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Abstract—We experimentally investigate different dy-
namical scenarios of a dual-beam optically injected semi-
conductor laser. The dynamical scenarios are differenti-
ated by determining whether the nonlinear dynamics in-
duced with each single beam alone is preserved (P), shifted
(S), suppressed (S”) or if injection locking has occurred
(L). Dynamical scenarios of PP, PS, SP, SS, S’S’, LS’, S’L
and LL are identified in the mappings under the injection
strengths domain and the detuning frequencies domain, re-
spectively. Transitions among different dynamical scenar-
ios are also shown through comparing the oscillation fre-
quencies of the slave laser subject to single-beam and dual-
beam injections.

1. Introduction

Optically injected semiconductor lasers have been
widely investigated in recent years. Rich nonlinear dynam-
ics such as stable locking, periodic oscillations, and chaotic
oscillation can be found by altering the injection strength
and the detuning frequency between the maser laser and
the slave laser [1]. Each nonlinear dynamics has its own
potentials in different applications. For example, the stable
locking phenomenon under strong injection strength can
enhance the microwave modulation bandwidth [2]. The
period one (P1) state with dual-frequencies can be used as
the light source of the Doppler velocimeter to reduce the
speckle effect in detection [3]. The chaotic oscillation with
broad bandwidth can be used as the light source of the lidar
to eliminate the ambiguity [4].

The nonlinear dynamics of an optically injected semi-
conductor laser will become more complicated when it is
injected by more than one optical beams [5]. Torger €t al.
studied a single-mode diode laser subject to external lights
injection from several lasers [6]. Al-Hosiny et al. found
a secondary locking region [7] and the tailoring enhanced
chaos [8] in a two beam injected laser diode sequentially.
Recently, Li et al. used the medium-gain model to ex-
plain the frequency-pushing effect in a dual-beam injected
laser diode [9]. In order to address the competitions of the
dynamics in a dual-beam optically injected semiconductor
laser, Qi and Liu theoretically identified the dynamical sce-
narios [10].

In this paper, we experimentally investigate the dynam-
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Fig. 1 Experimental setup of the dual-beam optical injec-
tion system. Att: attenuator, PC: polariztion controller,
PM: polarization-maintaining, FC: fiber coupler, M: mir-
ror, 1SO: isolator, HWP: half-wave plate, PBS: polarizing
beam splitter, FR: Faraday rotator, OSA: optical spectrum
analyzer, MSA: microwave spectrum analyzer, A: elec-
tronic amplifier PD: photodetector.

ical scenarios of a dual-beam optically injected semicon-
ductor laser. The experimental setup and the operation con-
ditions are shown in the next section. Following is the ex-
perimental results including the optical and electrical spec-
tra of different scenarios, the mappings, and the transition
among scenarios. The final section is the conclusions.

2. Experimental Setup

Figure 1 shows the experimental setup of the dual-beam
optical injection system. Two tunable lasers (Yenista,
Tunics-T100S, O-band) are used as the master lasers, ML 1
and ML,. A distributed-feedback (DFB) semiconductor
laser (CYOPTICS, TO293BU-ADZ) is used as the slave
laser, SL. The temperature and injection current of the SL
are adjusted by a current-temperature controller (Newport,
8008). The wavelength of the SL is Ag = 1309.029 nm,
which is controlled by the temperature of the SL with a ra-
tio of 0.08 nm/K. The injection current of the SL is 10 mA
(1.21¢).

The injection strengths (defined as the ratio of the laser
field amplitude between master lasers and slave laser)
of ML; and ML, are adjusted by the attenuators. The
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wavelengths and output powers of two injected beams are
monitored from the 5 percent ports of two polarization-
maintaining couplers (95:5). In order to confirm the ra-
tio of these two beams injected into the SL, they are com-
bined by another polarization-maintaining coupler (50:50).
The combined dual-beam is coupled to free space and in-
jected into the SL through a free space circulator. An
isolator is used to confirm the unidirectional optical in-
jection. The output of the SL is coupled into the fiber
and divided into two parts. One part is sent to the opti-
cal spectrum analyzer (ADVANTEST, Q8384); the other
part is detected by a photodetector (Discovery Semicon-
ductor, DSC30S). The converted electronic signal from
the photodetector is amplified by an electronic amplifier
(MITEC, AFS5-00102000-30-10P-6) and sent to the mi-
crowave spectrum analyzer (Agilent, E4407B).

3. Experimental Results and Discussions

3.1. Scenariosof thenonlinear dynamics

For a traditional optical injection system, the carrier den-
sity in the SL will be depleted by the injected light. This in-
duces the red-shift in the frequency of free-running laser of
the SL. The amount of the frequency shift of the SL can be
described as Afgyist = aGNAN/2, where o is the linewidth
enhancement factor, Gy is the differential gain, and N is
the carrier density. Hence, the oscillation frequency of the
SL is given by 3" = |f — Afgif;|, where f is the de-
tuning frequency between the ML and the SL. The oscilla-
tion frequency is one of the characteristics of the nonlinear
dynamics which depends on the injection strength and the
detuning frequency. In the dual-beam optical injection sys-
tem, the output of the SL has three main frequency lines
in the optical spectra, i.e. vm, from the MLy, vy, from
the MLy, and vg_from the red-shift of the SL. In this case,
there are two oscillation frequencies: fduaJ is the beat fre-
quency between vy, and vi, and fﬁé’aj is the beat fre-
guency between vy, and vg . The oscillation frequencies
of the SL subject to dual beam injections (f’{? and %@
are used to compare with those subject to smgle beam in-
jections (fSmgle and fs'”g'e) We define that the dynam-
ics induces with single beam injection is preserved (P) if
(fdual _ fsingle)/fsngle <1%or (fdual sngle)/fsngle <

1%, shifted (S) if (2 — 5‘“9'6)/1‘3'”9'%1%o|r(fdued
frs"zng'e)/fs'"g'e > 1 %, suppressed (S’) if the magnitude of
fauel or %@ is below the noise level of -65 dBm in the
péwer spectrum and locked (L) if the SL is injection locked
with the ML, or ML originally.

Figures 2(a)-2(e) show the optical spectra of scenarios
PP, PS, SS, S°S’, and S’L, respectively. The red line (ML 1)
and the blue line (ML) are the single-beam injections and
the black line is the dual-beam injection. Figures 2(f)-2(j)
are the corresponding power spectra of Figs. 2(a)-2(e). For
Fig. 2(f) (&1, f1, &, f2 = 0.283, 15.06 GHz, 0.4, 20.84
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Fig. 2 (a)-(e) Optical spectra and (f)-(j) their corresponding
power spectra of the scenarios PP, PS, SS, S’S’, and S’L.
Red line (ML;) and blue line (ML) are the single-beam
injections and black line is the dual-beam injection.

GHz), f%@ and f%9 equal to £519 and fs‘”g'e The dy-
namics mduced Wlth each single- beam optlcal injection are
preserved. It is the scenario PP. For Fig. 2(g) (1, f1, &2, fz
=0.456, 15.8 GHz, 0.055, 10.3 GHz), f 4 equalsto fs'ng €

but f%# has a shift from 5. The dynamics induced
with MLl is preserved, whereas the dynamics induced with
ML is shifted. It is the scenario PS. If we increase &; to
0.311 and fix other parameters, both f %@ and f%@ have

shifts from ff‘lng'e and ff‘zng'e. As show in Fig. 2(h), the
dynamics induced with each single-beam optical injection
are shifted. It is the scenario SS. If we increase &, further
to 0.641 and fix other parameters, both f %@ and f%2 de-
crease below the noise level. As shown in F|g 2(i), the cav-
ity resonance frequency of vq is significantly suppressed
due to the draining of the gain in the SL, and the dynamics
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Fig. 3 Mappings of dynamical scenarios under different
(@) injection strengths and (b) detuning frequencies. The
detuning frequencies are fixed at f; = 15.8 GHz and
f, = 10.3 GHz in (a) and the injection strengths are fixed at
£1=0.283and &, =0.4in (b).

of dual-beam optical injection system is dominated by the
beat frequency of f1» = |vmL, — VML, | and its harmonics. It
is the scenario S’S’. If &, is increased over the stable lock-
ing boundary (&, f, = 0.707, 10.3 GHz), 59" does not
exist and can not be used as the reference in determining
the changes between %2 and f'9°. So, the S'L is used
to separate this originally injection-locked scenario from
the previously introduced S’S’ scenario. For the same rea-
son, scenarios LS’ and LL means that the SL is originally
injection-locked by the ML 1 or by both the ML1 and ML,
respectively.

Figures 3(a) shows the mapping of the dynamical sce-
narios as a function of dual-beam injection strengths. The
detuning frequencies of the ML, and ML are fixed at f; =
VML, — Ve = 15.8 GHz and fg = VML, — VoL = 10.3 GHz.
For the left-lower corner region, both of the dual-beam in-
jection strengths are small. The cavity resonant frequency
of the SL does not red-shift (same as the frequency of
free-running laser) due to the dual-beam injections. Hence
both of the oscillation frequencies originally induced with
single-beam injections are preserved in the dual-beam in-
jections. It is scenario PP. When we increase one of
the dual-beam injection strengths, the cavity resonant fre-
quency of the SL start to red-shift. The amount of the shift
is dominated by the stronger beam, so one of the oscillation
frequencies originally induced with single-beam injections

is preserved and the other is shifted. They are scenarios
PS and SP located at lower and left regions, respectively.
When both of the dual-beam injection strengths strong
enough to contribute to the red-shift in the cavity resonant
frequency of the SL, both of the oscillation frequencies
originally induced with single-beam injections are shifted
in the dual-beam injections. It is scenario SS located at the
middle region between scenario PS and SP. Further increas-
ing the dual-beam injection strengths causes the gain drain-
ing in the cavity resonant frequency of the SL, both of the
oscillation frequencies originally induced with single-beam
injections are suppressed in the dual-beam injections. It is
scenario S’S’ located at the right-upper side of scenario SS.
When one or both of the dual-beam injection strengths ex-
ceed the stable locking boundary (£, = 0.883, &, = 0.707),
the oscillation frequencies originally induced with single-
beam injections do not exist. We use the scenarios LS’,
S’L, and LL to separate them from the S’S’ scenario.

Figures 3(b) shows the mapping of the dynamical sce-
narios as a function of dual-beam detuning frequencies.
The injection strengths of the ML1 and ML, are fixed at
&1 =0.283 and &, = 0.4. Because the effect to the SL are
opposite between the injection strengths and the detuning
frequencies, each scenario is located at the opposite posi-
tion between Fig. 3(a) and Fig. 3(b) For example, the sce-
nario PP region is located at the left-lower corner of small
injection strengths in Fig. 3(a) but it is located at the right-
upper corner of large detuning frequencies in Fig. 3(b). In-
stead of abrupt boundaries between the scenarios, the SL
gradually emerges into different scenarios as the controlled
parameters vary.

3.2. Transition among scenarios

The transitions among different scenarios can be found
by observing the oscillation frequencies of SL subject to

dual-beam injection, f%@ and f%@, and single-beam in-

jection, £3"9® and ff‘é”g'e, simultaneously. Figures 4(a)

shows the oscillation frequencies as a function of &; which
is marked as the green dotted line in Fig. 3(a). The other
parameters are &, = 0.197, f; = 15.8 GHz, and f, =10.3
GHz. For & < 0.141, T3 deviates from £, but £
coincides with frf‘zng'e, which is the scenario SP. When &;
increases over 0.141, f%@ starts to depart from 9.
A transition from scenario SP to scenario SS is occurred.
When &; increases to 0.735, f 4@ closesto f'9°. A transi-
tion from scenario SS to scenario PS is occurred. When &1
increases over 0.796, both f%@ and f&%@ disappear. The
SL goes into the scenario S’S’. 7

Figures 4(b) shows the resonance frequencies as a func-
tion of f, which is marked as the green dotted line in
Fig. 3(b). The other parameters are &; = 0.283, £, = 0.4,
and f; = 15.06 GHz. In the regions of 12 GHz < f) <
13.13 GHz and 19.6 GHz < f; < 21 GHz, %@ coincides

with ff‘é”g'e. It means the dynamics induced with ML is
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Fig. 4 Oscillation frequencies of the SL subject to single-
beam and dual-beam injections when (a) £; and (b) f, vary.
The injection parameters used in (a) and (b) are chosen to
represent the green dotted lines marked in Figs. 3(a) and
(b), respectively, where the transitions among different sce-
narios are traced.

preserved (P). Inthe region of 13.13 GHz < f; < 19.6 GHz,
fdual deviates from 9. It means the dynamics induced
by ML is shift (S). For the same reason, the dynamics in-
duced by ML is preserved (P) in the region of 17.68 GHz
< fp < 21 GHz, but is suppressed (S) in the region of 12
GHz < f, < 17.68 GHz. Combining the preserved and
shifted regions of ML 3 and ML, we can find the scenarios
SP, SS, PS, and PP with the transition points of f, = 13.13
GHz, 17.68 GHz, and 19.6 GHz, respectively.

4. Conclusions

In this work, we experimentally study the dynamical
scenarios of a dual-beam optically injected semiconduc-
tor laser. The nonlinear dynamics of the SL induced with
single-beam optical injection can be preserved, shifted,
suppressed or originally locked when another beam is in-
jected into the SL simultaneously. Scenarios PP, PS, SP,
SS,S’S’, S’L, LS, and LL are defined and the mappings of
these scenarios in the parameter space are plotted. Transi-
tions among different scenarios are investigated by observ-
ing the changes of the oscillation frequencies of SL under
dual-beam injection and single-beam injection.
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