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Abstract—This paper presents a general discussion on the con-
trol of widely tunable super structure grating distributed Bragg re-
flector (SSG-DBR) lasers. A feedback control scheme is presented
that ensures frequency stability and accuracy (better than 0.5
GHz), as well as high side mode suppression ratio (35 dB). The
active section voltage is monitored to maintain mode stability and
a highly stable Fabry–Perot etalon is used as a reference to lock
the laser frequency to a specific ITU channel. It is shown that sta-
bility can even be maintained when directly modulating the laser
at 1.244 Gb/s. Furthermore, a characterization scheme is demon-
strated that uses the voltage monitoring to generate a look-up table
of operation points very efficiently and accurately. For all opera-
tion points, the frequency accuracy is better than 0 5 GHz and
the side mode suppression ratio is above 35 dB.

Index Terms—Distributed Bragg reflector (DBR) lasers, laser
stability, laser tuning, semiconductor lasers, wavelength division
multiplexing (WDM).

I. INTRODUCTION

T UNABLE lasers are currently the focus of much attention
in the telecom industry, as they are expected to become es-

sential components for the next generation of dense wavelength
division multiplexing (DWDM) systems. At first, tunable trans-
mitters will probably be used as a backup for standard fixed-
wavelength transmitters, since network operators would then
not have to maintain a large and costly inventory of spare trans-
mitter cards, each dedicated to a single channel. On a longer
term, tunable transmitters could however entirely replace fixed-
wavelength lasers, not only providing significant inventory sav-
ings but also simplifying equipment operation and maintenance.

Once tunable transmitters are installed, their inherent flexi-
bility can of course be used to achieve optical networking func-
tionality. For instance, in the WDM ring networks with fixed-
wavelength optical add/drop multiplexers (OADMs) that are al-
ready being deployed, the use of a tunable laser would allow net-
work reconfiguration, dynamic bandwidth allocation and wave-
length protection. However, also to realize more advanced all-
optical networks, which use optical cross connects (OXCs), a
tunable transmitter might be indispensable. With high channel
numbers (more than 100) and low channel spacing (50 or 25
GHz) the cost and complexity of an OXC operating on a single
channel level become prohibitive. A feasible alternative would
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be to have the OXC route bands of channels and use tunable
transmitters and receivers to address a particular channel within
a given band.

Essential for all the above applications is that the laser can be
tuned to a particular channel very accurately and reliably, which
is largely dependent on the electronics and algorithms that are
used to control the tunable laser. Typical requirements are a fre-
quency accuracy better than of the channel spacing, and
a guaranteed side-mode suppression ratio (SMSR) of at least
30 dB.

The classic tunable laser is the three-section distributed Bragg
reflector (DBR) laser [1] [2]. The tuning range of these lasers
is limited by the maximum refractive index change that can be
achieved through current injection . Typical
tuning ranges are on the order of 5–10 nm, although devices
with a tuning range of more than 15 nm have been demon-
strated [3]. Several approaches have been proposed to overcome
this limitation. In the grating coupler sampled reflector (GCSR)
laser [4]–[6] a broadly tunable put poorly selective grating as-
sisted codirectional coupler filter is combined with a periodi-
cally sampled Bragg grating, which exhibits a comb-shaped re-
flection spectrum [7]. Another method consists of using two pe-
riodically modulated Bragg reflectors, which have comb-shaped
reflection spectra with slightly different peak spacing (Fig. 1),
such that the tuning behavior is similar to the operation of a
Vernier scale. The modulation can take two forms: a periodic
sampling of the grating (sampled grating, SG) [8]–[9] or a pe-
riodic phase modulation of the grating (super structure grating,
SSG) [10]–[11]. All these devices have demonstrated quasicon-
tinuous tuning ranges of 40–60 nm.

When it comes to controlling such devices, a distinction has
to be made between two aspects. First of all one needs a look-up
table, which tells what currents should be applied to the dif-
ferent sections to get a certain output power and frequency (with
high SMSR). The current sources driving the laser will typically
be controlled by a microprocessor, which reads the appropriate
data from the look-up table (stored in an EEPROM) when output
power and/or frequency should be changed. On the other hand,
one typically also wants some sort of feedback control, which
ensures long-term stability and frequency accuracy.

Because of fabrication tolerances, a look-up table has to be
generated for every individual laser. Moreover, after some years
of use, transmitters might need to be recalibrated because of
aging, or the look-up table might have to be adjusted to changes
in system specifications. It is therefore crucial that the charac-
terization time (or look-up table generation time) is reduced as
much as possible, in order to minimize cost.
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Fig. 1. Schematic cross-section of an SSG-DBR laser.

Feedback control loops can correct a possible frequency drift
or reduction of mode stability due to device aging or varying
environmental conditions. If the feedback control is handled by
a microprocessor, the variation over time of the different control
currents can be monitored. These data could be used to decide
when a recalibration of the device is in order. Alternatively, one
could try to develop a scheme that would update the look-up
table online, based on the evolution of the control currents for a
single channel.

In this paper, we focus on one particular type of widely tun-
able laser, the SSG-DBR laser, although with minor adjustments
the methods described should also apply to other DBR-type tun-
able lasers. The SSG-DBR lasers used in the different experi-
ments were all fabricated by NTT. A feedback control scheme
is presented, which ensures frequency stability and accuracy, as
well as high side mode suppression ratio. The active section
voltage is monitored to maintain mode stability and a highly
stable Fabry–Perot etalon is used as a reference to lock the laser
frequency to a specific ITU channel. It is shown that stability
can even be maintained when directly modulating the laser at
1.244 Gb/s. Furthermore, a characterization method is demon-
strated that uses the voltage monitoring to generate a look-up
table of operation points very efficiently and accurately.

II. OPERATIONPRINCIPLE OF THESSG-DBR LASER

A schematic of an SSG-DBR laser is shown in Fig. 1. The
two SSG reflectors have comb-shaped reflection spectra, with
slightly different peak spacing. For stable single-mode opera-
tion, a peak of each reflection comb and a longitudinal mode
have to be aligned (Fig. 2). The SSG reflectors can be tuned
by current injection. A typical tuning characteristic is shown in
Fig. 3. If one of the reflectors is tuned, different pairs of re-
flector peaks will successively overlap and the lasing frequency
will jump by approximately the peak spacing (coarse tuning).
Medium tuning is obtained by shifting both reflectors simulta-
neously. The frequency will then show smaller jumps, typically
about 50 GHz, corresponding to the cavity mode spacing. For
fine tuning, the longitudinal modes are shifted by injecting cur-
rent into the phase section. Consequently, by selecting an appro-
priate combination of front DBR, rear DBR and phase current,
the laser can be tuned to any frequency within a range of a few
THz (quasicontinuous tuning).

III. FEEDBACK CONTROL—CONCEPT

A. Frequency Stabilization

As mentioned above, fine tuning of the SSG-DBR laser is
done by changing the current through the phase section. A
feedback signal for frequency stabilization can be generated

Fig. 2. Reflectivity spectra of front and rear SSG reflectors. Stable operation
points with good SMSR are obtained when a cavity mode is aligned with a peak
of each reflector (bottom right).

Fig. 3. Calculated tuning characteristic of a typical SSG-DBR laser, showing
laser frequency as a function of the two reflector currents. Frequency contours
are plotted in 10-GHz increments.

using a reference optical filter. Examples of such filters are: a
Fabry–Perot etalon [12], a fiber Bragg grating [13]–[14] or an
arrayed waveguide grating (AWG) [15]. For test purposes, the
operation of such a filter can be simulated using a PC and the
signal from a wavelength meter or an optical spectrum analyzer
[16]. In all cases the resulting signal is used to adjust the phase
section current, such that the frequency remains locked to the
external reference.

B. Mode Stabilization

When only a frequency control loop as just described
is applied, there is no guarantee that a high SMSR will be
maintained. If the laser were to drift for some reason and only
the phase current would be adjusted to correct the frequency,
eventually a mode hop would occur [15]–[16]. Indeed, at some
point the initial cavity mode would have moved so far from the
reflectivity peaks that an adjacent cavity mode would become
the preferential mode. Therefore, a second control loop is
needed that keeps the two reflector peaks aligned with the
selected cavity mode.
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Fig. 4. Calculated contour maps of output power (a) and active section voltage
(b) as a function of front and rear reflector current. Carrier-induced losses were
neglected in the passive sections.

For simple three-section DBR lasers, a correlation was
observed between the SMSR and the variation of output power
with tuning current. This has been used to develop a control
loop that ensures high SMSR [17]. Analogous observations
were made for SSG-DBR lasers by Ishiiet al. [15]: a high
SMSR can be maintained by locking to a saddle point in the
output power (with respect to the front and rear reflector cur-
rents). However, as was shown in [16], carrier-induced losses
in the reflector sections limit the applicability of this approach.

Fig. 4(a) shows the variation of the output power as a func-
tion of the reflector currents when carrier-induced losses in the
reflector sections are neglected. In the center of each mode re-
gion (cf., Fig. 3) a saddle point is observed: a minimum with
respect to the front DBR current coincides with a maximum
with respect to the rear DBR current. At these locations, op-
timal alignment of a cavity mode with a reflection peak of each
DBR is obtained and therefore a high SMSR is assured. Still,
in practice there will always be some carrier-induced losses. In
Fig. 5(a) a contour map of output power as a function of the re-
flector currents is plotted, which was calculated using a typical

(a)

(b)

Fig. 5. Calculated contour maps of output power (a) and active section voltage
(b) as a function of front and rear reflector current. For the passive sections, a
typical value was assumed for the increase of the loss per unit length� with
carrier densityN(d�=dN = 3:0� 10 cm ).

value for the increase of the loss per unit lengthwith carrier
density cm . Clearly, the saddle
points have shifted toward lower rear and higher front DBR cur-
rents, and have evendisappearedat high currents. The effect is
of course largest for the front reflector, since the output light has
to pass through this section. This severely limits the application
range of the feedback loop described in [15]. One might con-
sider correcting the measured power values for the carrier-in-
duced losses, but this does not seem very practical, especially
since there is no guarantee that the needed correction will not
vary over the lifetime of the device.

Fortunately, there is an alternative signal that is equally easy
to measure, that is also correlated to the SMSR, but is less
sensitive to the carrier-induced losses: the voltage across the
active section. In the loss-less case, the perfect alignment of
the reflector peaks with a cavity mode corresponds to a (local)
minimum in threshold gain and carrier density [15], since this
cavity mode will then see a maximal reflectivity from both ends.
Moving one of the reflectors out of alignment will increase the
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Fig. 6. Schematic of control circuit for frequency, mode and power stabilization of an SSG-DBR laser.

threshold gain and the carrier density (Fig. 2). Since the active
section voltage (at fixed bias current) depends on the carrier den-
sity, it will also increase. Fig. 4(b) shows the variation of active
section voltage with tuning in the loss-less case. Clearly, minima
in active section voltage appear at the same locations where
saddle points in output power are observed. If the carrier-in-
duced losses are taken into account, the minima in voltage shift
toward lower front and rear DBR currents. However, as Fig. 5(b)
proves, all minima remain well within the mode boundaries and
minima are still observed for modes where the saddle point in
the output power has disappeared. This clearly explains the ex-
perimental results previously presented in [16].

IV. FEEDBACK CONTROL—EXPERIMENTS

A. Static Operation

Fig. 6 shows a schematic of the control circuit for frequency,
mode and power stabilization that was built. In the set-up, all
currents are controlled by a program running on a PC. Cur-
rents are adjusted by communicating with the current sources
via GPIB. This makes the feedback loop relatively slow, but has
the advantage that the currents can be monitored at all times. Ad-
ditionally, the program can interrupt the operation of the loop at
regular intervals to measure frequency, output power and SMSR
and store these measurement results together with the values of
the different currents. Initial operation points for all channels on
the 100-GHz ITU grid are stored in a look-up table.

Three different feedback loops can be distinguished. For
mode stabilization, small modulation signals (typically 5A)
are added to the front and rear reflector currents, at frequencies

and respectively. With two lock-in amplifiers, the in-phase
modulation components and of the active section voltage

at these frequencies are measured. At each iteration of the
feedback loop, a correction proportional to is added

to the front (rear) reflector current. In this way, the laser is
stabilized at a local minimum in active section voltage (with
respect to the reflector currents).

For frequency control, a commercially available wavelength
locker is used [18]. In this component, a fraction of the
light emitted from the front facet is tapped off. This light is then
split into two parts, of which one is directly detected (power)
and the other is first filtered through a highly stable Fabry–Perot
etalon with a free spectral range (FSR) of 100 GHz (power).
If is plotted as a function of frequency around an
ITU grid frequency, a fairly linear response curve which crosses
zero at the grid frequency is obtained ( is a calibration
factor). Consequently, corrections proportional to
are added to the phase section current.

Finally, for power stabilization, the unfiltered power is fed
back to the active section current.

The feedback control setup was tested for all channels on the
100-GHz ITU grid the laser could be tuned to, a total of 41 chan-
nels with frequencies ranging from 191.9 to 195.9 THz. In order
to cause some frequency drift, the temperature of the laser sub-
mount was changed from 20 to 30C. After stabilization at each
temperature, the frequency, SMSR and output power were mea-
sured. As Fig. 7 illustrates, the frequency standard deviation was
below 0.2 GHz for all channels except 192.4 THz (the maximum
frequency variation was less than 1.0 GHz). For all channels an
SMSR of more than 35 dB was maintained, except again for
the 192.4-THz channel where the SMSR decreased for temper-
atures above 28C (Fig. 8). The output power was stabilized at
0.5 mW and as Fig. 7 shows, very small power variations were
measured.

The larger frequency errors and the decreasing SMSR for the
192.4 THz channel are explained by a thermal runaway effect.
At 20 C this channel requires both a high front and a high rear
DBR current, 24.6 and 16.6 mA, respectively (Fig. 9). Because
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Fig. 7. Frequency standard deviation and power standard deviation for 41 ITU
channels for a temperature sweep from 20 to 30C. The output power was
stabilized at 0.5 mW.

of the carrier-induced losses in the tuning sections, this means
that also a high active section current is needed to maintain an
output power of 0.5 mW. Due to the nonzero thermal resistance
between the laser waveguide and the submount, the waveguide
temperature is always higher than the submount temperature and
the difference is more or less proportional to the injected cur-
rent. When the submount temperature is ramped up, the phase
current has to be increased to counteract the thermal tuning. At
the same time, the reflector currents are raised such that the
reflector peaks track the cavity mode. This causes higher loss
in all three passive sections and as a consequence, also the ac-
tive section current has to be boosted. From Fig. 9, it is clear
that the currents increase superlinearly, since the tuning effi-
ciency decreases with current due to Auger recombination and
heating effects. All this amounts to a lot of extra heat being gen-
erated in the laser waveguide. At a certain point, the waveguide
temperature rise due to a further increase in current completely
counteracts the electronic tuning and therefore frequency and
mode stability are degraded. Note, however, that at temperatures
above 25 C there is an alternative combination of front DBR,
rear DBR and phase currents that will give the same output fre-
quency with much lower currents.

In Fig. 7, frequency standard deviations were plotted in an
attempt to eliminate the errors due to the intrinsic accuracy of
the wavelength locker. The commercial wavelength locker [18]
used in these experiments has a specified channel accuracy of

2.5 GHz, and a temperature stability of1.0 GHz (0 C to
70 C, no internal temperature control). By properly choosing
the calibration factor in the relation, we have
however achieved much better accuracies. The circles in Fig. 10
show the true frequency errors after stabilization at a submount
temperature of 20C, with a -value of 1.32. Clearly, all chan-
nels are within GHz of the specified frequency. Note also
that the wavelength meter used here (HP 86120B multiwave-
length meter) has a resolution of only 0.1 GHz, and a specified
absolute frequency accuracy of3 ppm ( 0.6 GHz) [19].

A possible disadvantage of the control circuit is the fact that
small sinusoidal signals (5A) are added to the front and rear
reflector currents. Since the average tuning efficiency of the re-

Fig. 8. Variation of side mode suppression ratio for 41 ITU channels for a
temperature sweep from 20 to 30C. Crosses(�) indicate the worst case
channel at 192.4 THz.

Fig. 9. Variation of drive currents with temperature for the channel at 192.4
THz.

Fig. 10. Frequency errors after stabilization of 20 ITU channels at 20C, with
direct modulation at 1.244 Gb/s(�) and in static operation (o).

flection peaks of the DBR sections is 25 GHz/mA, the modula-
tion of the reflection peaks is approximately 125 MHz. The cor-
responding variation of the laser frequency, or in other words the
variation of the cavity mode frequency, is however only a frac-
tion of this value, typically 0.2 [15]. With current modulation
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on both reflectors, this gives a total frequency modulation on
the order of 50 MHz. At the same time, a slight power modula-
tion is added. Measurements have shown however that relative
power variations are very small, on the order of 10to 10 .
It has to be noted that these frequency and power fluctuations
are much slower than typical data rates, so the variation during
a single bit period will be negligible.

B. Operation with Direct Modulation

The frequency and mode control circuits were also tested
while the laser was directly modulated. A PRBS signal
with a current swing of 60 mA was applied to the active section.
The bit rate was chosen at 1.244 Gb/s because parasitics in the
electrical path limited the small signal bandwidth to approxi-
mately 800 MHz. Recent experiments have shown however that
transmission over 80 km of standard single-mode fiber is pos-
sible with an SSG-DBR laser (with proper electrical contacting)
directly modulated at 2.488 Gb/s [20]. The PRBS signal
has a fundamental frequency component

Hz

For the mode stabilization circuit to operate properly the modu-
lation frequencies of the reflector currents (and , cf., Fig. 6)
have to be chosen away from and its higher harmonics. The
noise on the signals and is also lower at low modulation
frequencies. Therefore, we took Hz and
Hz. To increase the signal-to-noise ratio (SNR), the modula-
tion amplitude was increased to 25A. Furthermore, a larger
time constant was chosen for the lock-in amplifier. With a true
random bit signal, some bandpass-filtering might be required in
front of the lock-in amplifiers.

Tests were performed for 20 channels at 200 GHz spacing,
from 191.9 to 195.7 THz. The laser was roughly tuned to the
appropriate channel. Subsequently, the active section bias cur-
rent was adjusted manually in order to get both a good extinction
ratio (typically 11 dB) and a good SMSR. The value of the ac-
tive section bias current is quite critical. It should be close to 30
mA above the threshold value for the selected channel. A too
low value will reduce the SMSR and cause increased turn-on
jitter, whereas a too high value will reduce the extinction ratio
(ER).

After setting the bias current, the frequency and mode sta-
bilization loops were started. Fig. 10 shows the time-averaged
frequency errors after stabilization at a submount temperature of
20 C, both with and without modulation. There is clearly a neg-
ative offset of the frequencies when the laser is being modulated
(average offset 0.85 GHz), because the phase current stabi-
lizes at a slightly lower value with the modulation switched on
(Fig. 11). This is probably due to the frequency chirp, which al-
ters the time-averaged signal detected by the Fabry–Perot wave-
length locker. With modulation, the SMSR is generally slightly
reduced, but remains above 35 dB for all channels (see Fig. 12).
Since a constant current swing was used for all channels, the av-
erage power varied by about 5 dB across the different channels.
A typical eye diagram is shown in Fig. 13.

For the 193.9 THz channel, a temperature ramp was again
applied. The temperature was changed from 20 to 25C in 0.5

Fig. 11. Phase currents after stabilization of 20 ITU channels at 20C, with
direct modulation at 1.244 Gb/s(�) and in static operation (o).

Fig. 12. Side mode suppression ratio after stabilization of 20 ITU channels at
20 C, with direct modulation at 1.244 Gb/s(�) and in static operation (o).

C steps. As previously explained, tuning currents increase with
temperature and therefore the active section bias current had to
be increased manually during the temperature ramp in order to
maintain a good SMSR (the threshold current increases due to
the additional losses). The current was increased from 39.5 mA
at 20 C to 41.9 mA at 25 C. The evolution of the frequency
error and the temperature with time are shown in Fig. 14. After
each temperature step, the frequency stabilizes again to within

GHz of the initial frequency of 193.895 THz (cf., Fig. 10).

V. GENERATING LOOK-UP TABLES USING THEVOLTAGE

MONITORING TECHNIQUE

A. Requirements for Characterization Procedures

Before describing the characterization procedure used to gen-
erate a look-up table for an SSG-DBR laser in detail, it is useful
to briefly discuss what is in general required. The main crite-
rion is of course frequency accuracy. As mentioned in the intro-
duction, typically an accuracy of10% of the channel spacing
is demanded. Put the other way around, this means that the
higher the accuracy, the denser the channel spacing can become.
With the procedure outlined in [21] for GCSR lasers, accura-
cies of 3 GHz were obtained, which is sufficient for a 50-GHz
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Fig. 13. Eye diagram of SSG-DBR laser stabilized at 192.7 THz, directly
modulated at a bit rate of 1.244 Gb/s with a2 � 1 PRBS signal.

Fig. 14. Frequency and mode control applied to a directly modulated
SSG-DBR laser tuned to 193.9 THz. Evolution of frequency error and
submount temperature with time.

channel spacing, but not for 25 GHz. At the same time, a good
side mode suppression ratio must be guaranteed. Normally, the
SMSR should be at least 30 dB.

The second main criterion is characterization speed, since this
will have an important impact on the cost of the tunable trans-
mitter module, i.e., the laser with its associated control elec-
tronics. Until recently, it typically took two to three days to gen-
erate a look-up table for an SSG-DBR laser, using a full-auto-
matic trial-and-error procedure (table of about 400 points in 10
GHz increments) [22]. Concerning cost, there are also a few sec-
ondary criteria, e.g., the amount of time expensive equipment
like a wavelength meter is needed, or the amount of operator in-
tervention that is required.

B. Description of the Procedure

Our procedure basically consists of following steps. First,
all the minimum voltage points in the -plane are
located, for a number of different phase currents between 0
and . Only in these optimum operation points, the fre-
quency will be measured. Afterwards, the points are grouped per
cavity mode and the look-up table is calculated through straight-
forward interpolation between the measured points.A priori
knowledge of a few parameters is assumed. First, one should
have an idea of the maximum front and rear DBR currents that
are required to get full wavelength coverage and

. Second, also an estimate of the phase current needed
to get a -phase shift is required .

Reasonable estimates for these currents can be obtained au-
tomatically as follows. Full wavelength coverage requires that
the front (rear) reflector is at least tuned over a range equal
to its reflectivity peak spacing (Fig. 2). The current

needed to do so is obtained by setting the front
and rear reflector currents to 0 and then gradually increasing
the front (rear) reflector current, while monitoring the emis-
sion wavelength. The wavelength will then increase (decrease)
stepwise with jumps of about 5 nm as subsequent pairs of re-
flector peaks become aligned (cf., Fig. 3). At a certain point,
the wavelength jumps down (up) to the other end of the tuning
range, after which it starts increasing (decreasing) again. The
current is reached when the wavelength
again crosses its initial value (i.e., at zero tuning currents). Since
only a low-resolution wavelength measurement is needed here,
a simple wavelength discriminating filter can be used instead
of a wavelength meter to speed up the measurement [21]. In
order to have some error margin, one can increase the value of

obtained in this way by, e.g., 10%.
The -phase shift current can be determined by setting the

phase current to zero, and initializing the reflector currents to
a point of minimum active section voltage. This point can for
example be obtained by setting the front and rear reflector cur-
rents to half their maximum values, and have the voltage feed-
back loop stabilize the reflector currents on the closest voltage
minimum. Subsequently, the feedback loop is switched off and
the phase current is gradually increased, while monitoring the
voltage modulation components and (Fig. 6). The cavity
mode will then move away from the aligned reflector peaks, and
the signals and will increase. At a certain point, an ad-
jacent cavity mode will become the preferential mode, and a
mode hop will occur, after which and will decrease
again. The -phase shift current is reached when and
reach zero again. As for the reflector currents, some error margin
can be built-in by taking a value for that is somewhat
larger than the value found.

In more detail, the look-up table generation algorithm then
runs as follows. First, the outer edges of the tuning range are
scanned to locate the super mode jumps, i.e., wavelength jumps
of more than 5 nm. The rear reflector current is set to
and the front reflector current is stepwise increased from 0.1
mA to . Afterwards, is kept constant and
is stepwise reduced to 0.1 mA. In every point, the wavelength is
measured at zero phase current. At present, a wavelength meter
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is used, but since the only purpose is to locate the super mode
jumps, again a coarse wavelength measurement with a wave-
length discriminating filter would be sufficient. In the points
between two subsequent super mode jumps, the phase current
is scanned from to 0 (for our lasers from 1.90 to 0.01
mA in 0.27 mA steps) and the voltage modulation components

and are measured (Fig. 6). From the set of points obtained
in this way, the combination of front DBR, rear DBR and phase
current is picked that is situated closest to a voltage minimum
in the -plane for that particular phase current. This
combination is found by requiring a minimal value for the trial
function

(1)

Indeed, we find for :

(2)

Here is the frequency of the front reflector peak, is
the carrier density in the front reflector section, and is
the (constant) modulation component of the front reflector cur-
rent. Near a voltage minimum, the variation of the active section
voltage as a function of the misalignment between the cavity
mode and the reflector peaks ( and , respectively) can
be approximated by a parabola.

(3)

As a result, is proportional to the frequency
misalignment between the cavity mode and the reflector peak

.

(4)

Since can be assumed constant, and to a good
approximation , we finally obtain

(5)

Here is a constant. An analogous relation can be written
down for . If and ,
(1) becomes

(6)

After the first step described above, a number of near-optimum
operation points are obtained on the outer edge of the tuning
range. In a second step, an iterative procedure is started for each
of these near-optimum points. The tuning currents are initial-
ized to the selected values and the voltage minimizing feedback
loop is started. Following procedure is then repeated until either

or reaches the lower limit of 0.1 mA:

• Wait until and have stabilized.
• Measure the frequency and store it together with the values

of the different currents.

Fig. 15. Scatter plot of optimum operation points in the(I ; I )-plane
for various phase currents(�) and zero phase current(�), superimposed on
a frequency contour map measured at zero phase current. The active section
current was kept constant at 60 mA.

• Reduce the phase current (e.g., by 0.27 mA). If
would become negative, reinitialize it to (
mA).

In this way, a table of optimum operation points is built
up. Fig. 15 shows a scatter plot of these points in the

-plane, superimposed on a frequency contour map
measured at zero phase current (crosses indicate the operation
points with mA). The obtained points nicely line up
to form “tracks” between two super mode jumps. In the 3-D
space of tuning currents, they line up to tracks describing the
continuous tuning of individual cavity modes. The ensemble of
these cavity modes covers the entire tuning range of the device.

The final step is obviously calculating the look-up table from
the measured points. This is done as follows. The operation
points that were found are grouped per individual cavity mode
and stored in a table together with the measured frequencies. For
a particular frequency, first the cavity modes that can be tuned
to this frequency are searched. The search criterion is of course
that the demanded frequency should lie between the minimal
and maximal frequency measured for a cavity mode. If multiple
solutions are found, that cavity mode that can be tuned to the
desired frequency with minimal total tuning current is selected,
since a minimal sum of tuning currents will yield lowest absorp-
tion losses. Because frequency varies sublinearly as a function
of the tuning currents, a cubic interpolation scheme is applied to
the selected mode’s measured operation points in order to cal-
culate the tuning currents for the desired frequency.

Actually, the procedure can be taken one step further. As it
is described above, the algorithm assumes a fixed active sec-
tion current. This means that the look-up table that is gener-
ated will show large output power variations across the different
operating points, due to the carrier-induced loss in the passive
sections. For the SSG-DBR lasers, typically between 5–7 dB
power variation is measured. However, since the algorithm uses
feedback to find optimum operation points, one can easily add a
power control loop, which runs in parallel with the voltage-min-
imizing loop and adjusts the active section current. In practice,
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Fig. 16. Plot of an automatically generated look-up table. Currents were
calculated for frequencies from 191.9 to 196.1 THz in 1 GHz steps.

Fig. 17. Measured frequency errors and side mode suppression ratios for the
look-up table plotted in Fig. 16.

we use the signal from photodiode to equalize the output
power (cf., Fig. 6).

C. Experimental Results

Fig. 16 shows an example of a look-up table that was gener-
ated using the procedure outlined above, with power equaliza-
tion included. The output power was stabilized at approximately

3 dBm. Currents were calculated for frequencies from 191.9
to 196.1 THz in 1 GHz steps. There is an obvious correlation
between the active section current and the three tuning currents.
The active section current varies from 20 to 75 mA. Threshold
currents range from 7 to 19 mA. When the look-up table is ver-
ified, very good frequency accuracy and side mode suppression
ratio are obtained for all points. Frequency errors are less than

0.5 GHz and the SMSR is always above 35 dB, mostly even
above 40 dB (Fig. 17). The root-mean-squared (rms) frequency
error is typically less than 0.15 GHz. With these errors, applica-
tions in dense wavelength-division-multiplexing (DWDM) sys-
tems with channel spacings of 25 GHz or even 10 GHz become
feasible.

Fig. 18. Measured output powers for the look-up table plotted in Fig. 16, i.e.,
with power equalization (solid line), as well as for a look-up table that was
generated without power equalization (dashed line). In the latter case, the active
section current was fixed at 60 mA.

The measured frequency accuracy is mostly limited by the
wavelength meter used (HP 86120B multi-wavelength meter
[19]). It is already clear from Fig. 17 that the resolution of the
wavelength meter is only 0.1 GHz. The datasheet of the instru-
ment specifies an absolute accuracy of3 ppm ( 0.6 GHz)
and a differential accuracy of 2 ppm ( 0.4 GHz). Nonethe-
less, one needs a very accurate temperature control, which com-
pletely eliminates variations of environmental temperature. A
temperature variation of only 0.02C already gives a frequency
drift of about 0.25 GHz. Finally, it is essential to use the cur-
rent sources that will eventually drive the laser already at the
characterization stage, in order to eliminate errors due to inac-
curacies of the current sources as much as possible. Our present
current sources have a resolution of 3A for the phase current,
and 8 A for the reflector currents. Multiplied by the tuning ef-
ficiencies at low currents this leads to frequency resolutions on
the order of 0.2 GHz. When Fig. 17 is compared to Fig. 16, it
is clear that the largest frequency errors are obtained when the
tuning currents are lowest.

As Fig. 18 illustrates, the power variation has been reduced
to less than 0.8 dB; a reduction by almost a factor of ten com-
pared to the situation where no power control is applied. The
remaining power variation is probably due to the frequency de-
pendence of the photodiode and the two power splitters in-
side the wavelength locker.

The characterization time needed to generate a full look-up
table is currently about 150 min with power control and 100
min without. However, as already mentioned, the present feed-
back loop is still relatively slow, since discrete instruments are
used, which are connected via GPIB and controlled by a pro-
gram running on a PC. It is expected that characterization time
will be drastically reduced if these instruments are replaced by
electronic circuitry integrated on a single board and controlled
by a microprocessor. In that case, the main limitation will be the
time needed for frequency measurements. In general, the proce-
dure generates a list of 500–600 operation points for which the
frequency has to be measured. Since a frequency measurement
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typically takes 1 second, the lower limit for the characterization
time is 10 min. We estimate that with properly designed elec-
tronics, a total measurement time of less than 30 min is certainly
feasible.

VI. CONCLUSION

In this paper, we presented a general discussion on the control
of widely tunable SSG-DBR lasers. A feedback control scheme
was introduced that ensures frequency stability and accuracy
(better than 0.5 GHz), as well as high side mode suppres-
sion ratio ( 35 dB). The active section voltage is monitored to
maintain mode stability and a highly stable Fabry–Perot etalon
is used as a reference to lock the laser frequency to a specific
ITU channel. It was shown that stability could even be main-
tained when directly modulating the laser at 1.244 Gb/s.

Furthermore, a characterization scheme was demonstrated
that uses the voltage monitoring to generate a look-up table
of operation points very efficiently and accurately. For all
operation points, the obtained frequency accuracy was better
than 0.5 GHz and the side mode suppression ratio was above
35 dB. With these accuracies, applications in DWDM systems
with channel spacings of 25 GHz or even less certainly become
feasible. By including power equalization at the characteriza-
tion stage, power variations across the tuning rage were reduced
from almost 8 dB to only 0.8 dB. The total characterization time
was drastically reduced, from 2–3 days to 100–150 minutes. It
is expected that by integrating the control circuitry on a single
board, the characterization time can even be further reduced to
20–30 minutes. In practice, also some form of screening will
be necessary, so as to filter out defective devices before the
characterization procedure is started.

In principle, the methods described in this paper can also be
applied to other three- or four-section DBR-type lasers (with
minor adjustments). However, care has to be taken that the lasers
are properly designed, such that for example the reflection peaks
are sufficiently narrow, the carrier-induced losses are not exces-
sively high and hysteresis is avoided as much as possible.
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