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We numerically investigate the influence of an integrated filtered optical feedback on the behavior of
a semiconductor ring laser subject to external optical injection. The optical injection is spectrally
directed at one of the non-lasing longitudinal modes of the laser. This so-called side-mode injection
can cause wavelength switching, directional switching, and changes in the dynamical regime of the
semiconductor ring laser. Such changes are often unwanted as they can affect the stability and the
performance of the semiconductor ring laser. We investigate to what extent these undesired effects
can be avoided by stabilizing the laser using on-chip filtered feedback. A two-directional mode
model is used to investigate the dynamical behavior of the semiconductor ring laser under the simul-
taneous effect of the external optical injection and the integrated feedback. The results show that on-
chip filtered optical feedback can be used to reduce the sensitivity of the semiconductor ring laser to
external optical injection. Published by AIP Publishing. https://doi.org/10.1063/1.5046073

l. INTRODUCTION

It is well known that semiconductor lasers are very sen-
sitive to external optical injection (OI)." OI can be useful for
mode locking,” linewidth narrowing and chirp reduction,’
cryptographic  applications,” and for optical switching
applications.’

The frequency of the injected signal of the master laser
(ML) can be close to the frequency of the free-running lasing
mode of the slave laser (SL) to achieve what is called intra-
modal injection locking. This intramodal injection has been
used, e.g., to enhance the modulation bandwidth of semicon-
ductor lasers.®® Another type of optical injection is called
sidemode (intermodal) injection which occurs when the light
of the ML is injected close to a nonlasing longitudinal side-
mode. This type of optical injection has been used to
measure the semiconductor laser gain spectra’ and to
enhance the stable locking range.'®

Sometimes, a part of light of one laser is coupled unin-
tentionally to a second laser. This undesired injection can be
difficult to avoid in integrated optical networks with many
different semiconductor lasers all placed on the same chip.
It can happen that light from one integrated laser is slightly
reflected or scattered from other integrated components. The
light can then follow an unexpected path through the optical
network and be coupled to another integrated laser. This
undesired injection can then change the operating wavelength
of this second laser or even destabilise its behavior.'""'* As a
result, the entire operation of the optical chip can be
compromised.

One way to avoid these effects of OI is by using an
optical isolator. Several approaches have been proposed to
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achieve on-chip isolation.'>™1? However, such isolators intro-
duce an additional cost and implementing them can be chal-
lenging'®'” as the on-chip integration of magneto-optic
materials, needed to make an optical isolator, is difficult.

Another approach that has been suggested to control the
output of semiconductor lasers and to make them less sensi-
tive to external perturbations is the use of filtered optical
feedback.'® In that case, only short feedback lengths are
needed, which makes it possible to integrate the filtered feed-
back on the laser chip resulting in a compact and low-cost
approach. Such an integrated optical feedback (IOF) has, for
example, been used to tune the emission wavelength of
Fabry-Perot lasers:'® a particular longitudinal mode can be
selected for lasing by controlling the strength and the phase
of the IOF.

Recently, semiconductor ring lasers (SRLs) have
attracted considerable interest as laser sources in photonic
integrated circuits. These lasers can support lasing in the
clockwise (CW) and counterclockwise (CCW) propagating
modes and it is possible to achieve switching between the
two directions.”® This makes SRLs interesting for some
applications as optical memories®' and random numbers gen-
erators.”? But these SRLs are—similar to other semiconductor
lasers—very sensitive to optical injection,”> > and therefore it
is interesting to investigate schemes that can reduce this sensi-
tivity. Using filtered optical feedback can possibly achieve this
goal and is investigated in detail in this work.

Optical feedback can be integrated with SRLs following
different interconnection schemes, which are illustrated in
Fig. 1. Figure 1(a) shows a schematic of the SRL, while
Fig. 1(b) illustrates the cross-feedback interconnection
scheme: part of the light emitted by the SRL in the CCW
direction is coupled back to the SRL in the CW direction.
Remark that it is of course also possible to implement a

Published by AIP Publishing.
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FIG. 1. (a) Schematic of an integrated SRL with (b) cross and single
IOF using a short waveguide, (c) self and double IOF using a short
waveguide.

cross-feedback configuration in which we couple the CW
mode to the CCW mode. In Fig. 1(c), we schematically illus-
trate the self-feedback scheme in which the CW and CCW
modes are coupled to themselves after passing the IOF path.
The delay time of the IOF paths can be designed anywhere
between approximately a few tens of picoseconds up to
several nanoseconds.”® These limits are imposed on the one
hand by the minimum physical size of the different compo-
nents in the IOF path (such as splitters, filters, semiconductor
optical amplifiers (SOAs), and mirrors) and on the other
hand by the on-chip waveguide losses. Here, we will focus
on short IOF delay lengths because long feedback lengths
are prone to destabilize the laser by introducing delay
dynamics.27 The filter in Figs. 1(b) and 1(c) gives the IOF its
selectivity as it allows the feedback to tune the wavelength of
the SRL. The filtering process can be achieved using distrib-
uted Bragg reflector mirror (DBR)*® or using arrayed wave-
guide gratings (AWGs).”’

An example of an SRL with single cross and filtered
feedback is discussed in Ref. 28, where a monolithically inte-
grated external DBR has been used to provide an IOF tuning
mechanism for the SRL wavelength. The wavelength of the
IOF is controlled by changing the reflectivity of the DBR.
The phase and the strength of the feedback are controlled
using a phase section and a semiconductor optical amplifier,
respectively. The results have shown single mode emission
with a side mode suppression ratio of 30 dB. An integrated
SRL with double and self (filtered) feedback has been intro-
duced in Ref. 29. In this device, the IOF section consists of
two AWGs which are mutually connected via four SOAs
gates. The phase and the strength of the feedback can be con-
trolled using SOA gates. This device has been used to dem-
onstrate digital wavelength tuning and multi-wavelength laser
emission.*~?

In this paper, we investigate an approach to reduce the
undesired effects of external OI on SRLs using on-chip
feedback. We use a two-directional mode rate equation
model to investigate the output of the SRL under the simul-
taneous effect of the filtered IOF and OI. We show that the
output of the SRL is determined according to a competition
between the longitudinal mode (LM) which is enhanced by
the OI and the LM which is enhanced by IOF. We show
that using a sufficiently strong IOF, it is possible to reduce
several effects of the external OI. For example, the
minimum injection strength required for wavelength and
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directional switching is increased when increasing the
IOF strength. This can be achieved without the need for
any external bulky isolators'® or on-chip isolation®* which
are normally used to avoid Ol-induced dynamics. We also
investigate the role of other laser, OI, and IOF parameters,
such as the phase and strength of the IOF and the strength
of the OL

The remainder of the paper is organized as follows. In
Sec. II, we present the model equations describing the SRL,
the IOF, and the OI. Section IIT is devoted to showing the
effect of IOF on the SRL. In Sec. IV, the SRL is investigated
under the simultaneous effect of IOF and OI. At the end of
the paper, some conclusions are drawn.

Il. THEORETICAL MODEL

Several models have been proposed to analyze the
dynamical features of SRLs. These models describe the inter-
play between the two counter-propagating modes and their
effect on the gain medium. In Ref. 35, Sargent suggested a
rate equation model using the intensities of the two modes
taking into account the effect of both self- and cross-
saturation. Another model has been derived by Etrich et al
using the electric field in the two directions.”® A traveling
wave model for SRLs with optical feedback has been pro-
posed by Radziunas.’’ An asymptotic two-dimensional
model has been used to describe the dynamical behavior of
SRLs in Ref. 38. In this work, we use a two-directional
mode rate equation model which takes into account the
effects of backscattering and gain saturation.>*** The evolu-
tion of the electric fields and the carriers are described by the
following equations for two LMs:

EY = k(1 + i) [NGS” — 1]E — (kg + iké)ES”
+mEY(t — e —i AEY, (1

EY" = k(1 +ia)[NG” — 1]E{™ — (kg + k&) ES"
. 1 .
+mME™ (-0 —i AE™ +—E, 2)

m

E;W _ K'(l + lOl) [NG(ztw _ I]ng _ (kd + l-kcc‘cw)Egcw
+ mE5"(t — T)eiez, 3)

—~CCwW

Ey" = k(1 +ia)[NGS — 1]ES™ — (kg + k&) ES”
+ M ES™ (t — 7)€%, “4)

m

n=2
Ty—u-N-nN 3 (Gf,;“|Ean|2 + GEv | ECen 2). (5)
4 m=1
The symbols E7% and E{9" indicate the normalized counter-
propagating fields for LM; and LM,, « is the field decay
rate, « is the linewidth enhancement factor, ¥ is the carrier
inversion decay rate, k; and k. are dissipative and conserva-
tive scattering coefficients, and u is the normalized injection
current. The laser threshold condition corresponds to u=1.
G, and G, are the differential gain functions for m = 1, 2.
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which are given by

Gy = (1= SIEg 1 = ClES ), ©)
G = (1= S|E™P — ClES'P). @)

Here S and C are normalized self and cross gain saturation
coefficients. The subscript “m” is used to identify different
LMs while n represents the total number of LMs. In our
study, we only consider two LMs. We use Lang-Kobayashi
terms to include the IOF in the model,*' by representing the
strength and the phase of the filtered IOF which are applied
to mode “m” by n,, and 8,,, respectively. 7 is the propagation
time in the integrated feedback section. Similar to the models
in Refs. 18, 29, and 33, where the SRLs have mode spacing
around 0.3 nm, we neglect gain saturation between the LMs
as it is expected to be small because the LMs have different
wavelengths. The LMs are thus only coupled through their
common carrier reservoir. In the general case, LM1 and LM2
will not be adjacent LMs and their spectral separation will be
several times larger than 0.3 nm. Such a large spacing will
typically lead to negligible spectral and spatial hole burning.
The parameters of the OI are 7;,, which is the cavity
round-trip time, E} > 0, which is the injected field ampli-
tude, and A, which is the spectral detuning between the
optical frequency of the injected signal and the optical fre-
quency of the LM of the SRL. A detuning A > 0 corre-
sponds to a higher frequency of the injected signal than the
SRL.>* As LM1 and LM2 are well-separated, they only
interact incoherently via the carrier reservoir. This makes the
inclusion of a detuning in the equations of LM, unnecessary.
We choose the IOF in this work to be double and self
feedback, i.e., the CW (CCW) mode is coupled by the IOF
to the CW (CCW) mode. Furthermore, the IOF has been
chosen to be wavelength selective feedback such that it can
be used to favor a particular LM. In Ref. 29, such an IOF
scheme has been fabricated on the same chip as the SRL. It
has been shown experimentally that IOF can tune the

TABLE I. Parameter values of a SRL subject to IOF.

Parameter Symbol Value
Linewidth enhancement factor a 3.5
Self-saturation coefficient S 0.005
Cross-saturation coefficient C 0.01
Dissipative bacskcattering kq 0.2 ns~!
Conservative bacskcattering CW ke 0.88 ns~!
Conservative bacskcattering CCW kv 1.144 ns™!
Photon lifetime Tph 5 ps
Carrier inversion decay rate. ¥ 0.2ns7!
Renormalized injection current u 1.2
Field decay rate K 200 ns~!
The delay time of the IOF T 75 ps
Cavity round-trip time Tin 26.5 ps
Number of the simulated LMs n 2
Strength of IOF T var
Phase of IOF 0,, var

J. Appl. Phys. 124, 133101 (2018)

emission wavelength of the SRL. We choose to inject the
external optical signal in the CCW direction and close to LM;.

lll. SRL SUBJECT TO IOF

We start by showing the effect of the IOF on the output
of the SRL without any OI. We study the effect of the
strength and the phase of the IOF using Eqs. (1)—(5) and by
considering two LMs (n = 2) and by setting the OI parame-
ters to zero (E} = A = 0).

A small asymmetry between the two directional modes
is introduced via the conservative backscattering coefficients
in order to allow us to distinguish between the LMs in the
CW and CCW directions. The values of these coefficients
(see Table I) have been chosen equal to the values in Refs.
18, 29, and 30 which are estimated based on experimental
results. The delay time of the IOF was chosen to be
7 =775 ps. The delay line corresponding to this delay time
can easily be integrated on a chip using waveguides. Similar
delay lines have been fabricated and characterized in Refs.
28, 29, and 42, and they are offered by several foundries via
the Jeppix platform.”> We choose one of the two modes
(LM;) to be supported by feedback while LM; is without
feedback by setting 7, = 6; = 0. The values of the other
parameters are given in Table 1.

A. Effect of the strength of IOF

We calculate the intensities of LM; and LM, in the CW
and the CCW directions when the feedback strength of LM,
is increased from O to 15 ns~! while 6, = 7/2,1i.e., we inves-
tigate the SRL’s behavior when the feedback light arrives
back at the SRL with a shifted phase as compared to the orig-
inal beam phase. We choose this value of the phase (0.57) as
it is in the middle of the two extreme values which are the in
phase value (6, = 0) and the anti-phase value (6; = x).

As can be seen in Fig. 2, when 1, = 0 ns~! both LM,
and LM, have the same intensity in the CW direction and in
the CCW direction, and the SRL’s output is multi-mode. The
difference in the intensity between the CW and the CCW
direction is due to the introduced asymmetry in the backscat-
tering coefficients. By increasing 7,, we notice that the inten-
sity of LM, increases in the two directions while the
intensity of LM; decreases in the two directions. When 7, is
larger than 3 ns~!, LM, dominates while LM, is switched

0.1r7

|EJ?

0.05¢

0 5 1‘0 15
Feedback strength mz[ns!]

FIG. 2. |E| as a function of the strength of IOF while the other parameters
arepu=12,1m =6, =0, 0, = /2, and 7=75 ps.
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FIG. 3. |E|* as a function of the feed-
back phase while the other parameters are
u=12 n=6 =0, n,=10ns"".
(@7=0ps, (b)z="75 ps.
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off. From Fig. 2, it is clear that by using IOF it is possible to
enhance a specific LM in order for it to dominate the output
of the SRL.

B. Effect of the phase of IOF

We also investigate the effect of the phase of the IOF by
applying feedback to one of the two LMs. We choose LM,
to be supported by IOF while LM, is without feedback by
setting 17, = 6, = 0. In our first calculations, we neglect the
delay of the IOF by setting 7 to zero. This is not entirely
correct as the feedback delay of IOF is 75 ps, but we start
with this case to investigate the effect of the phase without
considering the effect of (the phase of) any external cavity
mode (ECM) which can appear due to the delay. We plot the
intensity of both LM;and LM, in the CW and the CCW
directions while we increase the feedback phase of LM, from
0 to 2z. The feedback strength during these calculations is
fixed to 7, = 10ns~! while 17, = Ons~'. As can be seen in
Fig. 3(a), when 6, is in the range [0-z], LM, is dominant for
6, < 0.57, whereas 6, > 0.5z results in LM, being gradu-
ally switched off. When 6, is in the range [7—27], LM, is
switched off for 6, < 1.5z, whereas 6, > 1.5z results in
LM, being gradually increased. When 6, is in the range
[1.6m—27], LM, is dominant while LM; is off.

Next, we repeat the calculations but this time by consid-
ering a realistic value of the delay time of the on-chip feed-
back loop (z = 75 ps). As we can see in Fig. 3(b), when 6,
is in the range [0-z], LM, is dominant for 8, < 0.75r,
whereas 6, > 0.75z result in LM, being gradually switched
off. LM, is switched off when 6, is in the range [7—2x].
These results are similar to the results in Fig. 3(a) but the
ranges of 6, where LM, is dominant have expanded on the
expense of the ranges where LM, is dominant. These
changes can be understood as being due to the appearance of
so-called external cavity modes (ECMs) because of the finite
value of the delay.** These are single frequency steady state
solutions of Egs. (1)—(5).

These ECMs are typically created in pairs when the
feedback strength increases. Each of the ECMs will have a
(slightly) different wavelength. The SRL with IOF can thus
select that ECM whose feedback phase is closest to zero.
Therefore, the regions of LM; (or LM;) being selected in
Fig. 3(b) will be somewhat different from those in Fig. 3(a),
and these regions can further shift if we change the feedback
delay time.

Here, it is important to note that the general conclusion
still holds: either LM; or LM, can be selected by changing
the feedback strength and/or phase of one of the LMs. By

considering the effect of the phase and the strength of the IOF,
we can conclude that the effective strength of the selected
mode by IOF depends on both the strength and the phase of
IOF. This also shows that IOF can efficiently be used to
select a specific LM to dominate the output of the SRL.

IV. SRL SUBJECT TO IOF AND OI SIMULTANEOUSLY

In this section, we investigate the laser’s output under
the effect of both the IOF and OI at the same time. As in
Sec. III, we have limited the number of LMs to two (n = 2)
as it corresponds to the minimum number of modes which is
needed to describe the wavelength change due to the OI.

The injected signal can be injected either close to the
free-running laser mode or close to one of side modes.*’
A theoretical study about an SRL with OI close to the peak
lasing mode has been discussed in Ref. 25 Here, we investi-
gate the SRL subject to light which is injected close to a side
mode (LM;). This injected signal clearly has a different fre-
quency from the lasing mode (LM;) as can be seen in Fig. 4.
The IOF enhances LM, which thus will be the lasing mode
of the SRL when no OI is applied as discussed in Sec. III.
To clarify the alignment between the LMs of the SRL and
the injected signal, we show the scheme in Fig. 4 where the
OI targets a side mode (LM;). We do not specify which side-
mode is targeted by the OI. As we assume that the gain satu-
ration between the LMs is small, the results will not depend
on the actual wavelength difference between LM, and the
lasing mode LM,.

First, we show the effect of OI without applying IOF.
We choose the cavity round-trip time in our calculations to
be 7;, = 26.5 ps which is similar to the value of the cavity
round-trip in Refs. 28, 29, and 42. The detuning between the
injected signal and LM; chosen in this example is
A = —2ns~!. In Figs. 5(a) and 5(b), we show the orbit dia-
grams for both LMs and for both directions as a function of
the injection signal amplitude E}. When no signal is injected
in LM; (.e., E’1 = 0), the intensity of both LMs is equal
while the intensity in the CW direction is somewhat larger

Lasing

OI Signal oy
—‘/ ! Mode LM,

HENNRRENNNRN] ARREEIS

A Wavelength
SRL Longitudinal Modes

FIG. 4. The alignment between the LMs of the SRL and the OI signal.
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FIG. 5. Orbit diagrams showing the maxima and minima in time-traces [simulated using Eqs. (1)—(5)] [(a), (b)] for different values of the injection amplitude
E} while A = —2ns~!, 5y =1, = 0ns™! and [(c), (d)] for different values of the IOF strength 7, while A = —2ns™!, E} =0.02, 7, = Ons~!, and 6, = 0.57.

than in the CCW direction, very similar to the situation in
Fig. 2(a) at a feedback strength close to zero. When we
increase E’i, we observe periodic oscillations in the time
traces as is evidenced by the single maximum and single
minimum in the orbit diagram at small values of E!. The
angular frequency of these oscillations is approximately
equal to the detuning A. The amplitude of the oscillations
increases when increasing E'. At the same time, the power in
LM, gradually increases while the power in LM, decreases
when increasing Ei. LM, is completely turned off at
E’1 = 0.009. In the orbit diagram of LM;, we observe a
period doubling for Ef = 0.0085, and eventually, LM, locks
to the injected light at E} = 0.011. When stable locking
occurs, the intensity of the CCW mode is larger than the
intensity of the CW mode. This intensity distribution is dif-
ferent from the intensity distribution due to the asymmetry in
the backscattering coefficients which normally gives a slightly
larger intensity in the CW mode (as can be seen in Fig. 2).
The change in the intensity distribution between the two
directions represents a directional switching in the output of
the SRL. This is due to the OI enhancing the direction in
which light is injected.'*** Finally, when E} reaches a value

of 0.13, a Hopf bifurcation is observed leading to oscillations
in the CW and in the CCW intensity close to the relaxation
oscillation frequency.

Next, we increase the amount of IOF while the SRL is
still subjected to OI. We keep the OI on LM, with a strength
of E’l = 0.02, and we increase the amount of IOF on LM,
from 7, = Ons~! to n, = 15ns~! while using 6, = 0.57. We
plot the corresponding orbit diagrams for LM; and LM, in
Figs. 5(c) and 5(d), respectively. When we increase 1,, there
is initially no change: LM, remains being switched off while
we observe oscillations in the CW and the CCW direction of
LM;. In this region, the carrier density is too low to activate
LM,. However, when 1, increases, the carrier density level
necessary to provide a positive net gain for LM, decreases
with increasing feedback strength. At 1, = 4.4ns™!, LM,
switches on and both directional modes of LM, oscillate in
time. At this point, the carrier density value associated with
the oscillations in LM, is sufficient to provide net gain to
LM,. When we further increase 7,, the oscillations in LM,
grow in amplitude, while the amplitude of the oscillations in
LM, gradually decreases. At 1, = 7.6ns~!, the oscillations
in LM; and LM, disappear and we observe a steady output

(b)

(a) | — g1
02} o {02}

—CW2 1015

e CCW2

0.1¢

0.05

FIG. 6. Field intensity |E|* as function
of the optical injection amplitude
using the parameters 7, = Ons~'and
6, =0,0,=057, A=—4ns"'. (a)
n, =4ns"!, (b)n, = 15ns7 1.
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FIG. 7. The minimum amplitude of the OI which is needed to change the
output of the laser to LM; ( E}"™) as a function of the strength of the feed-
back while 8, = 0.5z and the detuning A = —4 nsL.

intensity in all modes and in both directions. Further increas-
ing 1, leads to a gradual decrease of LM; accompanied by a
gradual increase in LM,. LM, now is dominant due to the
effect of the IOF, and it is stable even in the presence of OI.
It is also clear that the intensity of LM, in the CW direction
is larger than the one in CCW direction for large values of
n,. This difference is due to the asymmetry in the backscat-
tering coefficients which has been discussed in Fig. 2. These
results show that the IOF can suppress the effects of OI. In
Secs. IV A-IV D, we investigate the effect of the different
parameters of the OI and the IOF on the output of the SRL.

A. Effect of the strength of the Ol

We study the role of the strength of the OI in determin-
ing the dominant mode of the SRL under the simultaneous
effect of OI and IOF. We fix the strength and phase of the
IOF by setting 7, = 4ns~! and 6, = 0.5, then we simulate
the laser’s output while the strength of OI is increased. We
calculate the field intensity |E|* of the two LMs in the two
directions as a function of the optical injection amplitude E!.
The results are shown in Fig. 6(a). Remark that during the
simulations of Fig. 6, we did not observe oscillations in the
intensity, and therefore we only plot in Fig. 6 the steady state
solutions. Also remark that in Fig. 6, the IOF is always on,
which was not the case in Figs. 5(a) and 5(b). LM, is
dominant when E} < 0.0108 due to the IOF. When increas-
ing E!, we observe a gradual decrease of the power in LM,
while the power in LM; increases. LM; and LM, have
roughly the same intensity when E| = 0.0108. Finally, when
E’1 > (0.0108, LM, is dominant. We consider the minimum
injected amplitude E’i’”"” which is needed to change the output
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of the laser to LM, as the injection strength at which inten-
sity of LM, becomes equal to zero. Figure 6(a) then yields
E" = 0.016. It is worth to mention that if the OI signal is
injected to the CW direction instead of the CCW, the OI will
enhance the intensity LM; in the CW (instead of the CCW).

Next, we repeat the same calculations but this time for a
higher IOF strength applied to LM, (1, = 15as™!). In this
case, the mode which is enhanced by the IOF (LM, ) is still
dominant for larger values of OI as can be seen in Fig. 6(b):
E’{”"” is increased to 0.12, which is 7.5 times larger than the
value corresponding to an IOF strength of 1, = 4ns~!. So
increasing 7, increases the strength of optical injection
required to switch the laser output to LM;.

We notice in the two panels of Fig. 6 that when the
mode which is enhanced by OI (LM;) is dominant, the inten-
sity distribution between the two directions is different from
the intensity distribution between the two directions due to
the asymmetry in the backscattering coefficients. This obser-
vation is more pronounced in Fig. 6(b), where the intensity
of LM, in the CW direction is decreased to zero.

B. Effect of the strength of the IOF on the SRL with Ol

We quantify the role of the IOF by investigating the
minimum amplitude of the OI signal needed to change the
output of the laser to LM, (E’i””'”) as a function of the strength
of the feedback while 8, = 0.5z. The results are shown in
Fig. 7 where it can be seen that E’1 increases when increas-
ing the applied feedback. This result can be understood due
to the fact that increasing the strength of the IOF will
increase the effective strength of LM,. This requires a larger
external OI to change the laser’s output from LM, to LM;.
The dominant LM is thus determined according to the com-
petition between the LM which is enhanced by the IOF and
the LM which is enhanced by OI.

C. Effect of the phase of the IOF on the SRL with Ol

We study the role of the phase of the IOF in determining
the dominant mode of the SRL under the effect of OI
and IOF simultaneously. We use a fixed feedback strength
m, = 10ns™" and detuning A = —5ns~'. Then we calculate
E‘l”“’" for different values of 6, in the range [0-27x]. The
results are shown in Fig. 8(a) where we notice that Ei’”’“ is
dependent on the phase 8, of IOF. When the phase is in the
range [07—0.6x], or in the range [1.27-2.0x], E’i””“ decreases
when increasing the phase (6,). This shows, as was also
noticed in the discussion of Fig. 2(b), that the phase of the

0.6 "(a) ' ‘ ‘ q70.6 (b)

104

027

FIG. 8. The minimum amplitude of
the OI which is needed to change the
function of the phase of the feedback
while 7, = 10ns~! and the detuning
@A =-5ns"",b)A=5ns"".
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FIG. 9. The minimum amplitude of the OI which is needed to change the
output of the laser to LM, ( E{"") as a function of the detuning while 6, =
0.5rand 7, = 3ns~!, m, = 10ns~!, and n, = 15ns™".

IOF changes its effective strength. In the range [0.77—1.17x],
E’f""” is very small (0.005) as the phase of the IOF favors
LM; (as has been shown in Sec. III) which is also preferred
by the OL

We repeat the calculations using a detuning with differ-
ent sign (A = Sns~!). The results are shown in Fig. 8(b),
which is very similar to the graph for A = —5ns~!. These
results show the importance of controlling the phase of the
IOF. This can be achieved easily in an integrated device
using a phase shifter section.?

D. Effect of the detuning between the Ol and the
closest LM of the SRL

Here, we investigate the effect of the detuning (between
the OI signal and one of the LMs of the SRL) on the stability
of the SRL. We start by calculating the minimum amplitude
of the OI (E’i’”"”) which is needed to change the output of
the laser to LM, for the different values of the detuning A in
the range [—20 to 20]ns~!. We perform the simulations
using the same parameters as in Sec. IV C and for three
values of the strength of the IOF 3ns~™!', 10ns~!, and
15ns~") while the phase of the IOF is fixed to 8, = 0.5x.
The results of the simulations are shown in Fig. 9, where we
can notice that E’l'" depends on the strength of the IOF.

Starting from A = —20 ns~!, we first see that E’1
decreases when A increases. Then, the E’i’”"” locking curves go
through a minimum, after which E’1 increases for increasing
values of A. For low negative values of A, the curves corre-
sponding to different values of the IOF strength overlap, but the
minimum of locking curve is clearly dependent on the value of
1,. As a result, there is a large difference in E’1 for larger
values of A. The E’, curves of Fig. 9 look similar to typical
injection locking curves when the injection happens close to
the free-running mode (instead of a side-mode), but there are
some important changes visible in Fig. 9. The minimum of the
locking curve does not happen at detuning A = Ons™', but
this minimum is shifted to negative values of the detuning.
The magnitude of this shift depends on the strength 7, of the
IOF. This shift of the locking curve’s minimum goes together
with an increase of the value of E" at the minimum. We
can, therefore, conclude that the effects of OI can be sup-
pressed by increasing the strength of the IOF.
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It is also clear from Fig. 9 that E’1 is generally larger
for positive values of A than for negative values. This asym-
metric sensitivity to the injection strength with respect to
detuning has been reported in different studies.”'**™* In
some studies, it has been attributed to the shift of the gain
peak toward longer wavelengths under the effect of optical
injection. However, in our case, we think it is more likely to
be an alpha-parameter induced effect.*>

V. CONCLUSIONS

We have numerically studied the behavior of an SRL
under the simultaneous effect of IOF and OI. When IOF is
applied selectively to one mode, the minimum in the side-
mode injection locking curve shifts to more negative values
of the detuning between the injection signal and the side-
mode. At the same time, the minimum in the locking curve
increases. We have thus shown that IOF can be used to
reduce the effects of the external OI: the IOF results in an
increase of the strength of the OI that is required to change
the laser’s emission wavelength and directional power distri-
bution. Decreasing the sensitivity of semiconductor lasers to
external optical injection using IOF will be an added value
for these lasers in lot of applications in which unintentional
OI should be avoided or suppressed.
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