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Tunable semiconductor ring laser with filtered optical feedback:
Traveling wave description and experimental validation

Mindaugas Radziunas, Mulham Khoder , Vasile Tronciu, Jan Danckaert, Guy Verschaffelt

Abstract

We study experimentally and theoretically a semiconductor ring laser with four filtering chan-
nels providing filtered delayed optical feedback. To describe and analyze the wavelength selection
and tuning in this device, we exploit the traveling-wave model determining the evolution of opti-
cal fields and carrier density along the ring cavity and filtering branches. The numerical results
agree with the experimental observations: we can reproduce the wavelength tuning, the multi-
ple wavelength emission, and the wavelength switching speed measured in these devices. The
traveling-wave model allows us to study in detail the effect of the different laser parameters and
can be useful for designing the future devices.

1 Introduction

Semiconductor ring lasers (SRLs) are a type of semiconductor lasers which have a circular closed
loop cavity shape. Because of this cavity shape, SRLs offer some unique functionalities that are linked
to the presence of two directional modes. The directional bistability between the counter propagating
fields can be used to obtain all optical switching, optical memories [1, 2, 3] and random numbers
generation which is needed for encryption systems [4, 5]. The compact design, the small size, and the
possibility to easily integrate a number of SRLs together on the same chip, are the reasons behind
recent first attempts to realize an integrated optical neural network based on SRLs [6].

One difficulty when designing/fabricating these SRLs is that there is no strong wavelength selection
mechanism in their cavity. Usually, the weak wavelength dependence of the material gain results in the
preference of emission in some longitudinal modes (LMs), but the exact emission wavelength is hard
to anticipate and control. Moreover, these SRLs can easily become multi-mode for injection currents
not close to the lasing threshold and/or changes in the modal composition of the output beam often
occur when the SRLs current or temperature are changed.

Many of the possible future applications of SRLs require a specific emission wavelength. For example,
if one wants to use them in modern optical telecommunication networks, the emitted wavelength is
imposed by the standards of (D)WDM. Besides fixing the emitted wavelength to a specific value im-
posed by a system or an application, we think these SRLs can become even more interesting if we
can actively tune their wavelength. This would open up the perspective of obtaining fully wavelength
reconfigurable all optical switches, which require low-cost tunable lasers with sufficient tuning range
and output power [7].

There are many different approaches to make a laser wavelength tunable, each approach having its
particular advantages and disadvantages. These approaches typically rely on changing the laser’s
effective cavity length [8], by varying the physical length of the cavity or its refractive index, or by
introducing a wavelength dependence in the cavity’s gain or loss [9]. Filtered optical feedback (FOF)
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is one way of achieving the latter. In this approach, part of the light emitted by the laser is reinjected
in the cavity after passing through a wavelength dependent optical filter. The wavelength selective
elements in such tunable lasers are thus placed outside of the laser cavity, which can have a positive
effect on the stability of the selected wavelength and can result in a simpler control system needed
to tune the emitted wavelength [10]. This approach has been implemented successfully in many laser
architectures. For example, FOF has been used to make a tunable Fabry-Perot semiconductor laser
in [11] and a tunable semiconductor ring laser in [12]. In both of these works, the filtered feedback
section has been fabricated on the same chip as the laser, which results in a compact, robust and
potentially low-cost device. In [11], the strength of the FOF is controlled by adjusting the current send
through semiconductor optical amplifiers (SOAS).

We have combined the electrical control of the FOF from [11] with a SRL, see Fig. 1. We have shown
that FOF can be used in SRLs to obtain tunable single mode emission [13] and controllable multi-
wavelength emission [14]. We have also shown that the switching from one wavelength to another
is rather fast (ns time scale) and is governed by a short transition time together with a not-negligible
(longer) delay time at each switching event [15].

In our previous studies about SRLs with FOF, we have used a two-directional mode rate equation
model of the SRL [16, 17] extended with Lang-Kobayashi terms to take into account the effect of optical
feedback [18, 19]. Different LMs were introduced phenomenologically by including a rate-equation for
the (slowly varying) electric field of each mode, whereas the mode coupling was realized through their
shared carrier reservoir. This rate equation model does not contain wavelength information of each
mode and thus can not reproduce in detail the spectral behavior of the wavelength tunable SRL.

Considering the limitations and the difficulties with the previous model, we use in this paper a traveling-
wave (TW) model as a compromise between simplicity and precision [20]. TW models have been used
to study the dynamical behavior of different types of semiconductor lasers with a possibility to take
into account optical injections, localized reflections and, therefore, delayed feedbacks of the optical
fields. Such a TW model for SRLs considers the CW and CCW propagating slowly varying optical
fields governed by the TW equations which are mutually coupled through linear backscattering terms,
through nonlinear cross- and self- saturations, and through the spatially parameterized carrier rate
equation [20, 21]. This approach allows simulating ring structures taking into account the longitudinal
distributions of the carriers and of the optical fields in a natural way. The TW model has been used
to explain the dynamical characteristics of SRLs such as lasing direction hysteresis [20], directional
switching [22] and Four Wave Mixing (FWM) in SRLs subject to optical injection [23].

In this work, we demonstrate that the TW model can successfully reproduce the impact of the FOF on
the behavior of the SRL. We concentrate on the spectral changes in the laser output under the effect
of FOF: we show how the emitted wavelengths change when different control currents are tuned. The
results achieved using the TW model are in good agreement with experimental results. Using this
model, we can study in detail the effect of the different laser parameters, which is often impossible
in experiments as changing an injected current usually influences several parameters at once: for
example, the current injected into an active region changes both the gain and the refractive index. In
our opinion, simulations and analysis of the TW model can be extremely helpful when designing new
SRL devices.

Our paper is organized as follows. In Section 2 we introduce the device layout and present the ex-
perimental results. In Section 3 we present the model equations describing different parts of the SRL
and the field transmission/reflection/outcoupling conditions at different interfaces of the complex SRL
device. Section 4 is devoted to simulations and analysis of the SRL dynamics under different driving
conditions. At the end of the paper some conclusions are drawn.
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Semiconductor ring laser with filtered optical feedback 3

2 Experimental setup and measurements

In this section, we briefly introduce our experimental SRL device and present its typical operation
under different driving conditions.

Description of the device. Our experimental device consists of the SRL and four FOF branches
fabricated on the same chip by the JePPIX platform [24]. The mask layout and the schematic repre-
sentation of the device are shown in Fig. 1. The ring cavity of the SRL has a race-track geometry with
two straight active waveguides, each 753 um long, connected to each other via two passive, curved
waveguides with a bend radius of 107 um. The circumference of the ring defines the mode spacing.
The filtered feedback part of the device includes two identical arrayed-waveguide grating (AWG) fil-
ters, each connected to the SRL by a single waveguide and both mutually connected to each other
through four outputs. The AWGs are used to split the optical fields emitted by the SRL into four differ-
ent wavelength channels, each supporting a few LMs of the SRL: whereas the AWG channel spacing
is 1.41 nm and the AWG free spectral range is 5.65 nm, the LM spacing is 0.3 nm. Four electrically
controllable SOA gates are located in the middle of the four waveguides connecting the two AWGs
with each other. Each of these SOAs can be independently pumped with an electrical bias current
using a metallic contact pad, what allows for an efficient control of the feedback strength in each FOF
branch.

5 E
I: Gates _‘j

Figure 1: The mask layout (top) and the schematic representation (bottom) of the considered SRL with
four branches of the FOF. AWG: Arrayed Waveguide Grating, LF: Lensed Fiber.

The device chip is mounted on a brass submount. A 10 k(2 thermistor and a Peltier element are placed
beneath the submount to stabilize the laser temperature at 21°C. Two lensed fibers (one in the CW and
another one in the CCW direction) are used to collect the device output. We use electrical probes to
bias the SRL and the SOA gates. The device’s output waveguide has an angle of 7° with respect to the
chip facet in order to reduce the reflections from the edge of the chip. To introduce some asymmetry in
the field reflectivities on the right-hand side facet of the device in Fig. 1, we have applied an additional
anti-reflection coating. More details on the fabrication and the layout of the device can be found in [13].

SRL with suppressed FOF. In our first set of measurements we have analyzed the performance of
the SRL device with all FOF branches being unbiased (/; = ... = I, = 0), see Fig. 2. The optical
feedback, in this case, is strongly suppressed, and the measured performance of our device is typical
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for solitary SRLs. The power-current characteristics in Fig. 2(a) reveal the bidirectional operation of
the laser immediately after the lasing threshold at /r ~ 65 mA. This bidirectionality is mainly induced
by the presence of the field backscattering due to the deep etching of the waveguides and the nonva-
nishing reflectivities at the directional couplers and facets. On the other hand, the (small) asymmetry
of the facet reflectivities guarantees the dominance of the CW field. An increase of the bias current
I results in sporadic switchings between LMs (see panel (b) of the same figure) related to the jumps
of the emission intensities shown in panel (a). It is noteworthy, that whereas for the smaller currents
the laser behavior is mostly determined by a single LM with a side mode suppression ratio (SMSR) of
more than 20dB (see panel (c)), for the larger currents a strongly pronounced multi-mode behavior is
observed (see panel (d) of the same figure).

0.12F T T T T 3 20 T T T
(@) (©) I,=70 mA
Z 008 £°0T ]
Vo | — W as]
i = 40} :
. 5 <ok ]
Z 0.04 5 0
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Figure 2: Measurements of the SRL device with uninjected FOF. Intensities of the emitted CW (black)
and CCW (red) fields (a) and main lasing wavelengths of the CCW field (b) as functions of the total
ring laser current Ir. Large, medium, and small bullets in panel (b) represent the main spectral peak
and all side peaks suppressed by less than 10 dB and less then 20 dB, respectively. (c) and (d): optical
spectrum of the CW field at /z = 70 mA and 140 mA, respectively.

SRL with enhanced FOF. In the next step, we investigate the effect of the FOF on the device’s
output. Pumping of one or a few gates results in the transmission (or even amplification) of the corre-
sponding LMs through the corresponding branches of the FOF, what in its turn leads to the dominance
of these modes in the SRL. An example of such operation for an SRL bias of /r = 85 mA is presented
in panels (a) and (b) of Fig. 3. In the case of unbiased gates, the SRL shows a multimode emission.
Once we apply 45 mA bias current to one of the gates (schematically indicated on the top part of these
diagrams), the SRL device shows a single LM emission with > 20 dB SMSR within the transmission
band of the biased gate, see Fig. 3 (a). By a careful choice of the bias currents at a pair of the gates,
we can also realize a corresponding dual mode operation, see, e.g., Fig. 3 (b).

The level of the SRL and gate pumpinghas a large impact on the emission characteristics. For ex-
ample, Fig. 3 (c) represents a typical power-current characteristic diagram of the SRL device with the
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Figure 3: Left: selected optical spectra in CW direction of the SRL device with Iz = 85mA and the
single gate current of 45 mA (a), or for the dual gate pumping with I, = 19.92mA and I, = 11.84 mA
(b). Green, blue, cyan and red colors in panel (a) indicate the biased gate. The LMs of the SRL and
the AWG channel passbands are plotted as a reference on the top this panel. (c): output power from
CW (black) and CCW (red) directions as functions of the current injected into the SRL whereas the
second gate bias 5, = 80 mA.

activated second gate, /o = 80 mA. It is evident that whereas the lasing threshold remains more or
less the same as in the case of an unbiased gate, see Fig. 2(a), the selection of the LMs and the con-
tributions of the CW and CCW fields to the total emission now are fully determined by the interaction
of a limited amount of LMs supported by the second FOF channel (henceforth called second channel
LMs).

Concluding this section, we should note, that the SRL device described above and some of the mea-
surements have been already discussed in Refs. [13, 14]. The main reason for presenting these ex-
periments again is their comparison with our new calculations of this device using the TW model. This
model and our new theoretical findings are discussed in the following sections.

3 Theoretical Model

In order to model the ring laser with several feedback branches, we use the Traveling Wave model [25]
describing the evolution of the complex amplitudes of the slowly varying counter-propagating optical
fields and spatially distributed carrier density within the active parts of the device. This dynamic PDE
model has a single spatial dimension corresponding to the direction along the ring cavity, outcoupling
waveguide, and all feedback branches. Our modeling approach allows simulating various multisection
lasers, ring structures and coupled laser systems. It can take into account optical injections, local-
ized reflections and, therefore, delayed feedback of the optical fields [26, 27]. Schematically all these
lasers can be represented as graphs consisting of different sections (edges of the graph) mutually
interconnected at multiple junctions (vertices of the same graph).

Laser setup. The scheme of the SRL with four separate FOF branches simulated and analyzed in
this paper is given in Fig. 4. Sections and junctions of the device are indicated by colored frames
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Figure 4: Schematic representation of the simulated integrated SRL with four branches of filtered and
amplified bidirectional optical feedback. Black segments and colored frames indicate different junctions
and sections of the SRL. Red and blue arrows show propagation directions and the emission of the
CCW and CW fields £ and £, respectively.

and thick black segments, respectively. Here, the frames of different colors indicate different types
of the device sections. More particularly, we distinguish the amplifying sections and two types of the
passive sections. In the active sections, S 4., the field equations are nonlinearly coupled to the spatially
parameterized carrier rate equation. In the passive sections, carrier dynamics is irrelevant, whereas
propagating complex optical fields undergo attenuation, phase shift (passive waveguide sections Sp.),
and an eventual frequency filtering (optical filter sections Sr.).

When required to distinguish model parameters within different sections and the sections themselves,
we use different subscript indices. Moreover, for each section .S; we attribute a unique spatial segment
laj, b;], where b; and a; are “front” and “rear” edges of this section (see Fig. 4), b; > a;, and
|Sj\ = b; — aj; is the section length. The notations of all sections in Fig. 4 are made according to the
cardinal directions n, e, s, and w.

Note, that in contrast to the experimental setup [Fig. 1(b)], the field transition from the ring to the out-
coupling waveguide or the feedback loops and vice versa is localized at the single point corresponding
to the center of the “northern” (junction .J,, in Fig. 4) and “southern” (junction J, in the same figure)
part of the main ring amplifier. As a consequence, these artificially introduced junctions in our model
split the corresponding parts of the real device into pairs of adjacent “sections” (Sp,., and Spne, Sanw
and S g, e.t.c.).

Model equations in the laser sections. The evolution of the CCW optical field £ (z,¢) and the
CW field £~ (z,t) within each (active or passive) section S; of the device are governed by the TW
equations

"0, EF = (Fid, + f* —iD) E* + F, )

where |E|? = |ET|?> + | E~|? is the local photon density (proportional to the local field intensity). cg
is the speed of light in vacuum, n, is the group velocity index, and st, is the Langevin noise source
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contribution to the optical fields.

The linear operator D is used to describe optical frequency filtering effects on the propagating optical
fields defined in the time domain. We assume a Lorentzian profile of such a filtering in the optical

frequency domain,

- g i(w—a@) +
DEi(Z,(A)> = %WE (Z w)
2mceo &

Here, g, 7 = >V and w = —mj\ are the amplitude, the full width at the half maximum, and

the peak frequency (relative to the central frequency wy = QKC ) of this Lorentzian, respectively. \q is

the central wavelength, whereas 7, and \ are wavelength domain representations of the filter width
and peak position, respectively. The Lorentzian profile assumption allows an easy replacement of the
nonlocal operator D by the first order ODE for the newly introduced complex functions P*(z,t) and
P~ (2,t) [25, 28]:

DE* = %(E* — P*), §,P* =1 (F* - P*) +iwP*. )
We apply this approach to model optical filtering in passive sections Sr. and material gain dispersion
in all active sections S 4., whereas in the passive waveguiding sections Sp. we set D = 0.
The propagation factors 37 for the field E and 3~ for the field £/~ in Eq. (1) are defined by
+ _ i agg(N) ig(N)
f= = [50 - ?} + HgQ + 2(14es|EE2+e J[EF?)° 3)

where real parameters g, o, ap, €5, and ¢, are the frequency detuning, the internal absorption of the
fields, the linewidth enhancement factor, the self- and cross- gain saturation factors, respectively. We
note here, that introduction of different factors €, and €., is less important for linear laser devices but
is crucial when modeling ring lasers [17, 21].

Whereas in the passive sections the material gain function g(/V) is set to zero, in the active sections
it is given by the following logarithmic dependence on the carrier density N (z, t):

x{ N, N«
g(N) = g'Nyy In (220201 @
Here, the parameters N, and ¢’ are the carrier density at the transparency, g(V;,.) = 0, and the ef-
fective differential gain including lateral confinement factor, ¢’ = % respectively. The introduction

of the small carrier density IV, in Eq. (4) allows avoiding too large field absorption when N < Ny,.

The carrier density N (z, t) within each active section Sa; is governed by the carrier rate equation

_ UL l(N)—N 3
N = [ws' + RS ] — (AN 4+ BN? 4+ CN?®) 5

C 14 (N) v

_—nf;%;:ij E [HES‘E,,%WE_V'Q — 27)] E",

where the first, the second, and the third terms at the right-hand side of this equation model the in-
homogeneous currentinjection [29, 28], the spontaneous- and stimulated recombination, respectively.

= 19 fs (z,t)dz is the sectional average of the carrier density, g is the electron charge,
whereas I,0,Up, R, A B, and C' are the injected current into the considered section .S, the cross-
section area of the active zone, the derivative of the Fermi level separation with respect to NV, the
series resistivity, and three spontaneous recombination parameters, respectively.

Finally, to model thermal shifts of the operating wavelengths occurring once changing bias currents, we
assume simple linear dependencies of the frequency detuning term d, and the gain peak wavelength
A on the bias current I [30, 31] :

8o = L3¢ (5A aterl), A=Ay +drl, (6)
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where 5A,st and 5\515 are static injection-independent contributions to these parameters in the wave-
length domain, whereas constants ¢ and dr represent changes of these parameters when tuning
the bias current /.

Field scattering at the junctions. To close the TW model equations (1), we need to set the values
of the fields E'* at “rear” edges a;, and the values of £~ at “front” edges b; of all sections S;. Thus,
we need to define the field scattering (transmission-reflection) conditions at each junction .J, indicated
by thick black segments in Fig. 4. In this work, we assume trivial scattering conditions (lossless trans-
mission, vanishing reflectivity) at each simple interface of two adjacent sections .S; and S}, (assuming
that the section edges coincide, i.e. b; = ay):

E*(ap,t) = E*(bj,t), E-(b;,t) = B (ay,1). @)

At the outer edges of the outcoupling waveguide (junctions .J,, = bp,., and J. = apy,. in Fig. 4), w
suggest simple reflection-transmission conditions. Here,

E_(anwat) = er+(anw7t)a E(;Zt( ) t E+(anwat)7
E+(aPneat> = _r:E_(aPneat>7 Eout( ) _t E~ (Clpne,t), (8)

rs| <1, to=/1—rs2 s=ew.
E).(t) and E

out u(t) denote the emitted CCW and CW fields at these edges, whereas t5 and 7,
are real transmission and complex reflection factors of the optical field amplitude at the junction .J,
s =e,w.

At the junctions Jg, = bpy; = apsw and Jge = apej = bpse, 7 = 1,.. ., 4, (see again Fig. 4) we
neglect all possible reflections and use the following scattering conditions

E+(aPsw7t) Zj 1E+<waj7t>7

E_(bpwj, )I B <apsw,t), jzl,...,4, (9)
Ei(stmt) = Z —1 E~ (aFEJvt)

E+(apej,t) = (bpse, ), j=1,...,4,

which, after ignoring rapidly oscillating products of the fields in different filtering channels,
RET (bpw;, ) ET*(bruwk, t) and RE ™ (ape;, t) E~*(apex, t), k # j, guarantee the conservation of
the field intensity before and after the scattering.

Finally, at the ring outcoupling junctions J, = Ganw = bane = Apnw = bppe and J; = g5 =
basw = apse = bpsy, We take into account field transmissions to both sections located at the opposite
side of the junction and we assume small backscattering reflections:

E+<aAlj7 t) = tlEJr(bAl]v ) + Ztl (bPl]a ) (aAl]7 )7
Ef(apy,t) = i EH(bpg,t) + Ztl Hbaiz, 1) + 7’1 “(apiy, ),
E~(by;,t) = tiE (any,t) + ’ltz “(apy, t) + 1 ET(bag,t), (10)
E~(bpjj t) = tE (apij, t) + il E~(aay, t) — nE(bpj, t),

t=i\/1— 12— |r?, (1,4,7)€{ln,w,e), (s, e,w)}.

Here again, the assumption that the outcoupling transmission factor t, is real implies the conservation
of the field intensity before and after the scattering.

We should note, however, that the scattering relations defined above allow to close the TW model
(1)-(4) but neglect some properties of real devices. A more detailed estimation of the transmission -
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reflection - outcoupling relations requires an advanced modeling, which takes into account the curva-
ture of the ring cavity, the length of the coupling regions, the frequency of the fields, the field diffraction,
and the overlapping of the lateral modes in the coupling region [32], but such modeling is outside the
scope of this paper.

Parameters. In our modeling approach, the considered SRL with four branches of FOF has 22 “sec-
tions” and 18 “junctions”, see Fig. 4, and each of these objects, in general, has his own set of param-
eters. Fortunately, some of the parameters attributed to all or some groups of sections are the same.
For example, in all sections we use the same group index n, = 3.65.

For the passive waveguiding sections, Sp. (light blue), we use |Sp.| = |Spw| = 340 um, |Sppe| =
|Spnw| = 2000 um, |Spse] = |Spsw| = 2500 um as this corresponds to the physical length of the
device. The gain function g(/V), the Lorenzian gain amplitude g, and the frequency detuning g, in
these sections are set to zero, whereas the absorption factor & = 1 cm™!.

For the passive filtering sections, Sg. (yellow), we use |Sr.| = 530 um. We assume vanishing g(N)
and d, and the field absorption &« = 5cm~!. The Lorentzian gain amplitude and full width at half
maximum are setto § = 500cm~! and 4, = 4 nm. The relative peak wavelengths of four filtering
branches (sections Sp,,; and Spej, j = 1,...,4) are set to A = —2.15nm, —0.705nm, 0.705 nm,
and 2.15 nm, respectively, such that the channel spacing is 1.41 um as in the experimental device.

For the amplifying sections (pink) within the SRL (Sa;r, 7 = n,s, k = e, w) and within the four
filtering branches (Sas,, 7 = 1,...,4) we set | Sajx| = 380 um and |S4s,| = 190 um, respectively.
The remaining parameters in all these sectionsare « = 1ecm™!, ¢/ = 6-1072' m?, N, = 10** m~3,
N, =002 -10%m3, ag = 4,6, = 100Pm?, e, = 26, = 2-100%m?, 5 = 100cm™!,
¥y =100nm, 0 = 024 um? R, =5Q, Uy = 1075 Vm3, A = 0.9-10°s7!, B = 1071 m3s7,
C = 2-10"* m%s~. In all our calculations the currents within the four active ring sections, S4;x,
Jj =mn,s, k= e w,arekept the same, I = Ir/4. The total ring laser current I as well as currents
I; in amplifying sections of the FOF branches, S5, 7 = 1,...,4, are used as control parameters
of the considered system. In the case of the switched-off FOF branches (currents I; of the sections
SAS]- are set to zero), the threshold current I ;5 ~ 65mA. To define the frequency and the gain
peak detuning, we set 5, = A = 0 in the amplifiers S 45, of the FOF branches, and Orst = —0.5nm,
At = —5nm, ¢ = 18.5nm/A, and dy = 160 nm/A, in the active sections of the main SRL.

The field transmission and reflection conditions (10) at .J,, and Js are entirely determined by the
outcoupling transmissions t, = t, = v/0.3 and small backscattering reflections r,, = r, = 0.005.
The asymmetric reflection conditions (8) at the outer edges of the outcoupling waveguide, J., J,,, are
defined by . = 0.01 and r,, = —0.1, respectively. The central wavelength is A\g = 1.58 pm.

Some of these parameters (e.g., lengths of the sections, widths and depths of the active zone, widths
and central wavelengths of the filtering elements) are taken directly from the design layout. Some other
parameters (e.g., a group velocity factor, a central wavelength, thermal tuning factors) were estimated
from experimental data. A majority of the remaining parameters (differential gain, threshold carrier
density, scattering losses, carrier recombination and gain dispersion parameters) are typical for sim-
ilar lasers and were slightly adapted to fit the lasing threshold. To define reasonable field absorption
in the FOF branches, gain saturation parameters, and asymmetric field reflection-transmission condi-
tions, we have performed an extensive numerical study seeking to obtain a similar behavior as in the
experiments.
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4 Theoretical results

Simulations of the SRL with suppressed FOF. First of all, we have performed a set of simulations
of our SRL with uninjected FOF gates, see Fig. 5. Similarly to experiments (Fig. 2), the simulated SRL
provides bidirectional and mostly multi-mode emission with the CW field being slightly dominant, which
is mainly due to the asymmetry of the field reflections at the facets of the device. Small variations of the
field reflectivity phases arg(rj) at the junctions or of the detuning factors dy at the different sections of
the device introduce changes of the phase relations between optical fields, and, consequently, can be
used for adjusting bifurcation (mode jump) positions as well as longitudinal mode distributions or CW
and CCW emission intensities in the parameter-tuning calculations [21, 27]. Since the exact values
of all these parameters are not known, it is hard to find a perfect fit of the simulated and measured
results.

It is noteworthy that in our simulations these gates are not fully deactivated, i.e. the field is not fully
absorbed in the SOAs. Part of the optical fields at certain wavelengths can go through the gates
and be reinjected into the main SRL. This fact is illustrated by instantaneous (gate carrier-dependent)
transmission spectra of the four FOF branches at the top of the panels (c)-(e). Thus, formally being
closed, these gates still provide some weak LM selection mechanism.
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Figure 5: Simulated performance of the SRL with uninjected FOF. (a) and (b): the same as in experi-
mental figures 2(a) and (b). (c)—(e): optical spectra of the CW emission at /[r = 70 mA, 110 mA, and
150 mA. Corresponding instantaneous field amplitude transmission spectra for all four FOF branches
are plotted on the top of these panels.

In experiments, we do not have any direct access to the FOF branch transmission spectra. The nonva-
nishing field transmittance through one or another branch, however, can be suspected when analyzing
measured optical spectra, see Fig. 2(b)-(d). Large optical injection into an unpumped gate reduces the
field absorption. This permits weak transmission of several LMs located within periodically reappearing
AWG channel passbands. This slight enhancement of a single channel transmission nicely explains
the presence of ~ 5.65 nm separated large intensity LM clusters in measured optical spectra, see
Figs. 2(d) and (b).
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In contrast to the experimental device, the periodic reappearance of the AWG channel passband is
not included in our model: each opened or weakly opened gate supports only a few neighboring
LMs. For this reason, the width of the simulated optical spectra is limited by ~ 5.65nm (which is
a combined width of four modeled channeled bands) and, usually, is smaller than the width of the
measured spectra, compare Figs. 2(b) and 5(b).

Thermal detuning. The thermal shift of the material gain peak position A modeled by the nonvan-
ishing factor dp ~ Af A in Eq. (6) (here and below A f denotes a change of the factor f) induces
the general redshift of the optical spectra, see Fig. 5(b). The value of this parameter was set assuming
4 nm linear redshift of the gain peak position \ once the ring cavity current Iz was changed from 60
to 160 mA.

The nonvanishing factor ¢ in Eq. (6) implies a small-scale redshn‘t of the LM wavelengths \ with
the change of the bias current /. In the experiments, this shift was 3 2nm/A. It is known [21] that
variations of the cumulative factor 33 in the ring cavity imply corresponding changes in the optical
frequencies (and wavelengths) of the LMs:

ARQ = —Z@AN~ —L [ RAB(:)dz
_ _;207;’;@ [SpalerAln/4— 1o [ Ag(N(2))dz,

where Sk and Sk 4 denote the whole SRL and its all active sections, whereas 7 = % is the field
roundtrip time in the SRL. For the SRL operating above threshold, the expected mean change of the
gain g(N(z)) is weak, such that the last term in the formula above can be omitted. As a consequence,
a small-scale tuning of the LM wavelengths is mainly induced by the injected current, what immediately
allows to estimate the tuning factor: ¢ ~ AIAR/,\/4 %iﬂw where the factor cp in all four active sections
of the ring is the same.

Both above discussed thermal shifts are the main reason of the experimentally and theoretically ob-
served jumps between different LMs.

SRL with a single activated branch of the FOF. In the next step, we perform a similar study of
the SRL with a single activated branch of the FOF. We adjust the second branch gate current I, =
80 mA and tune the ring bias current I z. This numerical experiment mimics the set of measurements
presented in Fig. 3(c).

After inspection of the power-current and the wavelength-current characteristics in panels (a) and
(b) of this figure one can get an impression that the dynamics of this laser is rather simple and is
mainly determined by a single LM selected by the second FOF branch. A more detailed study of the
laser operation reveals the existence of multiple non-stationary regimes indicated by the gray shading
in panels (a) and (b). Whereas at smaller currents I these regimes are mainly simple transients
associated with the exchange of the field intensity between adjacent LMs, for larger I these states
can be much more interesting from the dynamic point of view. An example of such regime calculated
at the fixed Ir = 120 mA is represented in panels (c) and (d) of the same figure. In this case, we have
a stable dual-oscillatory regime defined by two different periods, 740 =~ 2.75 ns and 75 =~ 209 ps, see
panel (c), or, equivalently, by different separations of the corresponding spectral lines, A 40 ~ 3 pm
and Ay =~ 40 pm, see both inserts of the panel (d).

The factor 7 in our case is close to the doubled sum of the field propagation time in the SRL (7 ~
26.77ps, Ar =~ 311pm) and the FOF branch (7 ~ 76ps, Ar =~ 109.5pm). Our simulations
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have shown that this characteristic time depends on the lasing mode wavelength (e.g., 7o =~ 179 ps
once lasing is determined by the first FOF branch) but otherwise remains nearly independent on the
changes of different control parameters.
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Figure 6: Simulated performance of the SRL with an injected second FOF gate (I = 80 mA). (a) and
(b): the same as in corresponding panels of Figs. 2 and 5. Gray shading shows the regions where
nonstationary regimes are observed. (c) and (d): the time-traces of the emitted CW/CCW (black/red)
fields and the optical spectra of the CW field representing dynamics of the laser at [r = 120 mA.
Transmission spectra for all four FOF branches are plotted on the top of panel (d). Inserts in the same
panel are the enlarged images of the main spectral peak.

The slow oscillations at 740 are characterized by the alternating intensities of the counterpropagating
fields. The oscillations are rather typical for the SRLs [16, 17]. The period 740 is not related to 7z nor
to 7. According to Ref. [21], it depends on the field reflectivity/transmission parameters at the inner
interfaces of the SRL (which are fixed in our simulations) and the cumulative difference Ag = (5+ —
[~) of the propagation factors in the SRL. Due to nonvanishing self- and cross-gain saturation, the
factors 5 and 3~ depend on the CW and CCW field distributions. Thus, in different simulations, the
cumulative difference Ag and, consequently, the alternate oscillation (AO) period 740 are changing.

Impact of the field feedback phase to the LM selection. The phase of the complex optical fields
in the FOF branches is determined by the actual field frequency (or wavelength) and the real parts
of the propagation factors 5*. In general, the variation of gate currents implies thermal (~ ¢rI) and
electronic (~ ayg(N)) changes of this phase. For a better understanding of the phase tuning effect,
in what follows we will fix all bias currents and redefine the detuning factor d, for each j-th FOF
gate in Eq. (6) as 0p = do.st + \Si—im The tuning of ; in the j-th gate implies a shift of the phase
relation of the same directional fields at the beginning and the end of the j-th FOF branch by the factor
@;mod(2m).

Fig. 7 gives an overview of the dynamics in the SRL with an activated second FOF branch. Like in
Fig. 6, the biasing of the second gate implies operation of the device on a related second channel
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LM. The phase tuning @9, however, is a crucial factor determining which second channel LM will
play a dominant role. It determines the relations between the phases of the fields propagating in the
same direction along the ring and the second filtering branch at the interface J, shown in Fig. 4.
For constructive relations, a steady state operation determined by a single second channel LM can
be observed, see, e.g., optical spectra at ps/2m = 0.5 in Fig. 7(c). Changing - induces some
dislocation of these phase relations. It is compensated by some small shift of the lasing frequency (the
related small shift of lasing wavelengths can be seen within the white area around /27 = 0.5 in
Fig. 7(b)). Accordingly, a change takes place in the carrier densities and the optical field profiles in the
ring and FOF branch. At some stage, further corrections of the same state are not possible anymore
(the case of the state annihilation in the saddle-node bifurcation, for example), or the state loses its
stability. In both cases, these bifurcations lead to some new dynamic states determined by another
second channel LM or still by the same second channel LM which is now unstable.
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Figure 7: Simulated performance of the SRL with /z = 150 mA and I, = 80 mA for different phase
tuning factors s. (a) and (b): mean intensities of both directional fields and main lasing wavelengths
of the CW field as functions of (s, respectively. All notations are the same as in Fig. 5(a) and (b).
Gray shading shows the regions where nonstationary, (mainly periodic or quasi-periodic oscillatory)
regimes are observed. Characteristic periods of these states are indicated in panel (a). (c): selected
optical spectra of the CW field for different phases 2. Typical transmission spectra for different FOF
branches are plotted on the top of this panel.

Gray-shaded areas in Figs. 7(a) and (b) indicate regions of 2 where periodic, quasiperiodic or ir-
regular oscillations of the field intensities could be observed. The main periods of these oscillations
are indicated in the panel (a) of this figure, whereas optical spectra of typical representatives of these
regimes are shown in Fig. 7(c). Oscillations with the ring roundtrip time 7r are represented by two
or even more large peaks of LMs (g3 /21 ~ 0.65, 0.7, 0.85, and 0.1). The much slower oscillations
with period 7o ~ 196 ps at o /27 = 0.1 and 0.2 are identifiable by multiple and still distinguishable
equally separated spectral peaks close to one or several LMs. The AO period 740 at @2 /21 ~ 0.65
and 0.94 is, approximately, 5.3 and 5.9 ns. Since the related spectral separations in these cases are
A 0 ~ 1.57 and 1.41 nm, they can be hardly distinguished in the corresponding spectra of Fig. 7(c).
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Large deviations of 740 from the value observed in Fig. 6 (i.e. 2.75 ns) are due to different field distri-
butions and, consequently, to different factors Ag.

Mode analysis [27, 21] of the considered device can give more insight into the origin of different oscil-
latory regimes. We expect that most of these oscillations are due to the beating of different compound
cavity modes. The existence of the mode pair responsible for AOs in more simple ring laser config-
uration was explained in Ref. [21]. The reason for Ty-periodic oscillations in our device could be the
beating between the ring cavity modes and the supplementary modes introduced by the FOF. A com-
plete mode analysis, however, is out of the scope of the present paper and will be reported elsewhere.

SRL with multiple activated branches of the FOF. Previously in this Section, we have demon-
strated the selection of the lasing wavelength by the single activated FOF branch. In Fig. 8 we present
a multicolor operation of the SRL with two or all four activated FOF branches. In all these cases, the
SRL bias current is I = 85 mA.
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Figure 8: Simulated stable multicolor lasing of the SRL with I = 85 mA and the gate currents
(Ih, I, I3, 1) = (29,0, 18,0) mA (above) and (29, 32, 18, 49) mA (below). (a) and (c): optical spec-
tra of the CW emission (black) and transmission spectra for all four FOF branches (colored). (b) and
(d): corresponding time-traces of the CW field after four digital filters centered at 5\1, R A1

Fig. 8(b) confirms the stability of the simulated two-color regime. Two nonvanishing nearly horizontal
curves in this diagram are almost constant time-traces of the CW emission radiated within the first
and the third FOF frequency bands. Since the calculated emission naturally combines all LMs, for
the extraction of the different frequency components of the field we have applied four different digital
(Lorentzian) filters centered at the corresponding FOF peak wavelength .

In the next step, we have additionally adjusted the second and the fourth FOF gate currents to /o =
32mA and I, = 49 mA, respectively. All four FOF branches are opened in this case, see transmission
spectra on the top of Fig. 8(c), and all these branches support their own LM, see four peaks in the
optical spectra in the same figure. The stability of this state (nearly constant evolution of these four
modes) is confirmed again by the panel (d) of the same figure.

DOI 10.20347/WIAS.PREPRINT.2438 Berlin 2017



Semiconductor ring laser with filtered optical feedback 15

It is noteworthy that the LM intensity depends on several factors. These are the field transmission
through the corresponding FOF channel (bias of the corresponding gate); the mode gain in the SRL
(Lorentzian gain peak position for I = 85mA used in our simulations was at A\ = —1.6 nm); the
amount of energy the LM gets from and transfers to the neighboring channel modes due to the FWM
process; and the constructive or destructive relation between the phases of the complex fields in the
ring and the FOF branch at the reinjection position.

State switching. Our next numerical experiment demonstrates switching between two different states,
each supported by one of the FOF gates. Following Ref. [15], we have applied a constant injected cur-
rent /3 = 15 mA at the third gate. We modulate /5 between 10 mA and 25 mA using a 100 MHz NRZ
step-wise modulation (see dash-doted curves in Fig. 9(a)) and keep the remaining gates unpumped.
The main simulation results are summarized in Fig. 9.
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Figure 9: Simulated switching between different states of the SRL with Iz = 95 mA by modulation of
the second gate current. (a): Injected currents [dashed-dotted lines] and mean carrier densities [thick
solid] in the 2nd and 3rd gates. (b): Emitted field intensity in CW [black] and CCW [red] directions. The
inserts show the optical spectra of the CW emission and the corresponding field amplitude transmis-
sion through the different FOF branches before, during, and after the state switching. (c): CW (thick
solid) and CCW (thin dashed) fields after the digital filters centered at Ao (blue) and A3 (cyan). Vertical
thin dotted lines denote the time moments where some processes begin or end.

At the beginning of our simulations, the second gate was pumped with the constant [, = 10 mA.
Compared to the second gate, the pumping and the mean carrier density in the third gate are higher,
see the left part of the panel (a). One of the third channel LMs in this case fully determines the steady-
state lasing of the SRL. This state is represented by the optical spectra in the left insert of the panel
(b) and the initial part of the differently filtered emission in panel (c) of Fig. 9.
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An opposite situation takes place at the last part of the simulations. Here, I = 25 mA, such that the
second gate has the highest mean carrier density and one of the second channel LMs determines the
lasing, see the right insert of panel (b) and the right-most part of panel (c).

In between, we apply a step-wise modulation of the second gate current. Each change of the bias
current implies a large change of the carrier density in the second gate [panel (a)]. This change, in
turn, significantly modifies the thresholds of the second channel LMs and causes the exchange of the
operating states that can be seen in the middle part of Fig. 9(c).

In the considered example, there is around 6 — 7 ns delay between the change of the injected current
and the full change of the operating state, and there are at least two reasons for this delay. The first
reason is the carrier recombination time within the gate to which current modulation is applied. After
the change of pumping some time is needed before the carrier density adapts to this change, and the
gain of the new mode overcomes the gain of the previously dominant one, see, e.g., time intervals
[30, 32] ns or [40, 42] ns indicated by vertical thin dotted lines in Fig. 9. The second reason is an even
longer time needed for the exchange of the field intensity between different LMs. Such a process can
be rather simple and involve only the initial and the final mode, see, e.g., time interval [32, 37| ns
in Fig. 9, or, on the contrary, one can have a more complicated process involving additional modes.
This more complicated case was observed within the time intervals [42,47] ns and [62,67]ns in
Fig. 9. Here, besides the 6ldBecond channel LM and the "new"third channel LM, one has a significant
contribution of the adjacent second channel LM, see the middle insert of Fig. 9(b).

The example above has shown an obviously distinguishable ~100 Mbit/s NRZ current modulation
induced switching between different channel modes. We believe that by an optimization of operating
conditions we can double this rate. For a further increase of this rate, we should find out the mecha-
nisms accelerating the power exchange between different operating modes.

5 Conclusions

In this paper, we have investigated an SRL that uses FOF as wavelength selection and tuning mech-
anism. By comparing experimental and theoretical results, we have demonstrated that the TW mod-
eling approach is well suited for simulation of complex SRL configurations including several filtered
optical feedback branches. In our simulations, we were able to recover and explain different static
and dynamic effects of the considered device. These are asymmetric bidirectional lasing; multimode
operation in the absence of feedback; mode selection by different FOF branches; multicolor lasing
where lasing frequencies correspond to selected FOF branches; switching between operating states
when tuning the SRL bias current or modulating current at the gate. We have also discussed different
model parameters which are crucial when preparing the laser for the desired operation, e.g. we have
shown how changes in the feedback phase need to be controlled. We believe that our work provides
a perfect basis for future studies, and, in particular, that it provides some pointers for more detailed
investigations on the different behavior of SRLs.
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