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Abstract: A novel tunable dual mode laser is proposed based on a double-
layer Bragg grating structure, named double-layer grating distributed Bragg
reflector (DLG-DBR) laser. With controlling the gain saturation condition,
different oscillating states can be observed. The nonlinear dynamics
characteristics including bifurcation of the laser under optical injection with
two different start-up sequences are analyzed with numerical simulations.
Furthermore, we investigate the lasing wavelength bistability of the laser
combined with its tuning characteristics theoretically. Optical memory
operation based on the external optical injection locking bistability of the
dual mode device is proposed. The memory operation can be achieved in
the whole wavelength window with a 10 nm tuning range. A mode
suppression ratio (MSR) of more than 45 dB is achieved between the two
bistable states.
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1. Introduction

Dual mode or wavelength lasers have attracted intense research interest due to their potential
applications in all-optical signal processing, photonic generation of microwave, terahertz
(THz) imaging and optical remote sensing [1, 2]. A variety of effective methods have been
developed to realize such devices. A slotted Fabry—Pérot diode laser is designed by
introducing a small number of localized refractive index perturbations along cavity to support
only two primary modes [3]. An additional index step features in this device is needed and
must be precisely designed. Laterally coupled distributed feedback (DFB) laser with dual-
wavelength emitting which has two different grating periods, one on each sidewall has been
reported in [4]. In order to overcome limitations of wavelength tuning of these lasers, the
distributed Bragg reflectors (DBRs) are cascaded to realize dual-wavelength emitting [5, 6].
Although these devices are wavelength tunable, two set of cavity modes with different
channel spacing can exist in the cavity which make them difficult to meet ITU
recommendation. An effort to combine the two wavelengths into a single emitting arm has
been achieved using Y-branch lasers [7]. The challenge of these devices is that they have a
larger footprint than normal laser diodes and require careful design of the out-coupler to
prevent back-reflections into opposing arms of the Y-branch, which otherwise creates
instability in the output.
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Semiconductor lasers exhibiting wavelength bistability are attractive candidates as optical
bistability components in the next generation optical networks [8—10]. Various types of
bistable semiconductor lasers have been demonstrated in previous studies. Wavelength
bistability in DFB lasers have recently become a focus of extensive research because of its
wide potential applications, including all-optical logic gates, wavelength switching [11], all-
optical flip-flop operation [12] and optical signal regeneration [13]. Different phenomena in
optical injected vertical cavity surface emitting lasers (VCSELs), such as polarization
bistability and switching [14], nonlinear dynamics [15], and the stability with polarized
injection [16] have also been studied. Recently, all-optical flip-flop operations in DBR lasers
were experimentally demonstrated by using the bistability of injection locking when pulses
with either different durations and amplitudes [17] or different wavelengths [18] are injected.
However, the wavelength bistability of such DBR lasers and the tuning characteristics have
not been well studied.

In this paper, a novel tunable dual mode laser is proposed based on a double-layer Bragg
grating (DLG) structure, named DLG-DBR laser. The spacing of the two lasing modes can be
engineered with the double grating periods and wavelength tunability can be achieved by
tuning the drive current. With different gain saturation conditions, the laser can operate at
different oscillating states with dual modes or single mode. In the case of moderate coupling
(cross-saturation coefficient equal self-saturation coefficient), the two modes can lase in turns
with changing of the tuning currents. Bifurcation characteristics of the laser output are then
analyzed by numerical simulations with different start-up sequences and different gain
saturation conditions. Wavelength bistability of the laser combined with its tuning
characteristics are then investigated. Finally, with external optical injection locking, optical
memory operations based on the proposed dual mode device are demonstrated.

2. Structure design and characteristics of DLG-DBR laser

The schematic of the proposed laser is shown in Fig. 1(a). As compared with typical three
section DBR lasers, the most significant difference in the proposed laser is that two sections
of Bragg gratings with different periods (A; and A;) are etched on the upper and lower
surfaces of the waveguide, respectively. Thus two peaks are achieved on the reflectivity
spectrum, as shown in Fig. 1(b). The spacing of the two reflection peaks A\ is governed by
2ng5 (A1-Az), where ngyis the effective refractive index of the double layer Bragg grating. The
designed grating can be characterized in COMSOL to optimize the parameters such as
periods, depth and total length. For example, we design a laser whose active, phase and
grating sections have lengths 250 um, 100 pum and 400 pm, respectively, and with double
grating periods A; = 228 nm and A, = 229 nm. As a result, the spacing of the two lasing
modes is 7.2 nm which is 9 times of the longitudinal mode spacing 0.8 nm of the laser cavity.
The DLG is used here as a mirror, so the laser cavity is defined by the facet in the left side of
the active section and the DLG.
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Fig. 1. (a) Schematic of the DLG-DBR laser. (b) The reflectivity spectrum of the double-layer
Bragg grating with double grating periods A; =228 nm and A, = 229 nm.

In a dual mode semiconductor laser, the primary parameter that determines the nature of
mode competition dynamics is the mode coupling constant, which is defined as the ratio of
cross- and self-saturation coefficients (5o and eco55) [19]. We have developed a simulation
model (with MATLAB) to describe characteristics of the proposed dual mode laser. The
details of the model will be presented in Section 3.1, including the case of optical injection.
Here, some numerical simulations without optical injection, are presented to describe
wavelength tuning characteristics and mode competition dynamics of the DLG-DBR laser. In
our numerical investigations, 16 longitudinal modes are considered with a flat gain profile.
Hence the lasing modes are determined by only the double-layer grating. Figure 2 presents
the flow diagrams of mode-1 and mode-2 in two possible characteristic situations, strong and
weak coupling, at different phase currents I,,. For strong mode coupling (& < &cros5), Only one
mode can oscillate, the other will be suppressed as shown in Fig. 2(a). In this case, the current
applied on the phase section determines the choice from the bistable states A and B, that the
laser will finally reach. However, if the mode coupling is weak (& > €qos5), the two
longitudinal modes of the laser will survive simultaneously in the cavity, and the intensity
ratio of the two modes will change along the variation of the phase current as shown in Fig.
2(b). We can observe that the laser oscillates and converges to state B’ for both I, = 4.1 mA
and I, = 4.2 mA because of the almost equal threshold gains for mode-1 and mode-2. In
contrary, such slight difference between the threshold gains of mode-1 and mode-2 for I, =
4.1 mA and I, = 4.2 mA has leaded the laser to significantly different lasing states in strong
coupling case as shown in Fig. 2(a).
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Fig. 2. Flow diagrams of two-mode competition for (a) strong coupling (gs; = 0.7 % 1072 m’,
Eeross = 1 X 107 m®) and (b) weak coupling (g, =1 X 107 m’, £05 = 0.7 x 107 m?) at four
different phase currents I,

From Fig. 2, it has been shown that the final state of the dual mode semiconductor laser is
sensitive to the drive current of the phase section. Besides the phase current, other parameters
such as the drive current of the grating section are also important to determine the final state.
To investigate how such parameters determine the laser state, we choose a particular case
with moderate coupling, where &)y = €crp5s = 1 ¥ 10 m®. Such moderate coupling case is
representative since the dynamics in either strong coupling or weak coupling cases can both
be observed in this case.

The wavelength tuning and power variations of the two lasing modes along the increases
of phase current and grating current are shown in Fig. 3. The results with different drive
currents are obtained independently in simulations so the memory effect in bistable system is
not included. Figure 3(a) and 3(b) show the tuning of peak positions of the lasing modes in
the cavity with increases of phase current and grating current respectively. The grating current
is fixed to 10 mA in Fig. 3(a) and the phase current is fixed to 6 mA in Fig. 3(b). The red
circle marks indicate the higher power one among the two lasing modes and the blue circle
marks represent the lower power mode. In Fig. 3(a), the longitudinal modes shift to blue side
with the increasing of phase current, within one longitudinal mode spacing. Multiple mode
hoppings can be observed in the whole tuning process. From Fig. 1(b), we know that the 3dB
bandwidth of the two DLG reflection peaks is comparable to the longitudinal mode spacing
and more than one longitudinal modes are covered by each DLG reflection profile. Along the
phase current tuning, the longitudinal mode which is originally the dominant mode under a
DLG reflection profile will be tuned away from the peak of the DLG reflection profile. At the
same time, the next longitudinal mode will be tuned into the DLG reflection profile and
replace the original dominant mode. In the mode tuning process, the peak position of the new
dominant longitudinal mode will sweep from the red side to the blue side of the DLG
reflection profile. When the peaks of the dominant longitudinal mode and the DLG reflection
profile overlap in the tuning process, this longitudinal mode will see the maximal net gain in
the cavity and suppress all other longitudinal modes. In Fig. 3(a), after each mode hopping
point, that DLG new emerged mode will become the higher power mode when the phase
current is further increased. Figure 3(c) demonstrates the power variations of the two lasing
modes along the increasing of phase current. The powers of the two lasing modes are plotted
in blue and orange solid curves and the cross points of them are accordant to the mode
switching points shown in Fig. 3(a). It should be noted that the mode switching regions
indicated by the rising and falling parts of the curves in Fig. 3(c) will be narrowed in the
strong coupling case and broaden in the weak coupling case. In the strong coupling case, the
flat top parts of the power curves shown in Fig. 3(c) will be dominant so the working points
of the laser will be close to either the abscissa or the ordinate of the flow diagram as shown in
Fig. 2(a). In contrary, the flat top parts of the power curves will be narrowed in the weak
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coupling case and the working points will locate far from the axes in most time as shown in
Fig. 2(b).
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Fig. 3. The wavelength tuning characteristics of the laser in the moderate coupling case (g =
Eeross = 1 x 1072 m?). (a) and (b) show variations of the peak positions of the two lasing modes
with the increasing of phase current and grating current, respectively. The higher and lower
power modes are indicated by red and blue circle marks. (c) and (d) show the power variations
of the two lasing modes versus phase current and grating current respectively. The grating
current is fixed to 10 mA in (a) and (c) and the phase current is fixed to 6 mA in (b) and (d).

In Fig. 3(a), the grating current is fixed so the positions of the two DLG reflection peaks
strongly confine the wavelengths of the lasing modes. When the grating current is tuned, as
shown in Fig. 3(b), the wavelengths of the two lasing modes are significantly shifted. The
mode hopping in Fig. 3(b) is similar to that in Fig. 3(a) but this time the lasing modes hop
from long wavelength to short wavelength. With the increasing of grating current, the
positions of the cavity longitudinal modes are also slightly shifted but the mode hopping is
still the dominant way of wavelength tuning. Comparing with the less than 1 nm wavelength
tuning in Fig. 3(a), the wavelength shift induced by grating current tuning is larger than 6 nm.
It is possible to achieve 10 nm tuning rang by increasing the grating section current.

3. Injection locking of DLG-DBR laser

Optical injection-locking (OIL) is an efficient method to achieve wavelength bistability in
laser diodes (LDs). A typical schematic for injection locking of the DLG-DBR laser is shown
in Fig. 4. The continuous wave (CW) output of a tunable single frequency laser, which is the
master laser (ML), is injected into the DLG-DBR laser, which is the slave laser (SL), via a
circulator. The amplitude of the CW signal is adjusted by a variable optical attenuator (VOA).
The polarization state of the CW signal is aligned to the output of DLG-DBR by the
polarization controller (PC) before the circulator. The output of the DLG-DBR laser is
detected by an optical spectrum analyzer (OSA). To investigate the responses of the DLG-
DBR laser to different optical injections, a numerical model based on coupled differential
equations is used to describe the dynamics of the laser cavity modes. Then the stable injection
locking, bistability, self-pulsing and related bifurcations are investigated and discussed.
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Fig. 4. A representative configuration of an optical injected double-layer grating DBR laser.
3.1 Theoretical model

The differential equations governing the dynamics of the complex electrical fields of the laser
modes in a laser with optical injections are similar to those of a free-running laser, with
additional injection terms [20, 21]. We partially modify it by introducing terms of
spontaneous emission and gain saturation as

G (N-N, R
ﬂ:l(l—kia) M—L—i—h E,+x4, exp(iAw,t), €))
e 2 1+ &..8, 7, S,

where E,, is the complex amplitude of the m-th cavity mode of the slave laser. The linewidth
enhancement factor « is fixed to a typical value 3 in simulations. G, is the differential gain
coefficient with fixed value 1 x 10™'> m*/s and the transparent carrier density N is 1.3722 x
10** m™ in simulations. The gain saturation is determined by the summation of the weighted
photon densities ¢,,S;, where &,,;’s are the gain saturation factors and S; is the photon density
of j-th cavity mode. Specifically, the gain saturation factor ¢,,; = &,y Wwhen m =j and ¢,,; =
Ecross When m#j, where &, and &, stand for the strengths of self- and cross-saturation,
respectively. 7, is the photon lifetime of the m-th cavity mode which has included the
additional loss in the filtering of the DLG. The longitudinal or cavity modes have different
photon lifetimes in the cavity because of the different reflectivity they got from the DLG
reflection profile. When different phase current I, and grating current I, are injected to the
laser, all cavity modes and the DLG reflection profile will be shifted due to carrier-induced
index change in phase and grating section [22]. Therefore, photon lifetime z,, for m-th
longitudinal mode can vary significantly with the tuning of phase and grating currents. Ry, is
the total spontaneous emission rate and f,, defines the proportion of that falls into an
individual cavity mode. The injection signal is described as A4,,exp(iAw,,t) where Aw is the
angular frequency detuning of the injection light from the target mode of the free running
slave laser. x denotes the coupling rate expressed in the form of (1=r¢°)(roT)"', where T is the
cavity round-trip time, r, represents the amplitude reflectivity of the laser output facet. The
dynamics of the carrier density can be modeled by the following equation with coupling to
the photon densities of all cavity modes:

d—N=[—“—(AN+BN2+CN3)—ZM, )
d qV 1+, 8,8,
where /, is the drive current to the active section of the DLG-DBR laser, ¢ is the electron
charge and V is the volume of active section. The second term in the bracket includes the
recombination losses of carrier. The last term is the total carrier depletion of the stimulated
emission in optical amplification of all cavity modes. The coupled Egs. (1) and (2) can
describe all of the dynamics of the cavity modes and carrier density in time domain.

Besides the numerical simulations of the dynamics based on (1) and (2), the system can
also be characterized by the steady state solutions which can be found if the amplitude Eq. (1)
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for E,, = S,,"*exp(ip,,) is split into coupled equations to describe the photon density and the
phase separately as

s | G(N-N,) 1
—m 2% IS +2x,/S..S cosd +B R ., 3
dt 1+ngm,ij Tm " v ! 'BSp v ( )
ds G (N-N,
as, _|G,(N-N,) 1 S, +B,R,. (4)
dt |1+ & .S, 1,
G,(N-N, S,,
dg, _a| G,( o) 1| S sing, —Aw ®)
i 2|1+ £, 7T, S,

where @, = p,—wt is the phase difference between the internal and injected fields. The values
of parameters used in the coupled equations are listed in Table 1 [23, 24]. The cavity modes
without injection are calculated only by the photon density equations since the phases of them
coupled to the system can be neglected. The carrier density will still be governed by Eq. (2).
When the slave laser is injection locked to the injection light, the steady-state solutions for the
variables can be solved by setting the left-hand side terms of Egs. (2)-(5) to zero [20, 21, 25].
Linear stability analysis will be further applied to the steady-state solutions to determine the
stable locking regions of the system [26].

Table 1. The values of parameters used in the model

Active section length, /, 250 um
Active section width, w, 1.2 um
Active Section thickness, d, 0.18 um
Effective refractive index, 7.y 34
Group refractive index, n, 3.56
Nonradiative recombination coefficient, A 1 x10%s
Radiative recombination coefficient, B 8 x 10" 'm’/s
Auger recombination coefficient in active section, C, 7.5 x 107" m®%s
Differential gain coefficient, G, 1% 10™"%m’/s
Transparent carrier density, Ny 1.3722 x 10%*/m?
Linewidth enhancement factor, a 3

Facet reflectivity, o? 0.32
Spontaneous emission factor, S, 1x10™
Phase section length, /, 120 pm
Grating section length, /, 400 pm
Passive section thickness, d, 0.3 um
Auger recombination coefficient in passive sections, C, 4 x10™'m%s
Normalized coupling coefficient, {7, 2
Grating period, A, 228 nm
Grating period, A, 229 nm

3.2 Characterization of injection locking in DLG-DBR laser

The OIL system has two primary parameters: one is the strength of the injection light which
can be represented by the injection ratio R;,; = P,,/P;;, which is ratio of the injection power to
the output power of the free-running slave laser outside the laser cavity; another one is the
detuning frequency Af, which is the frequency difference between the CW master laser and
the target mode of free running slave laser. First, the responses of the DLG-DBR laser with
different detuning are investigated in Fig. 5 where the injection ratio R;,, is fixed to 0.13.
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Fig. 5. Bifurcation diagram showing the equilibrium state extrema of the dimensionless field
magnitude indicating the two lasing modes of the optically-injected DLG-DBR laser. For
strong coupling case, &,y = 0.7 X 1072 M 6005 = 1 x 1072 m?®; for moderate coupling case, &
= £eross = 1 ¥ 107 m’. The value of injection ratio R;, = 0.13. The current of phase and grating
section are biased at 6 mA and 10 mA respectively.

To investigate the behaviors of the OIL system under optical injection, the coupled
differential Eqs. (1) and (2) are numerically solved using a fourth-order Runge-Kutta
algorithm in time domain. The result of each simulation is characterized by the extrema
observed on the temporal waveforms of all lasing modes [27] after long enough evolution
time to ensure that the OIL system has converged to the stable solutions if they exist. The
extrema found on the temporal waveforms versus the variations of detuning frequency are
plotted in Fig. 5. The blue stars indicate the extrema found on the target mode of the injection
and the red stars are found on the other mode of the dual-mode DLG-DBR laser. It is
expected that bistability will be found in the optical injected DLG-DBR laser since such
feature has been observed in many injection locking systems. To ensure that both of the
bistable states can be successfully found in simulations, two different start-up sequences are
used. In Figs. 5(a) and 5(b), the “master first” sequence is used where the light S;,; from the
master laser is launched to the slave DLG-DBR laser first at # = 0, then after that the drive
current [, is injected to the active section of the slave DLG-DBR laser. With such start-up
sequence, the slave laser will prefer to work at locked state in the bistable region. Otherwise,
if I, starts at = 0 and S;,; starts when the slave has already been stable after the start-up
relaxation oscillation, the slave laser will prefer to work at unlocked state as shown in Figs.
5(c) and 5(d) with “slave first” scheme. To investigate the impact of the mode coupling to the
injection locking in the DLG-DBR laser, strong coupling scheme with &0 = 0.7 X 1075 m’
and g, = 1 x 1072 m® is adopted in Figs. 5(a) and 5(c), and moderate coupling scheme with
Eself = Ecross = 1 X 103 m? is adopted in Figs. 5(b) and 5(d). The currents of phase and grating
sections are biased at 6 mA and 10 mA respectively in Fig. 5.

Figure 5(a) shows the multiple working regimes of the optical injected DLG-DBR laser
with different detuning frequency at strong coupling and “master first” scheme. The slave
laser works at free running state when Af' < —25 GHz. With the increasing of the detuning
frequency, the laser passes through a narrow transition region with chaotic dynamics
(coherence collapse) before entering the stable locking region. In the stable locking region,
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the slave laser is locked to the injection signal to reach a steady state and thus a single
extremum value is observed in the waveform of each mode. The stable locking region covers
~18 GHz and the extrema diagram of the locked mode bifurcates to two branches at Af' = -7
GHz. More than one extrema observed on a stable waveform means oscillations between the
extrema. The two branches in the extrema diagram after the transition at Af = -7 GHz
correspond to the period-one (P1) oscillation state. The P1 oscillation will create a closed
cycle in the phase diagram of (R;,;, Af) plane [28]. With further increasing of the detuning
frequency, the extrema diagram will bifurcate to four branches which correspond to the
period-two (P2) oscillation state. The P2 oscillation state will come back to P1 state again
when the detuning frequency is larger than 15 GHz. It should be emphasized that in the whole
detuning region of —25 GHz < Af < 30 GHz, the laser mode without injection is fully
suppressed. The working state transitions and the locking range are somewhat different in
Fig. 5(c) when the “slave first” scheme is used. The first transition point from free running to
stable locking is delayed to —20 GHz but the bifurcation point after the stable locking region
is not changed. Instead of coming back to P1 state in “master first” scheme, the P2 oscillation
state transits to the free running or unlocked (UL) state at Af= 11 GHz with a fast growth of
the mode without injection. When the moderate mode coupling scheme is used as shown in
Figs. 5(b) and 5(d), there is a bistable locking region, similar with that with strong coupling
shown in Figs. 5(a) and 5(c), but the transition processes are much cleaner without the chaotic
dynamics. For stable locking region in Figs. 5(b) and 5(d), the right border is extended from
—7 GHz to —2 GHz compared with strong coupling in Figs. 5(a) and 5(c), which benefits from
the weaker mode coupling. The transition between the locked and free running states are
easier in weak coupling scheme. In Fig. 5, we have shown the transitions between free
running, stable locked, periodic oscillation and even chaotic states along the variation of
tuning frequency. If we overlap the diagrams in Figs. 5(b) and 5(d), we can clearly observe
the bistable region —25 GHz < Af'< —20 GHz which is between the different transition points
in the two figures. Such bistable hysteresis curves have been used in many applications such
as all optical signal processing [1]. Such hysteresis curves can be observed not only with the
variations of detuning frequency, but also with the variations of the injection power or the
injection ratio R;,;. The bifurcation dynamics versus the variations of injection ratio are shown
in Fig. 6. We can clearly observe the bistable region (9% < R;,; < 21%) which is between the
different transition points in the moderate coupling scheme as shown in Figs. 6(b) and (d).
Similar bistable region also can be found in the strong coupling case but with a narrower
region (7% < R;,; < 14%).
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Fig. 6. Bifurcation diagram as a function of injection ratio indicating the two lasing modes of
the optically-injected DLG-DBR laser. For strong coupling case, &ye;r = 0.7 % 10723 mP gey05 = 1
x 107 m’; for moderate coupling case, &gy = €cross = 1 ¥ 10 m®. The value of detuning
frequency Af'= —20GHz. The current of phase and grating section are biased at 6 mA and 10
mA respectively.

Obviously, the full map of the working states with variations of the detuning and injection
ratio can be obtained by performing parameters sweeping and numerical simulations for each
parameters combination. But such parameters sweeping is very time consuming and a much
easier way is usually adopted if qualitative characterization of the system behavior is needed
only. With the stationary form of Egs. (2), (3) and (5) and neglecting the modes without
injection, we can derive the steady solutions with respect to the photon density S,,, the phase
@, and the carrier density N. The parameter ranges that steady state solutions exist will
determine the locking range of the OIL system [20, 21]. Furthermore, the stability of such
steady state solutions is characterized by linear stability analysis to determine the stable
locking region. Finally, the injection locking map of the system is obtained as shown in Fig.
7. The results shown in Fig. 7 are not quantitatively accordant to those shown in Fig. 5 and
Fig. 6 since we have neglected the modes without injection when we solve the steady state
solutions where the system is equivalently mode decoupled with &, = 0. The color bar
indicates the normalized photon density S,,/S;. The photon density generally increases with
the increasing of injection power and/or negative detuning. The impact of the detuning
depends primarily on the nonzero a factor [29].
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Fig. 7. Region of multiple stationary points on the injection-locking diagram

A region of the injection power and detuning frequency which providing the wavelength
bistability of the dual mode device can also be found by the stationary analysis [25] as the
shadow area shown in Fig. 7. From Fig. 7, the boundaries of the bistable region have defined
the transition points between the free running, stable locking and the unstable locking states.
For instance, as indicated by the vertical dashed line which crosses three working regions in
the locking map, we can observe the hysteresis curves if the injection ration R;,; is tuned up
and down along the arrow directions with fixed detuning frequency Af = —20 GHz. The
applications of such hysteresis curves will be discussed in the following section.

In this section, we have characterized the behaviors of the DLG-DBR laser with optical
injection to one of the two lasing modes. The influences of the mode coupling, start-up
sequences, frequency detuning, and injection ratio on the dynamics and bifurcations have
been investigated. In fact, other parameters such as net mode gain, facet reflectivity and
linewidth enhancement factor will also affect the injection locking dynamics of the dual mode
laser but which are not the focuses of this paper.

4. High extinction ratio wavelength switching and optical memory

The results shown in Figs. 5, 6 and 7 have demonstrated the responses of the DLG-DBR laser
to optical injection with different detuning frequencies and injection powers. Stable locking
and bistability are both observed with either varying detuning frequency or injection ratio.
Besides the on-off switching of the injected mode which can be found at the transition points
in Fig. 5, another remarkable feature in Fig. 5 is the wavelength switching at the transition
points. For the dual mode DLG-DBR laser, when the lower intensity mode of the free running
two modes is chosen as the target mode, the mode switching at the transition point will
greatly vary the mode suppression ratio MSR = 10log(S,/S;). Such great changing of the MSR
can provide a high extinction ratio wavelength switching which is desirable in optical
communications and optical signal processing [1]. Moreover, the unique feature of the DLG-
DBR laser is that the two wavelengths in switching can be widely tuned by controlling the
drive currents of the grating and phase sections.
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Fig. 8. The bistability characteristics of the injection locked double-layer grating DBR laser for
the grating current I, changes from 10 mA to 24 mA .The phase current is biased at 6 mA. The
detuning frequency Af'= —20 GHz. The four insets indicate the spectrum of the modes in the
laser which operates at unlocked state.

In Fig. 8, we show the hysteresis curves of the MSR versus injection ratio with the tuning
of the grating currents of the DLG-DBR laser. The phase current is biased at 6 mA and the
detuning frequency is fixed at —20 GHz in simulations. The transitions between the bistable
states are indicated by arrows to differ the processes in the increasing and decreasing of the
injection ratio. The four insets in the figure show the free running mode distribution and the
selections of target mode. In Fig. 8(a) where I, = 10 mA, the mode-1 oscillating at 1547.10
nm is the target mode and the mode-2 oscillating at 1554.23 nm is the free-running mode. By
increasing and decreasing the injection ratio, wavelength switching with an MSR > 45 dB is
achieved between the two bistable states. When /, is increased from 10 mA to 14 mA, the
target lower power mode at free running state switches from mode-1 to mode-2, which is
accordant to the results shown in Fig. 3. Thus the two bistable states switch their positions
with a slight wavelength blue-shift as shown in Fig. 8(b). In practice, such slight wavelength
shift can further be compensated by adjusting the phase current. When /, is increased to 18
mA, mode-1 becomes to the target mode again and mode hopping shifts the two modes by ~1
nm to 1546.09 nm and 1553.22 nm respectively. This bistable wavelength switching shown in
Fig. 8(c) is similar to that in Fig. 8(a) with different working wavelengths. Such wavelength
tuning can be repeated as shown in Fig. 8(d) and the more than 6 nm tuning range shown in
Fig. 3 is fully available in the wavelength switching operations. As comparing with the
wavelength bistability at three different wavelengths in an MG-Y laser reported in [30], the
wavelength tuning ability of DLG-DBR laser for bistable wavelength switching is more
flexible and powerful. Different operation wavelengths in the whole tuning window can be
reached by changing the currents of grating and phase sections directly. The mode spacing
between the two bistable states is determined by the two Bragg grating periods which can be
adaptively designed in different applications.

The high extinction ratio wavelength switching shown in Fig. 8 can be used in many
applications such as wavelength conversion in optical communications and all optical signal
processing. One important application of the bistable wavelength switching is the optical
memory. To demonstrate the dynamic switching process between the bistable states of the
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DLG-DBR laser which is used as an optical memory element, we use the bistability
characteristics in Fig. 8(a) as an example. Figure 9 shows the dynamic memory operations in
which mode-1 and mode-2 act as the device output in response to the “set” and “reset” input
signals. The optical injection signal is described by:

1 - 1. t- . s

E(P1 -P, ){1+ LR gl ZH ﬂ}, rising / failling edge

Byt
N V3 N

By, pulse duration

where P, and P, are powers at low and high levels of the optical injection signal, respectively.
4 and s are the time parameters which define the rising and falling time. In our numerical
modeling, the pulse duration is 3 ns and the rising and falling time are both 1 ns. Bright and
dark pulses are used as the “set” and “reset” signals to control the laser with same bias power.
The input signal will keep the bias power if no control signals are presented. From the right
panel of Fig. 9, we can find that when a “set” pulse is injected at 10 ns, mode-1 switches from
its original “OFF” state to “ON” state and maintains the “ON” state when the input signal
drops back to the bias until the “reset” pulse appears at 18 ns. A 5 ns transition window for
the “reset” pulse is required for the switching from “ON” state to “OFF” state of mode-1
which is limited by the growing speed of mode-2. Mode-1 will stay at “OFF” state after the
“reset” signal until the next “set” pulse comes. At the same time, mode-2 shows opposite
switching processes between “ON” and “OFF” states. The holding time of the memory is
only dependent to the time intervals between “set” and “reset” pulses.

reset bias set

4 [\ [\
L\

5 10 15 20 25 30 35 40

20

o

Injection Ratio (%)

N

oON B O ® O

10

-10 T

220 l 5 10 15 20 25 30 35 40

Mode 1
Power (mW)

MSR (dB)

=

oN B O ®O

-30

-40

Mode 2
Power (mW)

-50
0

5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Injection Ratio (%) Time (ns)

Fig. 9. Left panel: The bistability characteristics of the injection locked double-layer grating
DBR laser, I, = 6 mA, I, = 10 mA. Right panels: Numerical intensity time traces of the
injection ratio and of the two primary modes of the laser.

The memory operations can also be realized between any other groups of wavelengths due
to the tuning characteristic of the DLG-DBR laser. This versatility in wavelength bistability is
one of the most important advantages of the novel tunable dual mode laser comparing with
other devices, and makes the DLG-DBR laser as a promising widely tunable optical logic
device with great potential in all optical signal processing.

5. Conclusion

A novel tunable dual mode laser which employs a double-layer Bragg grating is proposed for
the first time to our knowledge. The spacing of the two principle modes can be designed by
controlling the double grating periods and more that 6 nm tuning range is demonstrated by
changing the phase and grating currents. The responses of the DLG-DBR laser to different
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optical injections and corresponding bifurcation characteristics of the laser are investigated.
The influences of mode coupling strength, start-up sequences, injection ratio, and the
detuning frequency are all characterized. The mode switching in the transitions shows a
possible way to realize high extinction ratio bistable wavelength switching. Hysteresis loops
with MSR > 45 dB are obtained by control the injection ratio to the DLG-DBR laser. Such
hysteresis loops for bistable wavelength switching can be obtained in a 10 nm tuning window
by controlling the driving currents. Furthermore, optical memory operations based on the
injection bistability of the DLG-DBR laser are demonstrated numerically. In principle, such
memory operations can be realized freely in the 10 nm tuning range. Thus the DLG-DBR
laser can be used as a novel optical logic gate device for in-plane all-optical signal processing.
Such simple and cost-effective tunable dual mode lasers will also find many potential
applications in optical communications, all-optical signal processing such as optical memory,
flip-flop operations and self-routing networks.
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