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Detuned grating multi-section-RW-DF B-lasers for
high speed optical signal processing
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Steingriiber, Mindaugas Radziunas, and Hans-Jiirgen Wiinsche

Abstract— We present a detailed description and a first
theoretical study of an improved concept for high frequency
self-pulsations (SP) in multi-section (MS)-DFB-lasers with
an integrated phase tuning section. The DFB-wavelengths
of the two DFB sections are spectrally detuned by nearly
the stopband width using two gratings with different grat-
ing periods. If both DFB-sections are operated at lasing
conditions and an appropriate phase is chosen, we obtain
beating-type SP with a frequency given by the spectral dis-
tance of two lasing modes. Good agreement between the-
ory and experiment is obtained with respect to the role of
the detuning, the role of the phase section, as well as the
synchronization to external injected signals. The model-
ing shows a strong nonlinear coupling of the two involved
modes via the carrier densities. This effect is important for
the mutual coherence and for the observed locking of the
beating oscillations to external signals. From the results of
the calculations we draw the conclusion that even higher SP
frequencies can be obtained based on the new concept.

Keywords— semiconductor laser, distributed feedback,
modelling, self-pulsations, high speed, all optical signal pro-
cessing, synchronization

I. INTRODUCTION

The dramatic growth in internet traffic pushes the inter-
est in high speed all-optical signal processing. Optical clock
recovery is a key function, and self-pulsating (SP) DFB-
lasers are promising candidates for this application. Po-
larisation independent optical clock recovery at 10 Gbit/s
has already been shown successfully [1] and also bit-rate
flexible operation from 5 GHz to 20 GHz has been demon-
strated [2].

Theoretically, self-pulsations with frequencies up to 200
GHz were demonstrated already in ’95 for two-section two-
contact DFB lasers and qualified as beating of two coex-
isting modes [3], [4]. The main prerequisites of these SP
were a static detuning of the two grating periods and op-
erating both DFB sections above threshold. Other the-
oretical investigations suggested to generate such high-
frequency beating pulsations in one-contact devices with
either chirped gratings [5], [6] or pitch-modulated gratings
[7].

Only very recently, a first practical realization of a device
with detuned gratings for 40 GHz self-pulsations [8] and its
successful system application [9] have been announced. In
this paper we present a more detailed description and a
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first theoretical study of these devices. They comprise two
DFB sections and a phase tuning section in between as
sketched in Fig. 1. The DFB sections are identical except

 grating I\,

Fig. 1. Schematic cross section of MS-RW-DF B-devices

for different grating periods. Each of the three sections is
individually contacted. In contrast to using only one or
two contacts, this allows an independent control of output
power as well as frequency and modulation depth of the
SP by properly adjusting the three currents. This flexibil-
ity is important for optimum device operation in practical
applications.

The paper is organized as follows. Sections II to IV give
brief descriptions of the physical basis of the device con-
cept, the technological realisation of the devices, and the
scheme of the numerical simulation calculations, respec-
tively. Results of measurements and calculations follow.
Section V describes in detail how the effect of the grating
detuning works, section VI shows the important function
of the phase tuning sections, and Section VII demonstrates
the locking to external signals. The paper closes with con-
clusions.

II. BASIC DEVICE CONCEPT

As suggested by theory [3], [4], the Bragg-wavelengths
of the two DFB sections of our devices are spectrally de-
tuned using two gratings with different grating periods, say
A1 > Ay. Both DFB-sections are operated at lasing con-
ditions. It is useful to regard this situation as the face to
face operation of two single section DFB lasers with de-
tuned stop bands as sketched in Fig. 2. Each of the two
lasers oscillates on that side of its stop band, which gets a
large feedback from the stop band of the other laser. From
this point of view, each DFB section plays a double role. It
is the laser source of one mode and serves at the same time
as a Bragg reflector for the other mode belonging to the op-
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Fig. 2. Spectral situation for a detuning by nearly the stopband
width.

posite laser. Both modes can coexist because they are fed
independently by different sections each one pumped above
threshold. The superposition of their amplitudes produces
a beating-type SP with a frequency given by the spectral
distance of the two lasing modes. Because this distance is
governed by the difference between the detuning A of the
two Bragg wavelengths and the width A of the stop band,
the beating frequency can be estimated from

c
fo= s5lA = Al M
On this level of simplification, the relative detuning A — A,
is the main parameter to control the pulsation frequency.
In section V it will be investigated to which extend this
remains valid in the real devices.

The simple linear superposition of two independent laser
emissions with uncorrelated phase noises does not yield a
useable beating. A nonlinear coupling of the two lasers
is required to achieve their coherent operation as well as a
locking of the beating oscillation to external signals. In our
devices, the mutual optical injection leads to such a cou-
pling of both laser fields via the interaction with the carrier
densities. It is well known that the phase shift between
the lasers plays a crucial role in such an optical-injection
configuration. Therefore we have included a phase tuning
section in our device concept. Its main function is to allow
to adjust the phase shift with the help of a current. More
details on its design are given in the subsequent section and
its functionality is investigated in section VL.

III. DEVICE REALISATION

Based on the ridge-waveguide (RW)-structure MS-DFB-
lasers comprising two DFB-sections with detuned gratings
and an integrated phase tuning section have been fabri-
cated ( Fig. 1). For optical signal processing polarisa-
tion independence of the optical clock is of prime im-
portance. Therefore we use an optimised InGaAsP-InP-
bulk heterostructure as active layer which is grown by low-
pressure MOVPE. It consists of a 1550 nm InGaAsP-layer
which is embedded in an asymmetric 1180nm/1300 nm-
InGaAsP optical waveguide. Polarisation independence of
the optical gain in the device is achieved by a suitable ad-
justment of the thickness of the layers and the strain of
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the active layer. The detuned DFB-gratings are realised
using electron beam lithography and reactive ion etching.
The coupling coeflicient of the gratings is typically adjusted
to about 130cm™!. After the grating definition the ac-
tive layer in the phase tuning section is removed and in
a second MOVPE step the p-cladding layers are grown.
The wafers are then processed into multi-section ridge-
waveguide lasers. The length of the two DFB-sections and
the phase tuning section are 0.25 mm, 0.25 mm and 0.4 mm,
respectively. Both facets of the devices are anti-reflection
coated.
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Fig. 3. A measured RF frequency spectrum indicating 40 GHZ self-
pulsation. Injection currents: 71=104 mA, Ia=58 mA.

High-speed self-pulsations could be generated with the
described devices by operating the two detuned DFB-
sections at lasing conditions and adjusting the phase tuning
current to SP conditions. As an example, a free-running
SP at 40 GHz is indicated by the RF spectrum shown in
Fig. 3. The optical spectrum in the same point of operation
drawn in Fig. 4 a shows two distinct main peaks of similar
height and with a separation just corresponding to the 40
GHz pulsation frequency. These results are a first confir-
mation of the basic concept of two-mode SP. Note also the
pronounced suppression of all other modes by about 50 dB.

IV. NUMERICAL SIMULATIONS

A deeper understanding of the device operation beyond
the simple noncoupled-laser picture of Section II requires a
comprehensive modeling of the device. Very recently, some
of us have reported on such a powerful and effective model
of a three section laser with integrated phase tuning sec-
tion [10]. Very good agreement between this model and
experiment has been shown for the dispersive Q-switching
self-pulsations in the 10 GHz band. This type of SP ap-
pears if one DFB section is kept passive by biasing it close
to the transparency current. Now we apply the same nu-
merical model to the devices with detuned gratings and
with two active sections. We have carefully adapted its nu-
merical performance to the expected much higher pulsation
frequencies.

In the calculations to be presented we considered iden-
tical DFB sections (except the different grating periods)
symmetrically pumped at I; = Is = 70mA. Most model pa-
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Fig. 4. Optical spectra of two-mode self-pulsations. a) measured

for the 40GHz-pulsation of Fig. 3 and b) calculated for similar
conditions.

rameters are taken from [10], only the differential gain and
the Henry-factor are slightly changed to g’ = 2.3 x 1072m?
and ag = —4. We have checked some different section
lengths but did not find a dramatic influence within rea-
sonable limits. Therefore the section lengths are fixed to
those of the experimental device described in section IIL.
As most important control parameters the detuning A and
phase shift ¢ are varied. At every investigated point of
operation the equations were solved in a 10ns time inter-
val using the final state of the last point as initial state.
The observed hysteresis effects were only marginal and are
not drawn in the following figures for clarity. To charac-
terise the dynamic behaviour of the device, the last 5ns
of the calculated temporal evolution are used to calculate
the power spectra, the optical spectra and to analyse the
variations of carrier densities and output powers. Further-
more, we calculate the spectral positions and the dampings
of the optical modes using the temporally averaged carrier
densities.

To identify two-mode self-pulsations, we apply the fol-
lowing criteria:
i) Periodic pulsations of the output power P(t).
ii) The optical spectrum has two distinct main peaks dif-
fering by not more than 10dB as in Fig. 4.
iii) The spectral separation of the two peaks corresponds
to the period of the pulses.
iv) The two peak positions coincide with those of two dif-
ferent modes and all modes but these two are damped.
Applying these criteria, we detected two-mode SP in large
parts of the investigated parameter space. In the next sec-
tions we shall present representative results in comparison
with measured data.
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V. EFFECT OF GRATING DETUNING

According to the basic concept of Section I1, the detuning
A between the two Bragg-wavelengths plays an outstand-
ing role. In this section, we check this supposition and
the simple formulae (1) by measurements and numerical
simulations.

It is difficult to determine experimentally the dependen-
cies on the grating periods because this would require to
fabricate a series of devices with different grating periods
but otherwise identical parameters. Fortunately, the re-
quired spectral shift of the stop band is also achievable
with one and the same DFB section by changing its tem-
perature. In particular, due to current induced heating,
the stop band shifts to longer wavelengths with increasing
pump current I [11]. In case of different pump currents, a
corresponding thermal detuning Ay, adds to the detuning
Ay, that is caused by the different grating periods. We
used this effect to change A = A, + Ay, by varying the
current I» in the shorter wavelength section and keeping
the other currents constant. The measured frequencies in-
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Fig. 5. Measured effects of grating detuning for the two different

devices described in the text. a) SP-frequency versus pump cur-
rent T2 of the short wave DFB-section at fixed current I1 of the
long wave section. b) The same data plotted versus the relative
detuning A — A; estimated as described in the text. Dashed:
formula (1).

creased with I5 as drawn in Fig. 5 a for two different devices
with 40 GHz pulsations. This behaviour is expected for the
spectral situation of Fig. 2, when the lasing mode of section
2 shifts red by the current induced heating, increasing the
mode separation and, thus, the beating frequency.

In order to check this conclusion quantitatively and to
compare with formula (1), we independently measured
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the current induced thermal detuning of 250 pm long sin-
gle DFB sections with the present device structure. The
observed average red shift by 0.02nm/mA is in good
agreement with the 0.023nm/mA redshift measured ear-
lier with former device generations [11]. Together with the
known values of grating detuning and stop band width (de-
vicel: Ay =2.5nm, Ay =3.7nm; device2: Ay =4.5nm,
A, =5.7nm), this allowed to replot the measured frequen-
cies versus the relative detuning in part b of Fig. 5.

Both devices show a similar behaviour. The pulsation
frequencies increase with |A — A4|. However, the slope is
much weaker than expected from the simple formula (1).
The results of simulation calculations to be presented allow
a natural explanation of this discrepancy as a consequence
of the interaction between the two laser sections.

In the calculations, A is changed in the interval from 3 to
5nm, centred at the estimated stop band width A,; ~ 4 nm.
Fig. 6 shows exemplary results for one fixed appropriate
phase condition and equal pump currents I; = I = 70mA.
Self-pulsations were obtained also for asymmetric pump
currents as in the measurements. Their frequencies de-
pended only on A but not on the currents as long as the
pump asymmetry |I; — Iz|/(I1 + L) was below 50%. Thus,
the dependencies on A calculated for I; = I, = 70 mA are
representative and can be compared with A-dependencies
measured with different currents.

For the particular value of the phase shift, self-pulsations
are obtained not only for A < A, but within the whole
investigated range of detuning . The corresponding optical
spectra always show two main peaks of nearly the same
height. The spectral position of each peak coincides with
one of the modes and the mode spacing gives exactly the
pulsation frequency. These features prove the two-mode
regime of these self-pulsations in agreement with the basic
concept.

The two active modes move with A similar to the corre-
sponding resonances of the uncoupled lasers (dashed lines).
Accordingly, the pulsation frequency f becomes minimum
at A = A; and increases with |[A — Ag| up to about 120
GHz at the borders of the investigated detuning interval.

However, these variations are not continuous. Owing to
the large coupling between the two active DFB sections,
compound modes are formed. They vary with A much less
than the uncoupled resonances. Mode jumps contribute
to the large global shifts of the active wavelengths. At
A — A; & —0.4nm, the short wave spectral peak jumps
from mode -2 to mode -1, whereas both peaks jump to a
next mode at A — Ay & 0.6nm. Abrupt changes of the
pulsation frequencies appear there. As a consequence, the
variation of f in the continuous regions becomes weaker
and not the whole frequency range can be addressed.

Another feature of coupled laser sections is that the com-
pound modes do not cross each other. The separation of
the active modes remains finite at A =~ A, resulting in a
minimum frequency of the two-mode pulsations of about
25 GHz.

The calculated SP frequencies agree very well with the
measured ones of Fig. 5b. Both they vary with A much
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Fig. 6. Effects of grating detuning calculated for 7; = Iy = 7T0mA
and the fixed phase shift ¢/27 = 0.9. a) Positions of all peaks of
the optical spectrum within a 10dB margin (fat dots) compared
to the mode wavelengths (thin lines). The zero of wavelength is
arbitrary but fixed relative to section 2. The dashed lines illus-
trate the corresponding spectral shifts of uncoupled laser sections.
b) SP frequency (fat dots) compared with the estimate from Equ.
(1) for uncoupled lasers. The sketches above the figure illustrate
the spectral correlations of the uncoupled laser sections in the
corresponding range of detuning.

weaker than fp and do not tend to zero for A — A, due
to the coupling effects. The limited range of measurable
frequencies did not allow an experimental check of the cal-
culated mode jumps to higher frequencies. However, we
believe in the modeling and are optimistic to achieve self-
pulsations of this type in the 100 GHz range already in the
near future.

Concluding this section, two-mode self-pulsations can be
generated over large ranges of detuning. The measured SP
frequencies are well explained by the numerical calcula-
tions. They are remarkably influenced by coupling effects
that weaken their variation with detuning. The coupling
is however important for the mutual coherence of the two
lasers and for the ability to lock to external signals.

V1. EFFECT OF PHASE TUNING

Let us turn now to the role of the middle section of our
device. Its most important function is to introduce a tun-
able phase shift ¢ between the two active DFB sections.
Both in theory and experiment, the wanted generation of
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two-mode self-pulsations requires to adjust to an appropri-
ate phase.

Experimentally, phase tuning is possible via the injec-
tion current into this section. With increasing current, a
cyclic appearance and disappearance of self-pulsations is
observed. Fig. 7 shows a typical example for the first cy-
cle covering about 7mA. Note that the decreasing currents
used as abscissa correspond to increasing phase shift. SP
are found in about 65% of this period. Within this range,
the frequency falls from 31 GHz down to 19 GHz. Thus,
the phase tuning is not only essential for switching on the
self-pulsations but moreover can be used for a fine tuning
of the frequency.

0 phase 2p

30
28
26
24
22
20

frequency / GHz

9 8 7 6 5 4 3 2
phase current / mA

Fig. 7. Measured variation of the pulsation frequency with the phase
tuning current. The depicted current interval of 7mA is one phase
period, decreasing current corresponds to increasing phase.

In the calculations, the phase ¢ is an independent pa-
rameter. Typical simulation results are drawn in Fig. 8 for
a detuning belonging to the lower frequency band of Fig.
6. Three regions of qualitatively different dynamical be-
haviour can be seen, separated by the vertical lines labeled
with capital letters. The two-mode SP appear in about
53% of a phase period. This compares well with the typi-
cal pulsation ranges known from the measurements. In the
interval (A,B), only one mode carries noticeable power and
a stable stationary output is observed. Other speaking,
this is the region of mutual frequency locking of the two
coupled lasers. An irregular chaotic output is generated
in the phase interval (B,C). The optical output has irreg-
ular pulses and multiple peaks appear in a broad optical
spectrum. Within the pulsation region, the calculated fre-
quency varies by about 15 GHz. This is comparable with
the widths of the frequency bands shown in Fig. 6b and
also with the typical measured ranges of frequencies (cf.
Fig. 7).

The carrier densities in the two DFB sections are differ-
ent and depend on the phase condition (Fig. 8c). On the
first sight this appears surprising since both sections are
operated at equal currents, and they are identical except
the grating period. The dependence of carrier density on
phase conditions turns out as one more signature of the
considerable coupling between both sections as discussed
above.
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Notations in parts a and b as in Fig. 6. Part ¢ shows the temporal
average of the carrier densities in the two DFB sections.

VII. LoCKING

Optical clock recovery bases on the synchronization of
the self-pulsation to the tact of a data stream optically
injected into the device. In the present section we demon-
strate and discuss this phenomenon for a device with 40
GHz two-mode self-pulsations both by simulation and mea-
surement.

The emission of a self-pulsating laser has two characteris-
tic frequencies, the optical frequency (about 200 THz) and
the pulsation frequency of 40 GHz. Additionally, this non-
linear system has a damped resonance at the frequency of
the relaxation oscillations (few GHz). All frequencies could
lock to an according period of the injected data stream. In
the following we confine ourselves to the case of nonres-
onant locking, i.e., the synchronization of the optical fre-
quencies is prevented. To this purpose the wavelength of
the injected light is chosen about 10nm shorter than that
of the laser. This is far from the stop bands but still in the
gain regions of the DFB sections. Accordingly, the injected
light is slightly amplified and causes an additional stimu-
lated recombination of the carriers in both DFB sections.
The resulting modulation of the carrier densities in the tact
of the injected signal modifies the mode frequencies and in
turn the pulsation frequency. A locking of the pulsation fre-
quency to the tact of the signal may be the consequence.
Details of the underlying mechanisms are not the subject
of this paper and will be presented elsewhere.

Experimentally, the locking behaviour is investigated by
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injecting a 40Gb/s RZ PRBS signal into the module. If the
free running SP locks to the incoming signal, the peak of
the RF-frequency spectrum shifts to the external frequency
and narrows drastically. An example for a frequency detun-
ing by -50 MHz is shown in Fig. 9 a. In the locked state, also
the temporal pulse shapes can be measured by sampling
techniques. The example depicted in Fig. 9b indicates a
high quality of the extracted clock signal. The polarisation
dependence of the locking function is only about 0.5dB.
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frequency / GHz
Fig. 9. Experimental demonstration of locking of a self-pulsation

at 39.91 GHz to an injected pulse stream with 39.86 GHz tact
frequency. a) Shift and narrowing of the RF frequency spectrum.
b) Eye diagram of the locked self-pulsation.

In the simulation we confine ourselves to injected opti-
cal signals with a harmonic modulation with frequency f.
Synchronization to the external frequency can be expected
only for a sufficiently small detuning from the frequency
fo of the self-pulsation. Typical locking ranges are of the
order of some ten MHz. This is only an extremely small
fraction of the pulsation frequency itself. Thus, fy has to
be determined very accurately and f must be chosen very
close to it.

For a given point of operation, we started the locking cal-
culations always with a nonmodulated optical input with
constant power pg = 1mW. Already this constant input
changes the carrier densities and causes a small shift of the
pulsation frequency. We determine this shifted frequency
fo very accurately from the mean period of a sequence of
some thousand pulses. In the following steps we apply
an amplitude modulation of the injected light according
to po + 0p sin(2x ft) with a slightly detuned frequency f.
Note that the mean power of this type of signal is inde-
pendent on the modulation depth dp. This suppresses to a
large extend a shift of the mean carrier densities and the
resulting shift of fy. For a given modulation parameter ép,
the optical output is sampled with the external frequency
f over several thousand pulsation periods. The resulting
eye diagrams allow a clear decision whether the pulsation
is locked or not. Without locking a closed eye is obtained
as in the left part of Fig. 10. A typical result for the case
with locking is depicted in the right part of the same fig-
ure. Note that the calculated pulse shape as well as the
jitter due to spontaneous emission noise agree well with
the measurements in Fig. 9b.
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Fig. 10. Calculated locking of a 40 GHz two-mode self-pulsation.
The detuning between the frequencies of the external signal and
the free running SP is f — fo = —80 MHz. The modulation
amplitude of the injected light is dp = 0.5 mW in the left part
and 1 mW in the right part of the figure.

VIII. CONCLUSION

In summary, MS-DFB-lasers with detuned gratings have
been fabricated and modelled. A good agreement between
measurements and numerical simulations is obtained. The
essential role of detuning and of the phase section are
pointed out. Self-pulsation in the 40GHz range and the
locking to data signals is demonstrated. The simulations
indicate that even higher SP frequencies can be obtained
based on the new concept.
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