shift between two arms, and the format of the modulation voltages applied to each arm of the
modulator [9]. These features provide flexibility of optimizing device performance for zerc or negative chirp over
wide wavelength range. Figure 2¢) shows wavelength dependence of the effective o-parameter extracted from the
time-resolved chirp characteristics in a 3 dB region of the most transparent state of the modulator in single-ended
drive configuration. Uniform chirp of -0.74+/- 0.1 is maintained across the tuning range.

Figure 3a) shows output and transmitted eye diagrams for dual- and single-ended drive conditions at 10 Gb/s for a n-
shifted MZM. Maximum peak-to-peak modulation voltage for 12 dB RF ER across the C-band is 1.5 and 3 V for
dual- and singie-ended drive, respectively. The dual-drive condition results in “zero” chirp configuration, while .
single-ended operation results in “negative” chirp. Wide open eye diagrams after 50 km (“zero™ chirp) and 100 km
(“negative” chirp) of standard non-dispersion shifted fiber indicate that the integrated chips are capable of meeting
stringent requirements for 10 Gb/s transmission. The back-to-back and 100 km BER curves were measured for
negative chirp configuration for three wavelength across C-band. The lowest wavelength for this measurement was
limited to 1535 nm by the tunable bandpass filter. The BER data presented in Fig. 3 b) shows error free transmission
for 1600-1800 ps/nm dispersion for 15351563 nm wavelength range. Evaluation of dispersion penalty for longer
transmission distances is currently in progress.

4, Summary

In summary, we have demonstrated a widely-tunable, 10 Gb/s transmitter chip based on a SG-DBR laser
monolithically integrated with a SOA and MZ modulator. RF extinction ratio > 12 dB with less than 3 V modulation
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voltage and negative chirp across a 40 nm tuning range have been achieved. Error-free transmission at 10 Gb/s has
been demonstrated for 100 km of standard single mode fiber.
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Fig. 2. a) Unleveled SG-DBR-SOA-MZM cutput power across the tuning range. b) Normalized transmission characteristic
for three wavelengths. ¢) RF ER and 3 dB alpha parameter in single-ended drive configuration across the tuning range.
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Abstract

We report on analog modulation characteristics of a widely-
tunable sampled grating DBR laser monolithically integrated
with an electroabsorption or Mach-Zehnder modulators and a
semiconductor optical amplifier. A sub-octave SFDR of 125-127
dB/Hz4/5 and a broadband SFDR of 103-107 dB/Hz2/3 limited
by third order intermodulation products is demonstrated over a
1528 to 1573 nm wavelength range.

1. INTRODUCTION

Analog optical links have found applications areas such as
wireless over fiber or antenna remoting for radar applications. In
both cases, the optical link provides a low loss, wide band with
medium, transparent to modulation format. The antenna units can
be simplified, while system complexity can be located at a
centralized location. The merging of WDM and wireless over
fiber technologies will further enhance system reconfigurability
and capacity, particularly for wireless over fiber applications [1].
Signal routing will enable dynamic allocation of radio resources
and increased overall system capacity.

In this work, we have investigated the performance of an
integrated photonic transmitter module based on a monolithically
integrated InP chip comprising of a sampled-grating distributed
Bragg grating (SG-DBR) laser, a semiconductor optical amplifier
(SOA), and an electroabsorption modulator (EAM) or a Mach-
Zehnder modulator (MZM), for high-performance analog optical
link application. The paper is structured as follows. In section 2, a
brief overview of the SG-DBR laser platform that these analog
transmitters are based upon is presented. In section 3.2, the
performance of transmitter including an EAM is reviewed. The
performance of transmitters including a MZM is summarized in
section 3.2, and the summary, section 4 gives a brief comparison
of the performance of the two types of transmitters.

2. DEVICE DESIGN AND FABRICATION
As illustrated in Figure 1, the device consists of a four-section
SG-DBR laser, an SOA, and an EAM or MZM, all integrated on
the same InP chip. Formed by sampling (periodically blanking)
front and back grating mirror sections longitudinally integrated in-
plane with active and phase tuning sections, the SG-DBR lasers
rely on refractive index tuning through current injection combined
with the vernier effect for wide (>40 nm) wavelength coverage
[2]. The integration of the laser and SOA active regions with the
tuning and modulator sections of the device has been
accomplished by using an offset quantum-well structure. In this
simple integration technology the active region of the modulator
uses the same bulk quaternary InGaAsP waveguide as the tuning
sections of the laser. The composition of the bulk waveguide can
be optimized to achieve high tuning efficiency for the laser and a
target Vp over the required wide spectral bandwidth for the
modulator. The developed integration technology is compatible
with reliable, low cost, wafer-scale InP manufacturing process.
The monolithic integration of laser and modulator also results in
reduced cost and complexity of the package assembly [3].

3. DEVICE CHARACTERISTICS

3.1 EAM Transmitter

The spurious-free dynamic range (SFDR) of the packaged SG-
DBR-SOA-EAM device was measured at 0.5 GHz using two-tone
modulation at 1 MHz offset of between -5 dBm to 8 dBm
modulation power each. Figure 2a shows the broadband and sub-
octave spurious-free dynamic range, both for 1Hz and 1MHz
noise bandwidth. The broadband SFDR is taken at 1552 nm,
180mA bias current to gain section and SOA and at the bias point
of minimum second order distortion. The noise level is —157
dBm/Hz, limited by shot noise and laser RIN. The SFDR limited
by second order distortion is 97.19 dB in 1 Hz bandwidth and the
SFDR limited by third order distortion is 106.09 dB in 1 Hz

Modulated SG-DBR Laser
Light Out A b)
Tunable EA or MZ " Front Rear '
over Modulator Amplifier Mirror Gain Phase Mirror
C or L-band [ . =t = —
<—m
a) / N a4
Q waveguide MQW active Sampled
regions gratings

Figure 0 a) Schematic cross-section of an SGDBR-SOA-Modulator chip (chip dimensions 3x0.5 mm2). b)
Packaged widely-tunable optical transmitter (package size 1x0.5x0.5 in3).
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bandwidth, corresponding to 66.09 dB in 1 MHz bandwidth. The
broadband SFDR was also measured at several wavelengths over
the tuning range of the laser. At each wavelength the dc bias on
the modulator was adjusted to the minimum second order
distortion. The SFDR remains within a 103-107 dB/Hz2/3 range
limited by third order intermodulation products, dominant for
noise bandwidths above 1MHz, or 95-98 dB/Hz1/2 range limited
by second order intermodulation products. The sub-octave SFDR
is taken at 1552 nm, 180mA bias current to gain section, 120 mA
SOA bias and at the bias point of minimum third order distortion
(Figure 2b). The noise floor is mainly limited by shot noise. The
SFDR is 126.28 dB in 1 Hz bandwidth and remains within a 125-
127 dB/Hz4/5 range, all limited by fifth order intermodulation
products over the tuning range of the laser. RF gain of +10.5 dB
and noise figure of 5.07 dB were simultaneously measured for
pre-amplified optical link.
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Figure 1 a) Power of noise floor, fundamental, second
and third order intermodulation products at —1.1V EAM
bias. Broadband SFDR is shown in 1Hz and 1MHz
bandwidth. b) Power of noise floor, fundamental and
third order intermodulation products at —2.5 V EAM
bias. Sub-octave spurious-free dynamic range is also
shown in 1Hz and 1MHz bandwidth.

The spurious-free dynamic range (SFDR) of the device is
measured using two-tone modulation at 1 MHz offset of between -
5 dBm to 8 dBm modulation power each.
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Figure 2 Measured sub-octave and broadband
spurious-free dynamic rage, left scale, normalized to 1
Hz bandwidth for different wavelengths. Sub-octave
SFDR limited by fifth shown is relative effect on SFDR
from the RIN level of the order intermodulation
products and broadband SFDR limited source.

Figure 1 a) and b) show the broadband and sub-octave spurious-
free dynamic range, both for 1Hz and 1MHz noise bandwidth.
The broadband SFDR is taken at 1552 nm, 180mA bias current to
gain section and SOA and at the bias point of minimum second
order distortion. The noise level is —157 dBm/Hz, limited by shot
noise and laser RIN. The SFDR limited by second order distortion
is 97.19 dB in 1 Hz bandwidth and the SFDR limited by third
order distortion is 106.09 dB in 1 Hz bandwidth, corresponding to
66.09 dB in 1 MHz bandwidth. Figure 2 shows the broadband
SFDR over the tuning range of the laser. The SFDR remains
within a 103-107 dB/Hz** range limited by third order
intermodulation products, dominant for noise bandwidths above
IMHz, or 95-98 dB/Hz"? range limited by second order
intermodulation products. The sub-octave SFDR is taken at 1552
nm, 180mA bias current to gain section, 120 mA SOA bias and at
the bias point of minimum third order distortion. The noise floor
is mainly limited by shot noise. The SFDR is 126.28 dB in 1 Hz
bandwidth and remains within a 125-127 dB/Hz** range, all
limited by fifth order intermodulation products over the tuning
range of the laser, Figure 2.

3.2 Mach-Zehnder Transmitter

The Mach-Zehnder modulator has a number of advantages
compared to EA modulators. First of all, the RF link gain of a EA
modulated optical link becomes limited by the absorbed
photocurrent [4]. MZ modulators do not have this limitation,
being based on interferometric modulation. Second, by choosing
inverting, non-inverting or a combined push-pull modulation, the
modulator chirp can be controlled from positive to negative
values. In terms of linearity, Mach Zehnder modulators have one
disadvantage. With its sinusoidal response, the third order
infliction points appear at the same bias point as zero slope
sensitivity, limiting the available sub-octave SFDR [5]. Figure 1
shows a simple schematic of an SG-DBR laser integrated to an
SOA and a Mach-Zehnder modulator. Since the MZ modulator is
defined in the same material and with the same fabrication steps
as the SG-DBR laser and SOA, the fabrication process is not



much more complex than for the SG-DBR laser alone. The
composition of the bulk waveguide can be optimized to achieve
high tuning efficiency for the laser and a target V, over the
required wide spectral bandwidth for the modulator. The length of
the electrodes of the Mach-Zehnder is in the 300um to 700 pum
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Figure 3 Typical extinction curves for various
differential MZ phase settings.
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Figure 4 Detected RF power of fundamental and
intermodulation products for 0 dBm modulation power.

Figure 3 shows a typical set of extinction curves for different
values of phase difference between the arms of the Mach-
Zehnder. In order to achieve high extinction, both the phase and
the amplitude of the field passing through the arms of the Mach-
Zehnder need to be matched. When both arms are biased around
0V, good extinction is achieved by design. When the phase offset
is tuned to a different value, the available extinction ratio is
obtained away from OV and is degraded. The reason is the onset
of Franz-Keldysh absorption in the bulk material. This can be a
problem for digital applications and is the reason that it has been
designed for good extinction around 0V. For analog applications,
the altered response of the Mach-Zehnder can be taken advantage
of in order to enhance the SFDR of the modulator. This is
illustrated in Figure 4 for 300pm electrode length, where the
detected power of fundamental, second and third order
intermodulation products are plotted as a function of MZ bias. As
expected, the points of minimum second order distortion
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coincides with the point of maximum slope efficiency. However,
unlike the typical Mach-Zehnder modulator, the points of
maximum second order distortion, and therefore minimum third
order distortion, do not coincide with minimum power of the
fundamental. Therefore, by tuning the MZ bias point for
minimum third order distortion, there is only about 3.3 dB penalty
in the RF power of the fundamental, and optimized linearity for
sub-octave applications is obtained. At this bias point, the sub-
octave SFDR is 107.5 dB/Hz?®, limited by third order
intermodulation products as shown in Figure 6. The broadband
SFDR is obtained by choosing the bias point where second order
distortion has a minimum and is 92.8 dB/Hz?*, when limited by
second order distortion or 103.6 dB/Hz*”, when limited by third
order distortion products, as show in Figure 7. In both cases, the
noise floor was limited mainly by shot noise. It is worth noting
that even though the fiber coupled output power of the MZ-
devices, a peak 2mW, was much smaller than for the EA-devices,
a peak 10mW, the broadband SFDR was comparable for both
devices. MZ-devices with similar output power as the EA-devices
should deliver improved broadband SFDR.
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Figure 5 Measured power of noise floor, fundamental
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Figure 8 MZ-modulated optical link gain as a function of
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A 700pum electrode MZ-device was used for a link experiment,
measuring link gain and noise figure. The longer electrode length
was chosen to improve gain and noise figure in the absence of any
preamplification. The link gain peaks at slightly above —30 dB,
with an attributed noise figure of just below 35 dB, as shown in
Figure 7. Again, despite that the peak output power is about five
times lower for the MZ-devices than for the EA-devices, the link
noise figure is comparable, mainly as a result of the steeper slope
sensitivity of the long electrode MZ. A second contributing reason
is the fact that this is an interferometric modulator, not as severely
affected by that the absorbed photocurrent that had such a drastic
impact on the response of the EA-devices. In fact, plotting the link
gain on a linear scale as a function of received optical power
(Figure 8), an almost perfect square relationship between link gain
and power is obtained, indicating no compression of the
modulator response with optical power. This relationship may be
extrapolated at higher output power, such that a MZ-device with
10mW peak output power would have superior link performance
of the corresponding EA-device.

4. SUMMARY

In this paper, SG-DBR laser based devices integrated to an SOA
and either an electroabsorption modulator or a Mach-Zehnder
modulator have been investigated for application as an analog
transmitter. The performance has been evaluated in terms of
spurious-free dynamic range, conversion efficiency and link noise
figure. Using the EA device, a sub-octave SFDR of 126.3
dB/Hz4/5 and a broadband SFDR of 106.1 dB/Hz2/3 limited by
third order intermodulation products or 97.2 dB/Hz1/2, limited by
second order intermodulation products is measured. A link gain
up to —20.7 dB and noise figure up to 32.1 dB is also measured.
For the MZ-device, the sub-octave SFDR was slightly worse,
107.5 dB/Hz2/3, mainly determined by the lower output power of
the MZ-device and the third order power dependence of the
distortion. The broadband SFDR was comparable to the EA-
modulator at 103.6 dB/Hz2/3 limited by third order
intermodulation products or 92.8 dB/Hz1/2, limited by second
order intermodulation products. A link gain of —30 dB and noise
figure of 35 dB is measured. These numbers would greatly benefit
from higher output power as the MZ-modulator is not limited by
photocurrent effects.
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High-efficiency ‘receiverless’ optical interconnects
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The objective of this work is to develop new chip-to-chip optical interconnect architectures using
novel transmitter and receiver modules for terabit data throughput in multi-chip modules. High-
efficiency, high-speed, high-power photodetectors and integrated surface-emitting laser-
modulators are being explored to enable minimal or no additional electronics at the receiver.

On the transmitter side we are developing high-efficiency, high-power, ~980 nm, integrated in-
plane laser-modulator arrays for this architecture. Quantum-well intermixing (QWI) is being
used to define the grating and modulator regions as well as for lateral carrier confinement. New
levels of power efficiency are expected in a relatively small footprint. The QWI can provide
simultaneous optimization of the gain and modulator characteristics for high power (~20mW),
modulation bandwidth (~40GHz), and low modulation voltage. CAIBE etched 45-degree facets
at the end of the modulator will be explored in the future for reduced back reflections and
vertical emission through the substrate. In this case monolithically integrated microlenses on the
backside of the substrate will also be investigated. Comparisons of this architecture to
alternative VCSEL approaches will be given.

“Digital” receiver circuits in which the photodiodes are directly connected to the logic circuitry
are being developed. In order to generate the required drive voltage, it is necessary for the
photodiode to operate at higher input optical power levels than telecommunication optical
receivers. Conventional photodiode structures exhibit saturation at high frequencies. Recently,
we have designed and characterized a new photodiode structure that has achieved a record
current-bandwidth product of >1000mA GHz to above 40 GHz. These photodiodes are uniquely
positioned to directly drive digital logic circuits with no degradation in the frequency response.

As illustrated in Fig. 1, an in-plane surface-emitting laser-modulator (IPSEL-Mod) array having
elements with short cavities and highly-reflecting rear mirrors for high efficiency, high power,
and high speed at relatively high temperatures is being developed. Wavelengths of both 980nm
(GaAs-based) and 1300 nm (InP-based) are being will investigated. Also illustrated in Fig. 1 are
backside microlenses. These have been previously developed on the backside of VCSELs and
will be explored in the future. Elliptical shapes will be explored for collimation into circular
beams.

Integrated
i~ eliptical
/ microlens

Grating
QW-active QWI-reRion

X

A
YVVV

g 0 -
Laser EA-modulator 45° vertical coupler

Figure 1. In-plane surface-emitting laser with integrated EA-modulator (IPSEL-Mod).
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In the photodetector high saturation current at high bandwidth is required. In order to reduce the
space charge effect and thus increase the operating current , we have developed an Ing 53Gag 47As
photodiode with a partially depleted absorber (PDA). The primary motivation for the PDA
structure is charge balance in the depletion region, which reduces the space-charge effect. A
schematic cross section and initial frequency response data is shown in Figure 2. Unlike
conventional, long-wavelength PINs, for the PDA structure, the Ing 53Gag47As depletion region is
sandwiched between p-type and n-type undepleted Ings3Gag47As absorbers. The doping in the
undepleted absorbers is graded to build in a small electric-field (~10*V/cm) to facilitate transport
into the depletion region. In a conventional p-i-n photodetecter the electron-hole pairs are
generated in the i-region and travel in opposite directions. Since the overshoot velocity of
electrons is much higher than the saturation velocity of holes, the i-region of a conventional p-i-n
photodetecter is strongly influenced by the hole density. For the PDA photodiode, there is a p-
doped absorber and an n-doped absorber on each side of the i-region. The p-doped absorber
injects electrons into the i-region while the n-doped absorber injects holes. However, electron
injection is much stronger than that of holes due to the different thickness of the absorber on
each side. By proper design, the electron and hole currents can be tailored to greatly reduce the
space charge effect, i.e., electron injection from the p-side into the i-region can balance the hole-

dominated i-region. 28
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Figure 2. (a) Partially-depleted-absorber photodiode structure. (b) Frequency response of 8 pm-diameter partially-
depleted-absorber photodiode.

This new photodiode achieved a compression current of 27mA at 40 GHz, which yields a
saturation current-bandwidth product >1000mA-GHz. An 18 pm-diameter device achieved an
output power level of 10 dBm at 20 GHz (41 mA, 2.2 V). The PDA structure has achieved the
highest current-bandwidth products reported to date for any photodetector.

In summary, new advances in overall link power efficiency are anticipated at higher data rates
(>20Gb/s) with a combination of novel integrated laser-modulators capable of delivering
relatively high output powers (> 10mW) at the transmitter side and high-saturation power
photodetectors directly coupled to the electronic logic circuits at the receiver side. Electronic
driver and receiver circuits identical to those being developed on longer distance on-chip
electrical interconnects should be useable to avoid any further on-chip O/E interface electronics.
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1. SUMMARY

For a variety of fiber optic data link, optical access, and computer interconnect applications, it is desired to have
a coolerless, small-footprint, high-speed, high-efficiency transmitter in the 1300 — 1550 nm range. Chip to chip
optical interconnects (C20I) have the potential to demonstrate numerous advantages over traditional electrical 1/0
integrated circuits. Applications requiring high bandwidth-path length products will be best served through an
optical free-space type interconnect [1]. This technology will also lead to advantages in power dissipation,
crosstalk, and susceptibility to electro-magnetic interference (EMI) than electrical connections. Highly integrated
transmitters would also be desired for low cost as well as the prospect of generating arrays of such elements.

In order to meet and exceed existing electrical I/O specifications, it is necessary to design and develop short
cavity lasers with a small footprint (<250 um pitch), high efficiency, low power dissipation, and high output power.
Here we demonstrate a short cavity, high output power, single mode, high efficiency, distributed Bragg reflector
(DBR) laser, monolithically integrated with an electro-absorption modulator (EAM). The devices were fabricated in
the InGaAsP/InP material system and exhibited both good static and dynamic characteristics.

The short-cavity DBR lasers were designed to have a high-reflectivity (HR) rear mirror, short gain section (150
um), and front DBR mirror (40 pm). The DBR lasers were monolithically integrated with an optional
semiconductor optical amplifier (SOA) (75 & 110 um) and EAMs (75 — 175 um) using a quantum well intermixing
processing platform that allows for the formation of a unique quantum well band edge for each integrated
component. With this process it is possible to achieve any number of band-edges across the wafer, limited only by
the practical number of lithographic process steps as shown in Fig. la and 1b. Therefore, each component of the
device can be tailored for optimum performance. For this work, three band-edges were needed: the as grown band-
edge for the gain regions (A, = 1540 nm), a band-edge ideal for the EAM (A, = 1500 nm), and a band-edge used in
the low loss passive waveguide regions (A, = 1430 nm). The photoluminescence curves for the band-edges used in
this work are shown in Fig. 1c. The epitaxial base structure and fabrication details are given in Ref. 2. Fig. 2
illustrates this integrated laser-modulator.

The devices demonstrated both good static and dynamic characteristics. A low threshold current of 7 mA was
measured, and output powers greater than 10mW were achieved with a gain section current of 30 mA, as shown in
Fig. 3a. The wall plug efficiency exceeded 18%. The DBR lasers also demonstrated single-mode emission at 1543
nm with a SMSR greater than 40 dB, as shown in Fig 3b. The DC modal extinction characteristics of a 125 um long
EAM are presented in Fig. 3c. Greater than 20 dB optical extinction was measured at a reverse bias of 4 V.
Modulation bandwidths were measured to be 25 GHz, and open eye diagrams were achieved at 10 Gbit/s NRZ bit
patterns, as shown in Fig. 4a and 4b.

A first-generation of small footprint, high power laser-modulator devices have been designed, fabricated, and
tested. The devices employed a QWI-based processing platform for the monolithic integration of multiple section
photonic integrated circuits. Lasers exhibited excellent characteristics in terms of output power (>10 mW) and wall
plug efficiency (>18%). The modulator demonstrated >20 dB DC extinction at a length of 125 pm, with 3 dB
bandwidths up to 25 GHz. Taken together, the next generation of long-wavelength efficient transmitters will be
implemented into arrays with vertically coupled output emission. Efficient transmitters in the 980 nm and 1300 nm
wavelength range are also beginning to be explored.
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FIGURE 1. (a) Illustration of the intermixing processing platform used in this work. (b) Peak photoluminescence peak shift as a
function of anneal time, showing the initial linear increase in the peak shift and the complete halting of the peak shift for samples for which
the implant buffer layer has been etched. Symbols indicate non-implanted (triangles), implanted (circles), and samples with partial anneal
followed by the removal of the implant buffer layer (squares). (c) Photoluminescence spectra for device shown in this work. Symbols
indicate active region photoluminescence (triangles), EAM photoluminescence (squares), and passive section photoluminescence (circles).
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FIGURE 2. (a) Side view schematic and (b) electron micrograph of the completed short-cavity DBR laser, illustrating the Gain, DBR,
optional SOA, and 2-section EAM. This QWI platform takes advantage of the capability to integrate multiple band-edges across different
sections of the device.
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FIGURE 3. (a) LIV and wall plug efficiency under pulse testing. (b) CW lasing spectra showing emission at 1543 nm with greater than
40 dB SMSR. (c¢) DC optical extinction of a 125 um modulator M1.

UM : &
&
b= y
3 =
£ 5t
2
H
®
E-m-
:
2 :
15 i
20 . " L L ' Measure |
0 10 20 30 40 50 curpert  minimun  gaKinun  total mess St
Frequency (GHz) Ext. ratio(Z) 10.32e8 10298 10.33cB 70 2 Infa
(@ (b)

FIGURE 4. (a) Modulation bandwidth of integrated DBR laser with 125 pm long modulator, showing 3dB bandwidth of 25 GHz. (b)
Open eye diagram for 10 Gb/s transmission.
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Abstract: A monolithically integrated device combines 40 GHz dual mode-locked operation with the wide
tuning range (>40nm) of sampled-grating DBR lasers, while further being integrated to an SOA and a
potentially high-speed modulator.

OCIS codes: (250.5300) Photonic integrated devices; (140.3600) Lasers, tunable; (140.4050) Mode-locked lasers

1. Introduction

High-speed optical communications systems with transmission rates of 40 Gbps have been developed for future
wavelength multiplexed high-capacity systems. One key enabling component, not previously demonstrated, is an
integrated, wavelength-agile return-to-zero (RZ) optical pulse source. Although several integrated configurations
have been reported in the literature to generate 40 GHz RZ pulse sources [1-3], none have been widely wavelength
tunable. The topic of this paper is to demonstrate, for the first time, a single monolithically integrated device
combining generation of spectrally compact RZ pulses with the wide tunability offered by an SG-DBR laser
integrated with a semiconductor amplifier and an electroabsorption modulator. The modulator is at this stage not
sufficiently fast for 40Gbps data encoding. However, MZ modulators integrated with widely tunable SG-DBR
lasers, sufficiently fast for 40Gbps data encoding have recently been built and can be integrated with the dual-mode-
locked laser.

In an extended perspective, this device would be well suited for integration to form a 40Gbps RZ transmitter. A
conventional 40Gbps RZ transmitter typically consists of several optical and electrical components, including an
optical source, two external modulators and drivers; one for pulse carving and one for encoding, and additional
optical amplification, illustrated by Fig. l1a. The type of monolithically integrated device presented here has the
potential to replace the majority of components in an RZ-transmitter, as indicated by Fig. 1b. This proposed
transmitter would consist of a dual-mode-locked widely-tunable SG-DBR laser integrated with a semiconductor
amplifier and a high-speed data encoder. Because the clock-reference is used only to synchronize the two modes, not
to drive a modulator, the clock drive amplifier can in principle be eliminated.

Clock  SG-DBR laser
Clock Data
Y V Back Front

m|rror EAM Galn mirror

[Tunable laser|-{Pulse-carver >

a) DISCRETE COMPONENTS RZ-TRANSMITTER

b) INTEGRATED RZ-TRANSMITTER

Fig. 1. a: Schematic of conventional wavelength tunable RZ optical transmitter. b: Schematic of
proposed monolithically integrated RZ optical transmitter.

2. Experiment

The device used for this demonstration is the same as described in greater detail in reference [6]. It is based on a
widely tunable sampled grating (SG) DBR laser with the structure shown in Fig 1b. The SG-DBR laser includes
gain and phase sections positioned between two “sampled grating” distributed reflectors, sampled at different
periods such that only one of their multiple reflection peaks can coincide at a time. An offset quantum-well structure
provides a platform for integration of the laser with other active regions, such as detectors or semiconductor optical
amplifiers (SOA), and passive regions, such as phase or amplitude modulators. Typical performance of an SG-DBR
laser integrated to an SOA is more than 20mW fiber-coupled output power, lower than 2MHz linewidth, lower than



—140dB/Hz RIN and more than 40dB sidemode suppression ratio over more than 40nm wavelength tuning range.
Also integrated in the device used in these experiments is an EA modulator designed for 2.5Gbps operation.

The sampled grating mirrors are designed so that only one single stable axial mode can be supported at a time.
Mode-jumps between axial modes can be achieved by tuning the phase section, and at the mode boundary unstable
operation is observed due to mode competition. By reverse biasing the phase section, it will take the function of an
intracavity Franz-Keldysh modulator. Phase control must then be achieved by a combination of mirror and gain
section tuning. A stable and synchronized dual-mode operation can be generated by modulating the phase section at
the axial mode spacing frequency. Although the phase section has not been designed for efficient modulation at 40
GHz, the response is at the axial resonance sufficiently strong to correlate and stabilize the two lasing modes. In
principle, if a high-speed modulator section is integrated in the laser, a much weaker drive signal can be used than
for driving the equivalent external modulator, as only a small modulation is required to achieve mode
synchronization.
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Fig. 2. a: Optical spectra for single and dual mode operation. b: Captured oscilloscope waveforms
contrasting 40GHz dual-mode-locked and modulated single-mode SG-DBR laser operation.

3. Results
The optical spectra in Fig. 2a contrasts single and dual-mode operation under phase section modulation by a
19.3dBm signal. At single mode operation, weak modulation sidebands can be generated when the drive frequency
matches the axial mode spacing; ~0.32nm. Adjusting the cavity round-trip phase, stable and synchronized dual-
mode operation is observed. Figure 2b shows the comparison between the detected 40GHz waveforms generated
under modulated single-mode and locked dual mode operation. The zero-level is also shown in the figure. At single-
mode operation, a weak sinusoidal waveform was observed and it demonstrates that 40GHz optical pulses cannot be
generated directly through strong modulation; while at locked dual-mode operation, a strong beat signal is obtained
as a result of the heterodyne beat between the two locked modal frequencies. Based on the observed oscilloscope
waveform, zero level, and the frequency roll-off of the S0GHz detector and SOGHz sampling oscilloscope used for
detection, it is estimated that the actual extinction ratio is better than 10dB under dual-mode lasing.

The mode-beating can be synchronized over a 0.9GHz locking range, centered around 40.2GHz, corresponding
to the cavity mode spacing of these devices, and illustrated by Fig. 3. At the boundaries of the locking range, a
penalty in signal power was observed due to unbalanced mode amplitude. The 1-dB frequency range was on the
order of 300MHz.

Signal penalty (dB)

39 39.5 40 40.5 41 41.5
Frequency (GHz)

Fig. 3: Measured mode-locking range, where synchronized dual mode operation can be obtained.
Also indicated is the 1-dB frequency range.
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Fig. 4. a: Optical spectra taken through the tuning-range of the laser; low, center and high
wavelength, illustrating a sidemode suppression ratio better than 20dB. (Res. bandwidth ~0.08nm).
b: Fiber-coupled output power and center cavity resonance frequency over the wavelength tuning
range of the laser.

Stable dual-mode lasing is obtained over the entire tuning-range of the laser; >40nm, illustrated by Fig. 3b,
where dual-mode optical spectra at low, center and high wavelength are shown. The sidemode suppression ratio is at
all wavelengths better than 20dB at a spectrum analyzer resolution bandwidth of ~0.08nm. The mode spacing
remains well within the 1-dB lock-frequency range of Fig.3 over the wavelength tuning range of the laser, as shown
in Fig. 4b, and is equally insensitive to chip operating temperature. The relative stability of generated modal beat
frequency would allow the design of a widely-tunable dual-mode mode-locked laser for 40.0GHz or 42.7GHz
applications. The fiber-coupled output power over the wavelength tuning range is consistent to that of single-mode
operation and is also shown in Fig. 4b, where the gain section and SOA are kept at constant bias current.

4. Summary

In this paper we have demonstrated, for the first time, a single monolithically integrated device that combines
generation of spectrally compact 40GHz pulses with wide wavelength tunability. This has been achieved by locking
two axial modes of a widely-tunable SG-DBR laser to an external 40GHz reference used to modulate the reverse-
biased phase section of the laser. The device is integrated with an SOA and an EAM that could potentially be
designed sufficiently fast for data encoding, which would then be the realization of an integrated 40Gbps RZ
transmitter. 40.2GHz pulse-generation is demonstrated with 0.9GHz locking range and uniform performance over
the entire 40nm tuning range of the laser.
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