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Optical Injection Locking of Longitudinal Modes in a
Discrete Mode Laser: Application in Gain-Switched
Optical Frequency Combs

Ana Quirce

Abstract—A detailed experimental study of the effect of external
optical injection (OI) on a single-mode discrete mode laser (DML)
when the wavelength of the Ol is far from that of the solitary DML
is presented. We show that the situation observed in Fabry Pérot
lasers by Jain et al. extends to single-mode DMLs since injection
locking of many longitudinal modes of the device is obtained, giving
rise to a wavelength tunability larger than 37 nm. We show that the
injection locking range is minimum when injecting close to the lon-
gitudinal mode that appears in the free-running DML (g = 0). We
present the observed nonlinear dynamics of the laser when subject
to OI with a wavelength close to a longitudinal mode with g # 0
and in particular, we show that OI induces dynamics simultane-
ously in several longitudinal modes. Different nonlinear dynamics
are observed for positive and negative frequency detunings with
respect to the injected mode. We also investigate the effect of OI
in optical frequency combs (OFCs) generated by gain-switching
the DML in a very wide range of wavelengths of the OI. We show
that wavelength tunable injection-locked OFCs are obtained with
quasi-continuous wavelength tunability larger than 37 nm.

Index Terms—Gain switching, injection locking, longitudinal
modes, optical frequency comb generator, optical injection,
semiconductor lasers.

1. INTRODUCTION

INGLE-MODE semiconductor lasers have found wide ap-
S plication in optical communications, sensing, metrology,
and spectroscopy. The discrete mode laser (DML), in which a
small number of refractive index perturbations are introduced
in a Fabry-Pérot laser cavity, offers a simple regrowth free path
to single-mode laser operation [1], [2], [3], [4], [5], [6], [7],
[8], [9]. DMLs advantages include narrow linewidth [4], and
robustness against feedback [10]. The usual DMLs are 1.3 and
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1.55 pm wavelength InGaAsP devices. Index-patterned nitride
lasers can stand out in terms of single mode operation [11]. Also
silicon-photonics integrated lasers have been obtained using the
index-patterned concept [12].

Optical injection of laser light (OI) in semiconductor lasers
has been studied for many years [13], [14], [15]. Optical injec-
tion locking can improve the laser emission characteristics by
enhancing the intrinsic modulation frequency response and by
reducing the noise and the frequency chirp [14]. Ol in continuous
wave (CW) single-mode lasers is also of interest because it in-
duces a wide variety of nonlinear dynamical regimes, including
four-wave mixing, periodic and chaotic behaviours and injection
locking [14].

Semiconductor lasers can also be used to generate Optical
Frequency Combs (OFCs). These are coherent light sources
consisting of a series of evenly spaced and coherent dis-
crete spectral components. OFCs find applications in frequency
metrology, high accuracy spectroscopy [16], high-speed op-
tical communications [17], [18], [19], optical ranging [20],
gas-sensing [21], [22], and optical arbitrary waveform gener-
ation [23]. Advantages of generating OFCs with laser diodes
include small footprint, high efficiency, and low cost. Several
approaches have been used to generate OFCs in semicon-
ductor lasers: electro-optic modulation [24], micro-ring res-
onators [25], mode-locking [26], and gain switching (GS) [27].
The GS technique consists of the application of a periodic
radio-frequency (RF) large signal modulation superimposed to
a direct bias current. Considerable attention has been paid to
GS-OFCs [18], [19], [27], [28], [29], [30], [31], [32], [33], [34],
[351, [36], [37], [38], [39], [40] since they have additional ad-
vantages like easy implementation, low losses, flexibility in the
selection of the frequency spacing, compactness, and low energy
consumption [27]. Applications of OFCs generated by GS in-
clude multi-carrier optical communications [17], [18], [41], [42],
[43], sub-THz generation [44], radio-over-fiber [19], low noise
microwave generation [45] and absorption spectroscopy [35],
[36], [46].

The effect of OI from a CW laser (ML) into GS-OFCs of
single-mode lasers has also been analyzed. In this case OI
can improve the spectral characteristics of the OFCs when
performed under specific injection conditions. For instance,
OI can transform a broad noisy optical spectrum from a GS
single-mode laser into a high quality OFC [27], [37]. Also
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Fig. 1. (a) Experimental setup for performing optical injection in GS opera-

tion. ML: master laser, DML: discrete mode laser, PC: polarization controller,
PM: power meter, PBS: polarization beam splitter, BOSA: Brillouin optical
spectrum analyzer, (b) Power-current Characteristics, (c) Voltage-current Char-
acteristics, and (d) Optical spectrum at Ip;,s= 30 mA.

significant reduction of the linewidth of individual comb lines is
obtained when using a narrow linewidth primary laser, because
this low linewidth is transferred to the OFC lines [32], [37],
[47]. It has also been shown that the locking range for GS lasers
is considerably greater than that corresponding to CW lasers
because the OFC can be locked by injecting close to several of the
central lines of the comb [32], [48]. Detrimental characteristics
like timing jitter, small values of carrier-to-noise ratio (CNR),
small pulse-to-pulse phase correlation, and RIN, can also be
improved by using appropriate OI [27], [29], [31], [32], [39],
[49], [50].

Most of the above mentioned works concern of the effect of
external OI with a wavelength close to that of the longitudinal
mode of the solitary single-mode laser. This situation also holds
in the experimental and theoretical analysis of the nonlinear
dynamics of single-mode laser diodes subject to OI [14]. Also
the effect of Ol in GS-OFCs has usually been analyzed when the
wavelength of the injecting laser is close to one of the lines of the
comb generated around that longitudinal mode [27], [38], [39],
[48]. Most of these investigations have been performed using
single-mode lasers like Distributed Feedback Lasers (DFBs)
or DMLs. However, multi-mode lasers have also been recently
considered in an experimental investigation of the effect of OI
in gain-switched Fabry-Pérot (FP) semiconductor laser [40]. In
this work wavelength tunable optical frequency comb generation
was demonstrated with a very wide wavelength tunable-range:
a quasi-continuous wavelength tunability of 31 nm was demon-
strated [40]. This wide tunability is due to the excitation of
the different longitudinal modes of the FP laser due to the
external OI.

In this article we experimentally study the effect of external
OI in a single-mode DML when the injecting wavelength is
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far from that of the solitary DML. We show that the situation
observed in FP lasers [40], extends to single-mode DMLs since
injection locking of many longitudinal modes of the device can
be obtained, giving rise to a wavelength tunability range larger
than 37 nm. The advantage of using DMLs is that off-the-shelf
devices are high-frequency connectorized. In contrast, off-the-
shelf FP lasers are not usually high-frequency connectorized al-
though some commercial devices reach high frequency response
up to 25 GHz [40]. We describe the nonlinear dynamics of the
DML laser when subject to OI with a wavelength close to a
longitudinal mode different from that observed in the solitary
laser. We also analyze the effect of OI in OFCs generated by
gain-switching DMLs over a very wide range of injected wave-
lengths. We show that wavelength tunable OFCs generation are
obtained with a quasi-continuous wavelength tunability larger
than 37 nm.

The paper is organized as follows. In Section II we describe
the experimental set-up. Section III is devoted to the description
of the effect of OI on the CW-DML. In Section IV we analyze
the nonlinear dynamics of the DML far from the longitudinal
mode of the solitary DML. Section V is devoted to the effect of
OI on GS-OFCs generated in the DML. Finally, in Section VI
we discuss and summarize our results.

II. EXPERIMENTAL TECHNIQUES

In this section a 10 GHz-bandwidth DML (Eblana Photon-
ics EP1550-0-DM-H19-FM) emitting at a wavelength close
to 1550 nm is subject to CW-OI by using the setup shown
in Fig. 1(a). The DML is a multi-quantum well device in a
ridge waveguide with index perturbations, in order to allow
single-mode operation [51]. The device is packaged in a 7-pin
butterfly with high frequency input connectors and does not
have a built-in optical isolator in order to allow external optical
injection. The CW bias current, .5, and the temperature of the
DML were controlled with a laser driver and a temperature con-
troller (Luzwavelabs LDC/E-Current200 and LDC/E-Temp3),
respectively. The temperature of the DML was held constant at
15 °C. Atthis temperature the threshold current of the DML s I,
= 12.3 mA. Power-current and voltage-current characteristics
are shown in Fig. 1(b) and (c), respectively. The bias injection
current was set at Ip;,s = 30 mA, for which the relaxation
oscillation frequency is 6.3 GHz. The optical spectrum at that
current is shown in Fig. 1(d). The GS operation of the DML
considered in Section V is obtained by the superposition, via
a bias-tee, of 5,45 and a sinusoidal modulation current at fr
= 5 GHz frequency provided by an RF generator (Keysight
N5173B).

Light from a tunable laser (Pure Photonics PPCL300), with
a narrow linewidth (75 kHz), was injected into the DML via an
optical circulator. At the output of the master laser an optical
isolator is included to avoid optical feedback in the device.
A polarization controller (PC1) was used for maximizing the
power injected into the DML. The amount of light injected into
the DML was controlled by a variable optical attenuator. The
second port of the circulator is connected to a 90/10 fiber coupler.
The 90% branch is connected to the DML. The 10% branch is
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connected to a power meter to monitor the injected power. The
optical injection is characterized by its strength, given by the
value of the power measured in front of the DML, P;, and by
its optical wavelength (frequency), A; (v;). The output of the
DML is analyzed by connecting the third port of the circulator
to a second PC (PC2) and a 50/50 coupler. A polarization beam
splitter (PBS) and two power meters are included to perform
the maximization process of the power injected into the DML,
ensuring in this way that the polarizations of both the DML
and the injected light coincide. The optical spectrum of the
DML is measured with a high-resolution (10 MHz) Brillouin
optical spectrum analyser (BOSA) (Aragon Photonics BOSA
210). The emission wavelength (frequency) of the DML with
no optical injection is Ag =1546.001 nm (1o = 194.049 THz) at
Iias = 30 mA. The frequency separation between consecutive
longitudinal modes is 0v = 156.14 GHz that corresponds to a
wavelength separation of A = cdv/vg = 1.244 nm. The optical
frequency of the g—longitudinal mode of the DML is v, =
vy — qdv, where ¢ is an integer. The corresponding wavelength
is A, = c¢/v,, that can be approximated by A, = Ao + gdA,
providing that gdv /vy << 1. Since for large values of ¢ the error
of the previous approximation can be appreciable (for instance,
X5 — A1 = 0.228 nm) we will define the wavelength detuning
using A,. In this way the wavelength (frequency) detuning
between the optical injection and the g—longitudinal mode of
the DML is given by Al, = &; — A (Avy = v; — 1g).

III. EFFECT OF THE OPTICAL INJECTION ON THE CW-DML

In our first experiment we fix the OI wavelength to A; =
1541.050 nm and change the attenuation level in order to in-
crease P;. The wavelength (frequency) detuning with respect to
the ¢ = —4 longitudinal mode is AA_4 = 0.009 nm (Av_4 =
—1.1 GHz). Fig. 2 shows the optical spectra obtained for six
different values of P;. When P; is very small the spectrum is
mainly composed of two lines appearing at A; and Aq, as can be
seen in Fig. 2(a). Fig. 2(b) shows that the strength of the peak
at A, increases as P; is increased. Also, increasing P; induces a
larger amount of stimulated recombination of carriers, and hence
a smaller carrier density. In this way the refractive index and the
wavelength of the ¢ = 0 mode in the presence of injection, A,
increase with P; (A; = 1546.016 nm in Fig. 2(b)). A small peak
also appears at a wavelength close to 1551 nm. The origin of this
peak is now discussed when considering a larger value of P;, as
shown in Fig. 2(c). In this Figure an extra peak also appears
at a 1536.127 nm wavelength. The optical frequencies of the
peaks, from left torightin Fig. 2(c), are 195.2964, v; =194.6725,
v, =194.0470 and 193.4225 THz. The frequency difference
between consecutive lines is nearly constant, around 0.6245
THz, so the previous frequencies appears at 2v; — 1/6, Vi, 1/6,
and 2v), — v;, respectively. In this way there is beating between
lines that indicates that there is some coherence between the
spectral lines. The frequency (wavelength) separation between
consecutive lines is 0.6245 THz (~4.96 nm) that is very close
to 49v (491). This suggests that the four lines correspond to
the excitation of ¢ = —8, —4, 0, and ¢ = 4 longitudinal modes.
This is confirmed when assuming that the wavelength shift of the
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Fig. 2. Optical spectra at Av_4 = —1.1 GHz for (a) P; = 7.3 nW, (b)
P; = 2.6 uW, (c) P; =348 uW, (d) P; = 84.9 uW, (e) P; = 106.9 W, and
(f) P; = 268.6 uW. The injection wavelength is indicated with an arrow.

longitudinal modes when increasing P; is similar to that mea-
sured for the ¢ =0 mode. When doing this, the detuning
frequency in the presence of the optical injection, Av' , =
v; —v',,is 0.9, 1, 1.3, and 5.2 GHz for Fig. 2(b), (c), (d), and
(e), respectively. This indicates that the appreciable excitation
of the ¢ = —8 and ¢ = 4 longitudinal modes occurs when v; is
close to v/, (see Fig. 2(d)) and begins to disappear as v; moves
away from v/, (see Fig. 2(e)). Fig. 2(f) shows that for large
values of P; the DML is locked to the optical injection as only
the peak at A; appears in the spectrum.

We now analyze if the locking situation illustrated in Fig. 2(f)
extends to longitudinal modes with large values of | ¢ |. In order
to do this we increase the injected power P; to 8.2 mW. Fig. 3
shows several optical spectra obtained for different ¢ for which
injection locking is observed. This locking is observed for all
longitudinal modes with ¢ between —15 and 15. We can not
observe locking beyond those values since the wavelengths are
beyond the wavelength range that can be measured with our
optical spectrum analyzer. These results indicate that injection
locking can be obtained in a wavelength range of 37.5 nm (and
likely larger).

While phase locking is obtained around each longitudinal
mode, there are also regions of unlocked and dynamical be-
haviour. For the conditions of Fig. 3, phase-locking is observed
for a significant range - around 45% of the 37.5 nm. This per-
centage is expected to increase as P; increases. The wavelength
range around each mode over which locking is observed is not
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symmetric. Some examples with positive and negative values of
Al are illustrated in Fig. 3. Experimental and theoretical anal-
ysis have shown that the locking range is larger for positive AXg
than for negative Aig [14]. We now extend these analysis for
values of ¢ # 0. We define (Amin, Amax) as the interval in which
the locking is observed around A,. We show in Fig. 4 the values
of Aq — Amin and Ayax — A4 as a function of the wavelength (or
as a function of ¢ in the upper axis). These results show that the
locking range for positive AXg, Amax — Ag, is larger than the
range for negative Ady, Ay — Amin, With the only exception of
g = 2. The range for positive A\, remains constant with ¢ with
the exception of ¢ = 0, 1, and 2 in which there are small relative
minimum, maximum and minimum, respectively. The range for
negative A), has a minimum, maximum and minimum, when
q = 0,2, and 3, respectively. This range increases (decreases)
with the wavelength for ¢ < —2 (¢ > 4). The total injection
locking range, Aax — Amin, 1S Obtained by adding the previous
two ranges, Amax — Aq and A, — Apin, and is also plotted in
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Fig. 4. The total locking range has a clear minimum at ¢ = 0
(0.45 nm, 56.2 GHz) since both, 1, — A;in and A0 — A4 have
also a minimum at ¢ = 0. The maximum locking range appears
for ¢ = 2 (0.62 nm, 77.6 GHz) due to the clear maximum of
Ag — Amin at that ¢ value. Results in Fig. 4 indicate that the
most analyzed case in the literature, ¢ = 0, is precisely the case
in which the injection locking range is minimum.

IV. NONLINEAR DYNAMICS OF THE CW-DML SUBJECT TO OI
FAR FROM THE FREE-RUNNING LONGITUDINAL MODE

In this section we analyze the nonlinear dynamics of the
DML when injecting close to a longitudinal mode different
from the mode emitted by the solitary laser (¢ = 0). We first
analyze the case in which the frequency detuning with respect
to the longitudinal mode is negative. In this way we fix the OI
wavelength to A; = 1544.8 nm, close to A_;, and change the
attenuation level in order to increase P;. The frequency detun-
ing with respect to the ¢ = —1 longitudinal mode is Av_; =
—5.2 GHz (AX_; = 0.042 nm). While in Fig. 2 the attenuation
step was 1 dB, now the attenuation step is 0.1 dB in order to
appreciate the transitions between different nonlinear dynamics
of the system. Fig. 5 shows the optical spectrum obtained for six
different values of P;.

Fig. 5(a) shows that when P; is small a peak at A; begins to
emerge, similarly to Fig. 2(a). A zoom around Xy (not shown)
reveals that small satellite peaks at both sides of the large peak
appear at £6.3 GHz, corresponding to the relaxation oscillation
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frequency. Several peaks with wavelengths close to those of the
q = —2,—1,0, and 1 longitudinal modes are excited when P;
is increased to 84.9 uW, as illustrated in Fig. 5(b). Zooms of
Fig. 5(b) around ¢ = —1 and ¢ = 0 modes are shown in Fig. 6(a)
and (b), respectively. The wavelengths of the longitudinal modes
of the solitary laser, A_; and X are also indicated with vertical
dashed lines. The wavelength redshift due to Ol is well illustrated
in Fig. 6(a) and (b) since 2" ; and A, are around 0.01 nm longer
than A_; and Ag, respectively. Fig. 6(b) shows that the satellite
peaks no longer appear at £0.048 nm (£6.3 GHz) distance from
Ap butat smaller distance +0.36 nm (+4.5 GHz) that is precisely
the wavelength difference shown in Fig. 6(a), A; — A’ ;. Fig. 5(c)
and its corresponding zooms in Fig. 6(c) and (d) show that
multiple peaks appear in the spectrum close to the ¢ = —1
and ¢ = 0 modes when P; increases. Consecutive peaks are
separated by 3.4 GHz, both in Fig. 6(c) and (d). Fig. 6(c) shows
that the wavelength resonance approaches A; because P; has
increased. This leads to the excitation of the ¢ = —1 longitudinal
mode at A’ ; accompanied by the appearance of another five
lines with a constant separation between them of 3.4 GHz. The
spectrum around A(, shown in Fig. 6(d) is similar to that shown
in Fig. 6(c) also with a separation between consecutive peaks of
3.4 GHz. In this way the beating between the optical injection
and the ¢ = —1 mode causes a similar oscillation in the ¢ = 0
mode.

Fig. 5(d) shows that increasing the value of P; leads to a
smaller separation (2.25 GHz) between A; and A’ ; with the
appearance of much more peaks around A; and with a more
irregular structure that translates also to the spectrum around
Ag- In Fig. 5(e) the above mentioned separation is just 1 GHz
and the spectrum around both modes is irregular showing a broad
pedestal. Increasing slightly P; with respect to Fig. 5(e) leads to
a sudden transition to the locked state as illustrated in Fig. 5(f).

Fig. 7 shows the optical spectra obtained for a positive fre-
quency detuning with respect to the ¢ = —1 longitudinal mode.
These are obtained for A; = 1544.71 nm, for which Av_; =
6.1 GHz (AA_1 = —0.048 nm) and several values of P;. When
P; is very small a weak peak at A; appears as shown in Fig. 7(a).
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As P; increases that peak significantly increases and a tiny peak
corresponding to A" ; begins to appear, as shown in Fig. 7(b) and
(c). The wavelength of that peak increases with P; as expected
(1544.78 nm and 1544.785 nmin Fig. 7(b) and (c), respectively).
The magnitude of the peak at A’ ; is so small that is not able
to induce any observable dynamics in the ¢ = 0 mode. That
dynamics is observed in Fig. 7(d), corresponding to a substantial
increase of P;. In this figure A" ; = 1544.797 nm for which
Av'; = 11.6 GHz. In this case the peak at A’ ; and satellite
peaks around X;, separated by 11.6 GHz, are excited. Periodic
dynamics with 11.6 GHz repetition frequency are then observed
in both longitudinal modes although the magnitude of the peak at
Ay has significantly decreased with respect to Fig. 7(c). Fig. 7(e)
and (f) shows that increasing P; leads to the disappearance of the
emission of the ¢ = 0 mode until complete locking is obtained.

V. EFFECT OF THE OPTICAL INJECTION ON THE GS-OFC
GENERATED IN THE DML

In this section we analyze the effect of the optical injection in
OFCs generated by gain-switching our DML. We consider the
strong injection conditions of Fig. 3 for which we have obtained
a very wide locking range, more than 37 nm. Similar strong
injection conditions (13.5 dBm power emitted by the tunable
laser, like in our case) were considered for a gain-switched
FP laser for which a quasi-continuous wavelength tunability
of 31 nm was shown [40]. We apply a sinusoidal modulation
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current with a repetition frequency of fr =5 GHz, a modulation
voltage, Vrr = 1.1V, and Ij;4s = 30 mA. Fig. 8(a) shows the
optical spectrum of the free-running GS-DML. This spectrum
corresponds to an OFC in which the frequency separation be-
tween consecutive lines is 5 GHz. The laser is not completely
switched-off between pulses in such a way that temporal co-
herence is preserved and an OFC is formed. A good-quality
OFC is formed with a relatively small value of Vrp since we
have chosen a small value of I4;,s [39]. In the rest of spectra
of Fig. 8 we show the results obtained when optical injection
is applied under the same conditions considered in Fig. 3. We
obtain locked OFCs for all the longitudinal modes for which we
observed locking under CW-operation of the DML. In all the
spectra the line with maximum strength appears at A,;. Another
indication of locking operation is the signal level between lines
that is of the order of the noise floor of our spectrum analyzer.
The carrier to noise ratios [39] of optical spectra in Fig. 8(b)—(f)
are much larger than that of Fig. 8(a) indicating phase correlation
of the emitted pulses, good pulse-to-pulse phase stability, and
a significant reduction in the linewidth (the linewidth of our
tunable laser, 75 kHz, is much smaller than the linewidth of the
DML). Another characteristic of our locked OFCs is that the
spectral width of the comb is smaller than that of the solitary
laser. This has also been observed when injecting with high
strength close to the ¢ = 0 mode in a DML (see for instance

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 42, NO. 10, MAY 15, 2024

Fig. 3 in [48]). Summarizing, our results show that injection
locked gain-switched OFCs are obtained in DMLs with a quasi-
continuous wavelength tunability of more than 37 nm [40].

VI. DISCUSSION AND CONCLUSIONS

Optical injection experiments in single-mode semiconductor
lasers have been mainly focused on DFB devices in which the
injected wavelength is close to that of the free-running longitu-
dinal mode. Under these conditions the results are very similar
to those obtained with DMLs. However we would expect very
different results for both devices when considering OI far from
the free-running mode due to the very different dependence of
the photon lifetime on the wavelength. In DFB and DML devices
the photon lifetime has a maximum close to the free-running
longitudinal mode wavelength, ¢ = 0, [9], [52]. However while
the photon lifetime remains constant for modes with ¢ # 0 in
DMLs [9], there is a monotonous decrease of that value as
| ¢ | increases in DFBs [52]. This is the reason why we would
not expect to observe injection locking of longitudinal modes
with ¢ # 0 in DFBs. We also note that the photon lifetime
is constant for all modes in Fabry-Perot lasers and therefore
injection locking of longitudinal modes with large values of | ¢ |
are observed [40] like in our case.

In our experiment the range of wavelengths in which injection
locking has been observed is limited by the wavelength span of
our optical spectrum analyzer. We would expect that this range
is larger and would be limited by the width of the gain spectrum.
In fact, very recently a 60 nm tunable slotted Fabry-Perot laser
has been demonstrated [53].

To summarize, we have reported measurements of the effect
of the optical injection on a single longitudinal mode DML when
the injected wavelength is far from that of the solitary device. We
have shown that injection locking of many longitudinal modes
is obtained in a very wide wavelength range (larger than 37 nm),
similarly to Fabry Perot lasers [40], and limited by our measure-
ment equipment. We have found that the injection locking range
is minimum when injecting around the free-running mode of the
DML. We have presented the nonlinear dynamics of the DML
when the injected wavelength is close to a longitudinal mode dif-
ferent from the free-running mode. We have shown that different
dynamics simultaneously appear in several modes depending
on the sign of the frequency detuning, a feature that cannot
arise in the conventional injection of the central, free-running
lasing mode. Finally, we have shown that wavelength tunable
injection-locked optical frequency combs are obtained with a
free spectral range of 5 GHz and quasi-continuous wavelength
tunability larger than 37 nm.
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