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Abstract—We report recent device characterization results for a
fully packaged widely tunable digital supermode (DS) distributed
Bragg reflector (DBR) laser which has been monolithically inte-
grated with a semiconductor optical amplifier. This new device
gives all of the wide tunability and high side-mode suppression
ratio performance previously reported for the DS-DBR laser with
the added feature of output powers in excess of 14 dBm in fiber. In
addition to output power and basic tuning behavior, we report on
linewidth and relative intensity noise measurements for this device
in order to investigate the noise characteristics of this laser.

Index Terms—Laser tuning, semiconductor lasers, semicon-
ductor optical amplifiers (SOAs).

I. INTRODUCTION

I T IS NOW widely accepted that next-generation long haul
communication systems will use full band tunability to

make system planning as simple as possible. In addition, wide
tunability is required to achieve the full potential of dynamic
wavelength switching and reconfigurability—although in prac-
tice this may still be some time away. However, in order to ease
the transition from fixed wavelength sources, the requirement
exists for a widely tunable laser module which is a drop in
replacement for a fixed wavelength DFB device in all aspects of
performance, including output power, side-mode suppression
ratio (SMSR), power consumption, reliability, and so on. We
believe that the best approach to achieve these goals is to use a
monolithic, InP, distributed Bragg reflector (DBR) platform.

To date, several designs have been proposed and demon-
strated for a widely tunable DBR laser [1], [2]. Our design, the
digital supermode (DS)-DBR laser, has already been described
in detail elsewhere [3]–[6] but, in summary, it consists of four
main sections: a rear phase grating section, which produces
a comb of reflection lines; a phase control section; a multi-
quantum well gain section; and a multicontact, chirped grating
at the front which is used for coarse wavelength selection.

Previous results reported for the DS-DBR laser show that on
its own, it does not produce a sufficiently high output power
to match that of a DFB laser. This is true for all widely tun-
able DBR lasers which use grating sections in front of the gain
section, since the optical loss associated with these extra sec-
tions limits the maximum power that can be obtained. In order
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Fig. 1. Plan view photograph of a DS-DBR-SOA chip.

to address this issue, we have integrated a low gain semicon-
ductor optical amplifier (SOA) onto the DS-DBR laser to boost
the output power by about 3–4 dB [6].

II. DS-DBR DESIGN AND FABRICATION

As with any widely tunable DBR laser, the key elements in
the DS-DBR design are its gratings. The DS-DBR laser uses two
very different gratings in its design—one chirped grating at the
front of the device and one phase grating at the rear. The phase
grating, which has been introduced in previous letters [7], [8],
consists of a number of lengths of uniform grating separated by

-phase shifts. By the correct choice of the number and posi-
tions of the phase shifts, the response of the grating can be tai-
lored to produce a top-hat comb of reflection peaks of arbitrary
number and of equal height and spacing. The design of a phase
grating is best accomplished using automated optimization [7].
For the DS-DBR laser, we have used such an approach to design
a phase grating with seven reflection peaks, with a 6.8-nm peak
spacing. The front grating is a continuously chirped grating, 300

m in length, over which is placed a series of short contacts for
injecting current into different parts of the grating in a controlled
way. This enables the enhancement of the reflection at a desired
wavelength simply by injecting current into a localized part of
the chirped grating, by applying current to the correct contact or
contacts. The chirp rate is chosen to yield a total reflector band-
width of around 70 nm, of which, the central 50 nm is aligned
to the rear grating peaks.

The rest of the device consists of a 500- m gain section, a
100- m phase control section, and between the front grating and
the front facet, a 350- m SOA section. The optical waveguide is
curved through the SOA section to give an output facet angle of
7 . This helps to keep unwanted facet reflection to a minimum.
Fig. 1 shows a plan view of the chip where the various sections
have been labeled.
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Fig. 2. Diagram showing how the current induced reflection peak in the front
reflector selects one of the rear reflector peaks.

In operation, the front grating is used as the coarse wave-
length (supermode) selection mechanism by creating a broad
reflection peak which overlaps with one of the peaks from the
rear phase grating comb (see Fig. 2). These sharp, rear peaks
control the lasing wavelength and prevent modal competition by
selecting one, and only one, of the available longitudinal modes.
Fine tuning of the wavelengths of the longitudinal modes is
achieved by injecting current into the phase section. In combi-
nation, this allows for continuous wavelength tuning over the
full range spanned by the rear reflection comb—typically 45
nm or more. Experimentally, we have found that the correct
front grating design is critical to achieving reproducible super-
mode control. The physical location of each front contact de-
termines the wavelength range which is activated by that con-
tact. The chirp rate and position of the front contacts along the
chirped grating need to be carefully designed to ensure that
the front peaks formed by current injection are centered on the
wavelengths of the rear grating peaks. In addition, the chirped
grating needs to be apodized to make the reflection response of
the undriven grating as flat and featureless as possible. Without
apodization, end-effects can lead to “ringing” on the grating re-
sponse, which would reduce the discrimination of the reflection
peaks formed by current injection.

DS-DBR devices are fabricated using standard InP pro-
cessing techniques, based around a mature and stable surface
ridge laser process. This process includes both holographic and
e-beam grating process steps for the realization of the front and
rear grating reflectors, respectively.

In brief, the process employed is as follows. The device
utilizes three [metal-organo vapor phase epitaxy (MOVPE)]
growth stages for, respectively; multiquantum well (MQW)
source wafer growth, bulk quaternary (1.42Q) tuning section
infill, and p-doped, upper confinement layer overgrowth. The
gain region is defined by a dielectric mask and etch process. The
infill stage uses a selective area growth approach which makes
use of the dielectric mask as a nongrowth barrier. After the
infill and before the overgrowth stage, front and rear gratings
are written in a resist mask layer, by holographic and e-beam
writes, respectively, and the pattern dry etched into the surface
of a 1.15Q grating layer.

Following overgrowth, the waveguide ridge is formed by a
combination of dry and wet etching. The ridge depth is deter-
mined by the material structure and is limited by an etch stop

Fig. 3. SEM of a DS-DBR-SOA chip after bonding.

layer. The ridge width is around 2 m. Following the deposi-
tion and definition of a dielectric isolation layer, p-contact metal
is deposited and subsequently given a rapid thermal annealing
(RTA) treatment in order to provide a low resistance contact.
The wafer is then thinned to enable efficient chip-up and thermal
heat-sinking characteristics and n-metal is deposited to form the
p-i-n junction.

After the p- and n-contacts have been applied, the wafer is
cleaved into bars. The lasers then have low reflectivity ( 0.2%)
coatings deposited onto both front and rear facets.

Fig. 3 is a scanning electron microscope (SEM) image of a
finished DS-DBR chip after bonding onto an alumina tile. After
the devices on tile have completed testing they are transferred to
an automated packaging line for building into completed mod-
ules. The results, which we will present in the rest of this paper,
are obtained from these packaged devices.

III. GRATING PERFORMANCE

In Fig. 4, we show a comparison between the measured and
modeled reflectivity of the phase grating, where the modeling
was carried out using the transfer matrix approach [9], [10]. The
comparison with the theoretical plot shows that we have repro-
duced the intended comb of seven equal peaks. Even the relative
heights of the side peaks at the edges of the spectrum compare
well to the predicted response.

In a similar way, Fig. 5 shows the comparison between the
modeled and measured front grating response, when no currents
were applied. Again, the agreement is good, showing that in
the undriven state the response of the chirped grating is indeed
largely flat and featureless over about 45 nm.

IV. WAVELENGTH TUNING

The tuning performance of a typical DS-DBR-SOA device
is summarized in Figs. 6 and 7. Fig. 6 shows both the (a) full
wavelength tuning map and (b) a plot of wavelength as a func-
tion of rear grating current. Fig. 7 highlights the longitudinal
mode structure of the device by plotting the boundaries of the
modes as a function of rear and phase currents.

A wavelength tuning map [Fig. 6(a)] is a useful graphical rep-
resentation of the operating response of the laser for different
front and rear grating settings, with a fixed phase current (0
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Fig. 4. Comparison of (top) modeled and (bottom) measured reflectivities for
the rear phase grating.

Fig. 5. Comparison of (top) modeled and (bottom) measured reflectivities for
the front, apodized chirped grating.

mA in this case). The basic principle of operation of the de-
vice is such that when current is injected into a pair of adja-

Fig. 6. Full DS-DBR tuning map (a) where the grayscale indicates the lasing
wavelength obtained for different settings of the front and rear currents. This
information is summarized in the line plot (b).

cent front contacts, an enhancement peak is formed in the broad
front grating reflector. This allows the selection of a subband
(typically 7 nm) of the whole tuning range. The first 21 front
settings along the axis correspond to the grating contact pair 1
and 2, where the current injected into the first contact of the pair
is fixed at 5 mA and the current in the second contact is ramped
from 0 to 5 mA in 21 steps. The current steps are chosen in
a nonlinear fashion so that smaller steps are taken at low cur-
rents where the induced refractive index changes most rapidly
with current. Settings from 21 to 42 use the same scheme, but
the current is now applied to gratings 2 and 3, and so on. The
rear current is driven in 200 steps from 0–60 mA, again using a
nonlinear pattern to account for the rapid change in index at low
currents. The nonlinear axes are matched to the tuning curve and
produce a linearized map at fixed phase current which is both a
useful visual representation of the device tuning function and
also allows easy selection of optimal trajectories for calibrating
International Telecommunication Union (ITU) grid points.

The line plot [Fig. 6(b)] summarizes the wavelength infor-
mation by directly plotting wavelength as a function of the rear
current. In this plot, the full continuous tuning range of the de-
vice becomes apparent—about 45 nm, in this case.
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Fig. 7. Hysteresis plots which highlight the boundaries between adjacent
longitudinal modes for the six complete supermodes identified in Fig. 6.

The longitudinal mode structure for the device can be ex-
plored by varying the rear and phase currents to produce a tuning
map similar in structure to a three-section DBR tuning map [11].
However, at the same time as varying the rear current, we also
vary the front current settings so that we track along one of the
thick diagonal lines in Fig. 6(a). This helps us stay within the
central region of each of the bands in the figure. We refer to
these bands as the “supermodes” of the device.

In Fig. 7, we identify the boundaries between successive lon-
gitudinal modes for each supermode by plotting the hysteresis,
that is, the difference in wavelength measured depending on
whether the rear tuning current is being increased or decreased.
All DBR lasers exhibit hysteresis to some degree and these small
differences can be used to give a clear and easily obtained in-
dication of the position of the longitudinal mode boundaries. In
Fig. 7, we plot the hysteresis maps for the six of the supermodes
that cover the C-band, obtained by scanning up and down in rear
current. The white areas indicate regions of zero hysteresis, and
the black areas show where the device is bistable and, there-
fore, unsuitable for ITU grid channel selection. For each map,
appropriate front current settings have been used to access the
different supermodes. The longitudinal modes can be seen to
be even and regular and very similar in structure to those of a
three-section DBR laser. This is highly advantageous since it
leads to simple calibration of the device by treating each super-
mode as a separate three-section DBR device.

Fig. 8. Plot showing the gain achieved in the SOA model as a function of ridge
width for three different amplifier lengths.

V. SOA DESIGN CONSIDERATIONS

The SOA design is a tradeoff between amplification level
and spectral purity—namely, SMSR and linewidth. The key to
achieving these targets is to minimize the feedback from the am-
plifier into the laser by using a short amplifier in saturation and
keeping the facet reflection low.

In order to investigate the potential effects of amplifier length
and facet reflection, we have modeled both the SOA on its
own and the combination of SOA and DS-DBR laser using an
in-house longitudinal mode model and also the commercially
available VPIcomponentMaker package from VPIsystems (a
time-domain transmission-line matrix model [12]). In Fig. 8,
we plot the results for the basic amplifier, showing the gain,
as a function of ridge width, for a variety of possible amplifier
lengths. The SMSR and linewidth calculated using the VPI
package for the laser and SOA combined are shown in Fig. 9.

Together, the results show that in order to obtain 3–4 dB of
amplifier gain, an SOA length of 300–400 m is needed, cou-
pled with a reasonably broad ridge. In terms of spectral be-
havior, 2-MHz linewidths can only be achieved if the facet
reflection can be reduced below the 5.0 10 level for an am-
plifier current of 200 mA. In terms of design, this facet reflec-
tion requirement is achievable by using an angled output facet
in combination with a very good broadband antireflection facet
coating.

VI. FURTHER MODULE RESULTS

We now present a comprehensive set of results for one of
our DS-DBR-SOA modules operated at 200-mA gain current
and 150-mA SOA current. This operating point avoids complete
saturation of either gain section or SOA and allows sufficient
power margin for channel leveling purposes simply by reducing
the SOA current. A typical power requirement specification is
13-dBm across all channels. As the gain and SOA currents are
varied the output power can be plotted as a contour map, which
is presented in Fig. 10. For this figure, we map the power for
channel 39, which is typical of the higher power channels. As
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Fig. 9. Plot of time domain modeling results for the SOA showing how the
linewidth (top) and SMSR (bottom) are degraded as a functions of current and
SOA length, respectively. Results are given for two different facet reflectivities.

Fig. 10. Plot showing the variation in fiber coupled power with both gain and
SOA currents for channel 39. Power contours are in 0.5-dB steps. The circle
marks the normal operating point.

the figure shows, the technology is capable of powers in excess
of 16 dBm, under suitable drive conditions.

Fig. 11 gives both the output power and SMSR measure-
ments as a function of channel number. The device has been
calibrated to operate over 119 ITU channels, where the chan-
nels are separated by 50 GHz and the first channel is 191.050
THz (1569.12 nm) and the last channel is 196.950 THz (1522.11

Fig. 11. Plots of measured DS-DBR-SOA module results (at 25 C). (a)
Output power in fiber. (b) SMSR.

nm). As Fig. 11(a) shows, the in-fiber output powers are in ex-
cess of 14 dBm across all channels. The supermode structure
is clearly visible in the plot with the power steadily dropping
within each supermode as the rear current is increased, but then
jumping back to a higher value as the device is switched into
the next supermode. The variation in output power across all
the channels within a supermode is modest at around 1.5 dB,
which is a result of both the small front tuning currents and the
partial saturation of the gain of the SOA.

The spectral performance of this module is in line with mod-
eling, with SMSR better than 40 dB in all cases, which confirms
that we have achieved the low levels of facet reflection required
to minimize the feedback into the laser. Analysis of the lasing
spectrum (such as Fig. 12) leads to identification of two different
types of mode competition. We can measure both the side-mode
competition arising from adjacent longitudinal modes and also
competition that arises from longitudinal modes from a different
supermode. (Both the lasing mode and peaks corresponding to
longitudinal modes from different supermodes can be seen in
Fig. 12). These two contributions are plotted out separately in
Fig. 11(b) where they are referred to as “longitudinal mode” or
“supermode,”’ respectively. In general, the level of longitudinal
mode competition is roughly constant across the tuning range,
whereas the supermode competition has a minimum at around
channel 40 and increases toward both the high- and low-fre-
quency channels, albeit rather asymmetrically. We believe that
the shape of this curve follows the shape of the gain spectrum
and that the supermodes close to the peak in the gain are favored
relative to the supermodes on either side of the gain peak. Ulti-
mately, it is this gain driven supermode competition that limits
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Fig. 12. Typical DS-DBR lasing spectrum. Both the lasing mode and
competing modes from the other supermodes are visible.

Fig. 13. Plots of measured DS-DBR-SOA module results (at 25 C). (a) RIN.
(b) Linewidth.

the maximum tuning range that can be achieved. We will return
to this point again in Section VII.

In Fig. 13, we plot both the relative intensity noise (RIN)
and linewidth for each channel. The noise level remains low
at below 150 dB/Hz across all channels and the linewidth
remains below 1 MHz. For the linewidth measurements, we
have followed the approach outlined in [13]. For a DBR laser,
any direct measurement of linewidth usually results in a sig-
nificant overestimate since it tends to be dominated by elec-
trical noise on the current sources used to tune the laser. This
noise leads to a slow dithering of the laser frequency, which
in turn, manifests itself as a significant Gaussian contribution
to the linewidth. However, from a transmission system point of
view, it is the underlying Lorentzian linewidth which is impor-
tant. We derive an estimate of the Lorentzian linewidth as fol-

Fig. 14. Plot showing the maximum frequency deviation that can be achieved
for each channel by varying only the phase current.

lows. First, we transmit the light from the laser through an un-
balanced Mach–Zehnder interferometer with 100-ps delay. The
phase induced intensity noise at the output is measured with a
sampling oscilloscope and an OC-192 receiver. From the mea-
sured signal-to-noise ratio the intrinsic Lorentzian linewidth can
be inferred. It is this Lorentzian linewidth that is reported in
Fig. 13, where the underlying supermode structure can again
be seen.

In Fig. 14, we investigate the maximum frequency deviation
from the calibrated channel that can be achieved by varying only
the phase current before the SMSR drops below 40 dB. As the
device ages, the phase current is used as part of an active control
scheme to hold the channel at the correct frequency. The module
includes an etalon with a free spectral range of 50 GHz to pro-
vide a stable and precise frequency reference for wavelength
locking. The results of this measurement show that phase tuning
can achieve at least 17.4 GHz of frequency control across all
calibrated channels.

VII. TEMPERATURE DEPENDENCE

One important question to ask of any semiconductor laser,
and of tunable lasers in particular, is their sensitivity to oper-
ating temperature. Changes in temperature affect both the re-
fractive index of the waveguides and, hence, the effective Bragg
wavelength of any gratings, and the peak wavelength of the gain
spectrum. In a widely tunable laser the alignment of the grating
Bragg wavelength to the peak gain wavelength can have an ef-
fect on the device performance and in particular the maximum
wavelength tuning range that can be achieved.

In order to investigate this effect, a DS-DBR module was cal-
ibrated over a range of chip temperatures from 25 C–45 C.
The resulting SMSR plots are shown in Fig. 15. These results
show that the change in spectral quality with temperature is min-
imal with a SMSR performance of 40 dB or better across
all channels, even at the highest temperature. The main effect
of increased temperature is increased competition between su-
permodes at the high frequency end. This is attributed to the
red-shift of the gain spectrum, which begins to favor the low-fre-
quency supermodes over the high-frequency ones at elevated
temperatures. This leads to a reduced SMSR (supermode con-
tribution) at high frequency but slightly improved SMSR at low
frequency. If the temperature was increased further, this would
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Fig. 15. Temperature dependence of the SMSR.

ultimately limit the effective tuning range as the high frequency
channels would rapidly become unusable.

In addition to wavelength effects, changing the temperature
also affects the output power (Fig. 16). As the temperature in-
creases, semiconductor lasers typically suffer from increasing
threshold currents and reduced efficiency which together result
in lower output powers. Over the range of temperatures from 25
C–45 C, there is a drop in output power of 2.3 dB, comparing

worst case channel at 25 C to worst case channel at 45 C.
This corresponds to an output power of 11.7 dBm for the lowest
channel at the elevated temperature.

VIII. RELIABILITY

The DS-DBR fabrication route (Section II) utilizes the same
process technology as we have already fully qualified to Tel-
cordia-GR468 for a narrow band tunable, three-section DBR
laser. We, therefore, expect full read across to the DS-DBR-SOA
device and this expectation is supported by life-test data accrued
to date. However, further detailed discussion lies beyond the
scope of this paper.

Fig. 16. Fiber coupled output power at 25 C and 45 C.

IX. CONCLUSION

The DS-DBR laser monolithically integrated with an SOA
gives all of the wide tunability and high SMSR performance
previously reported for the DS-DBR device with the added
feature of high output powers in excess of 14 dBm at 25 C.
The tuning behavior shows a series of clear three-section DBR
tuning maps for the different supermodes, which makes the
device easy to calibrate using automated software. Even at
45 C, the tuning bandwidth and SMSR remain acceptable with
the minimum output power only dropping to 11.7 dBm. As a
result, the DS-DBR-SOA device is well positioned to challenge
the incumbent, fixed wavelength DFB technology and enable
future dynamic wavelength switching applications.
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