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Based on three-level exciton model, the enhanced photonic microwave signal generation by using a sole excited-state
(ES) emitting quantum dot (QD) laser under both optical injection and optical feedback is numerically studied. Within the
range of period-one (P1) dynamics caused by the optical injection, the variations of microwave frequency and microwave
intensity with the parameters of frequency detuning and injection strength are demonstrated. It is found that the microwave
frequency can be continuously tuned by adjusting the injection parameters, and the microwave intensity can be enhanced
by changing the injection strength. Moreover, considering that the generated microwave has a wide linewidth, an optical
feedback loop is further employed to compress the linewidth, and the effect of feedback parameters on the linewidth is
investigated. It is found that with the increase of feedback strength or delay time, the linewidth is evidently decreased due
to the locking effect. However, for the relatively large feedback strength or delay time, the linewidth compression effect
becomes worse due to the gradually destroyed P1 dynamics. Besides, through optimizing the feedback parameters, the
linewidth can be reduced by up to more than one order of magnitude for different microwave frequencies.

Keywords: photonic microwave, quantum dot laser, optical injection, optical feedback

PACS: 05.45.Pq, 42.55.Px, 42.65.5f, 68.65.Hb

1. Introduction

Semiconductor lasers (SLs) with external optical pertur-
bations can display rich nonlinear dynamics, such as peri-
odone (P1), multi-period (MP), chaos (CO), switching, and
bistability.!'~71 Among these dynamics, the P1 oscillation has
been used to generate photonic microwave signals for the
development of radio over fiber (ROF) communication net-
works, sensors and radar systems.®~19 In particular, the P1
microwave signal generated by an optically injected SL has
attracted considerable attention due to its promising advan-
tages, such as a nearly single sideband (SSB) spectrum, which
is helpful to mitigating the power penalty in fiber transmis-
sion, widely tunable microwave frequency far over the laser’s
relaxation oscillation (RO) frequency, and low cost due to all-
optical structure.'®! However, the P1 dynamics inherently in-
clude phase noise caused by the spontaneous emission noise
of the SLs, which could broaden the microwave linewidth and
restrict the practical applications of the microwave signals.!!!]
Therefore, a microwave stabilization scheme with optical
feedback is employed to stabilize the P1 dynamics for nar-

12-16

rowing the microwave linewidth.[ ! For instance, Lo et al.
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numerically reported that the P1 microwave linewidth can be
narrowed by up to more than three orders of magnitude for an
optically injected distributed-feedback (DFB) laser with ultra-
short cavity optical feedback.!!*! Zhuang experimentally intro-
duced two optical feedback loops in an optically injected DFB
laser to narrow the P1 microwave linewidth, and found that
dual-loop optical feedback can effectively reduce the linewidth
by at least one order of magnitude.!'* Simpson et al. experi-
mentally observed a feedback-induced reduction of the P1 mi-
crowave linewidth by more than two orders of magnitude for
an optically injected DFB laser subject to polarization-rotated
optical feedback.!!'3! Ji er al. experimentally explored the ef-
fects of single and dual optical feedback on the P1 microwave
linewidth of a vertical-cavity surface-emitting laser (VCSEL)
under optical injection, and found that both optical feedback
structures can effectively compress the linewidth by at least an
order of magnitude. [

Additionally, as one type of SLs, a self-assembled quan-
tum dot (QD) laser has received extensive experimental and
theoretical study interests.[!’-22] Benefiting from the unique
nanostructure, the QD lasers possess some excellent perfor-
mances, such as low relative intensity noise, 23 low sensitiv-

*Project supported by the National Natural Science Foundation of China (Grant Nos. 61775184 and 61875167).

fCorresponding author. E-mail: zmwu@swu.edu.cn
fCorresponding author. E-mail: ggxia@swu.edu.cn
© 2021 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

050504-1


http://dx.doi.org/10.1088/1674-1056/abd2a8
zmwu@swu.edu.cn
mailto:gqxia@swu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 30, No. 5 (2021) 050504

ity to external optical perturbation,>*! and better temperature
stability.[>>26] Relevant studies have reported the generation
of photonic microwave signals through using P1 dynamics in
an optically injected QD lasers,?’% and obtained a better
SSB spectrum than that in a quantum well (QW) laser, 23301

a large frequency tunable range,?”!

a low second harmonic
distortion,®°! and a narrowed microwave linewidth. 3! How-
ever, these studies are only focused on the case of QD laser op-
erating at the ground-state (GS) emission. In fact, the QD laser
is a nanostructured device, which has two lasing thresholds be-
cause of its discrete energy levels. As shown in Ref. [19], GS
emission and excited-state (ES) emission appear successively
with the increase of current. Whereas relevant research shows
that, the QD lasers can emit exclusively on the ES versus GS
emission is completely suppressed through doping the QD ma-
terials, coating the cavity facets, changing the cavity length, or
using coupling gratings,!'%32-351 which is named as ES-QD
laser in this study. Compared with general QD laser, the ES-
QD laser possess faster carriers capture rates and higher satu-
rated gains, >3 which are helpful for enhancing the nonlinear
dynamical performances.3?>-3>! However, to our knowledge,
the research on the photonic microwaves generated by the ES-
QD lasers has not been reported. Our earlier work revealed
that the ES-QD laser can exhibit rich nonlinear dynamic be-
haviors under external optical injection, in which a large area
of P1 oscillation appears in the positive frequency detuning
region.[36] Based on this work, we have studied the distribu-
tions of the P1 microwave frequency and microwave intensity
within this region, and employed optical feedback technology
to stabilize the microwave signal and narrow the microwave
linewidth.

In this study, the photonic microwave generated by the
P1 dynamics of an optically injected ES-QD laser is numeri-
cally studied. The microwave frequency and microwave inten-
sity distributions in the injection parameter space are given.
Considering that the generated microwave signal has a wide
linewidth of about 2 MHz, an optical feedback loop is fur-
ther employed to compress the linewidth. The effects of the
feedback delay time and feedback strength on the linewidth
compression are discussed. Through appropriately adjusting
the feedback parameters, the linewidth can be reduced by up
to more than one order of magnitude.

2. Theoretical model

Figure 1(a) shows the energy band model and carrier dy-
namics of the ES-QD laser. Where, the electrons and holes
are treated as excitons (electron—hole pairs), and it is assumed

1351 Besides, two

that the active region has only one ensemble.
excitonic energy levels of the GS and the ES are considered
in the QD ensemble, and the stimulated emission only occurs

in ES in this system.“g’%] To this end, the carriers are first

injected into the reservoir (RS) before being captured to the
ES within the time ‘L'ES, and then they will relax into the GS

£2.137) On the other hand, several carriers will

within the time 7§
escape from GS (ES) within the time 75y (783) due to the ther-
mal excitations. Figure 1(b) represents the scheme of P1 mi-
crowave signal generation in an optically injected ES-QD laser
subjected to optical feedback. Here, a stable optical signal out-
put from a tunable semiconductor laser (TSL) is injected into
an ES-QD laser to generate P1 microwave signal, and a part
of the output signal is fed back into the cavity by a feedback
mirror to narrow the linewidth. Combining with Refs. [35,36],
the photonic microwave signal generation by using an opti-
cally injected ES-QD laser with optical feedback is described
by the following rate equations:
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where N, S, ¢ are the carrier number, photon number, and
GS, ES, and RS represent the ground-
state, excited-state, and reservoir, respectively. The super-

phase, respectively.

script spon represents the spontaneous emission. / is the bias
N, /2N,) and p.¢ (= Ny, /4N,) denote occu-
pancy probabilities in the GS and ES respectively. g is the

current, P (=

gain, Ty, is the round trip time in the cavity, @y is the angular
frequency of the laser, V; is volume of the laser field. k; and
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Av denote injection strength and frequency detuning between
the TSL and the solitary ES-QD laser, Sy is the photon number
output from solitary ES-QD laser. k, and 7 represent the feed-
back strength and feedback delay time. Spontaneous emission
noise is considered by adding Langevin noise sources Fs(Fy)

(a)

in the photon number (electric field phase).[*®! The physical
meanings and values of other parameters are given in Table 1.
The fourth-order Runge—Kutta algorithm with a time step of
1 ps is adopted for numerical simulation, and a time span of
0.5 ms is used to calculate the microwave linewidth.

TSL

. attenuator
mirror

ES QD
7 laser

(b)

» output

BS

Fig. 1. (a) Energy band model and carrier dynamics of the ES-QD laser and (b) scheme of an optically injected ES-QD laser with optical feedback. GS:
ground-state; ES: excited-state; RS: reservoir; BS: beam splitter; TSL: tunable semiconductor laser.

Table 1. Physical parameters of the QD lasers. !

Symbol Parameter Value
RS (ps) capture time from RS to ES 12.6
TES (ps) relaxation time from ES to GS 5.8
TES (ns) escape time from ES to RS 5.4
T35 (ps) escape time from GS to ES 20.8
Tos" (ns) RS spontaneous decay time 0.5
Tos " (ns) ES spontaneous decay time 0.5
T (ns) GS spontaneous decay time 1.2
T (ps) the lifetime of photon 4.1
L (cm) cavity length 5%1072
agg (cm?) differential gain of ES 10x10~1
& (cm?) gain limiting factor 2x10716
Bsp spontaneous emission factor 1x10~*
I; optical confinement factor 0.06
N, total QD number 1x107
a linewidth enhancement factor 1.3
vg (m/s) group velocity of light 8.57x107
Vg (cm?) total volume of QDs 5x10~11
n current injection efficiency 0.15

3. Results and discussion

Figure 2 exhibits the power—current (P-/) curve and the
variation of relaxation oscillation (RO) frequency with current
for a solitary ES-QD laser. It can be seen from Fig. 2(a) that
the threshold current of the laser is 92.0 mA, after exceed-
ing this value the output power increases linearly with the in-
crease of bias current. In Fig. 2(b), the RO frequencies under
different currents are obtained through small signal analysis,
which increase nonlinearly with the increase of the bias cur-
rent. In the following simulations, unless stated otherwise, the
current is fixed at 184.0 mA, and corresponding RO frequency
is 7.60 GHz. The dots in the figure mark the operation position
of the ES-QD laser.

First, we discuss the variations of microwave frequency f
and microwave intensity P with the injection parameters, the
feedback strength k; is set to 0. Figure 3 shows the mappings
of f and P as a function of the injection strength k; and fre-
quency detuning Av. The large colored region represents the
P1 states, which are excited by the undamped relaxation oscil-
lation when the laser passes through the Hopf bifurcation line
by increasing the frequency detuning.*”) The white part rep-
resents other dynamic states. It can be seen from Fig. 3(a) that
the microwave frequency f is continuously tunable by adjust-
ing the frequency detuning Av and the injection strength k.
For Av < 22.00 GHz, the microwave frequency f gradually
increases with the increase of the injection strength, which is
caused by the gradually enhanced redshifting effect of the cav-
ity resonance frequency.!!?) However, for Av > 22.00 GHz,
the microwave frequency is almost stable with respect to in-
jection strength and approximately equal to the Av, which is
helpful to stabilize the f against injection strength fluctuations
in practical applications.*°! As shown in Fig. 3(b), for a fixed
Av, as the injection strength increases, the microwave intensity
P gradually increases, but slightly decreases near the boundary
of the Hopf bifurcation line. It is noted that in the following
discussion, for a given Av, the injection strength k; is selected
as the optimal value to maximize the output microwave inten-
sity P.[14]

8 <15
7 |® =IO
E 6 o
:f 5}10
Q0
B -
& o)
: 2 &
o
2 o

0 ~ o0

0 100 200 300 0 100 200 300

Current (mA) Current (mA)

Fig. 2. The P-I curve (a) and relaxation oscillation (RO) frequency as
a function of current (b).
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Fig. 3. Distributions of microwave frequency f (a) and microwave inten-
sity P (b) in the parameter space of frequency detuning Av against injection
strength ;.

The above results exhibit the variations of f and P with
the injection parameters. In addition, the microwave linewidth
is another important indicator to quantify the quality of mi-
crowave signals.['>16] Next, we will focus on the properties
of microwave linewidth and further employ optical feedback
technology to narrow the linewidth. Due to the randomness
of the spontaneous emission noise, the power spectrum output
from the optically injected ES-QD laser has irregular fluctu-
ations. Therefore, we use the standard deviation of the fre-
quency distributions with powers in the power spectrum to cal-
culate the microwave linewidth[33!

ar=[om-w?]" (10)
(v7) = m (p=12., (D

where Af is the microwave linewidth, v and P(v) denote the
frequency and corresponding power respectively.

Figure 4 shows the power spectra of the optically injected
ES-QD laser operating at P1 dynamics without optical feed-
back (first column) and with optical feedback (second col-
Here, the feedback
delay time 7 is fixed at 2.4 ns. Figure 4(al) shows the scenario
with (Av, k1) = (10.00 GHz, 0.42), the microwave linewidth
is about 2.0 MHz for optical injection only, which is wide.

umn) for different injection parameters.

Similar to Ref. [16], we use the optical feedback technol-
ogy to compress the microwave linewidth. As can be seen

from Fig. 4(a2), the linewidth is reduced to 41.6 kHz when
the feedback strength k; is equal to 0.022, which is evidently
narrowed. It is indicated that the P1 dynamic generated from
the optically injected ES-QD laser is locked by its own op-
tical feedback signal.!3! For (Av, k;) = (18.00 GHz, 0.71),
as can be seen in Fig. 4(b), the linewidth is compressed from
1.8 MHz to 37.7 kHz when k; is equal to 0.019. Moreover, for
(Av, k1) = (26.00 GHz, 0.92), as can be seen in Fig. 4(c), the
linewidth is compressed from 2.1 MHz to 46.5 kHz when k;
is equal to 0.021. These results indicate that the linewidth is
effectively compressed by introducing optical feedback. Ad-
ditionally, as shown in Figs. 4(a2), (b2), and (c2), some strong
sidebands can be observed around the microwave frequency f,
which are attributed to the external cavity modes (ECMs) ex-
cited by the external optical feedback.!'>!43% The frequency
interval between two adjacent sidebands is about 416.7 MHz,
which is approximately equal to the reciprocal of the feedback
time T (= 2.4 ns).

60 60

- (al) (a2)
B 40 40 41.6 kH7
- 2.0 MHz
Z 20 20
2}
=1
g o0 0
=
—20 —-20
10 11 12 13 10 11 12 13
60 60
= (b1) (b2)
40 40
A .7 kH
- 1.8 MHz 37.7 kHz
£ 20 20
72}
=1
i: 0 0
—20 —20
17.5 185 19.5 20.5 17.5 185 19.5 20.5
60— 60—
%\ 10 (c1) 10 (c2)
= <7 M, 46.5 kHz
£ 20 20
12}
=}
=
—20 —20
25 26 27 28 25 26 27 28

Frequency (GHz) Frequency (GHz)

Fig. 4. Power spectra of the optically injected ES-QD laser emissions in
P1 dynamics without optical feedback (first column) and with optical feed-
back (second column). Here the parameters are set as (Av, ki, k2) = ()
(10.00 GHz, 0.42, 0.022), (b) (18.00 GHz, 0.71, 0.019), (c) (26.00 GHz,
0.92, 0.021), and the feedback delay time is fixed at T = 2.4 ns.

In the following discussion, the effect of feedback param-
eters on the microwave linewidth is studied systematically. We
first fix the feedback delay time 7 to discuss the effect of feed-
back strength k. It is worth noting that the relatively large
feedback strength could destroy the stability of P1 oscillation
and drive the laser to enter other dynamics.!!>!3! Therefore, it
is necessary to calculate the bifurcation diagram to determine
the range of stable P1 oscillations. Figure 5 shows the bifur-
cation diagrams (first column) and the variation of microwave
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linewidths (second column) with feedback strength k, for dif-
ferent injection conditions when 7 is equal to 2.4 ns. For (Av,
k1) = (10.00 GHz, 0.42), as can be seen from Fig. 5(al), the
laser remains in the P1 oscillations when &, increases from 0
to about 0.60. Within this range, the microwave linewidth is
calculated and displayed in Fig. 5(a2). It can be seen that the
linewidth gradually reduces from 2.0 MHz to 41.6 kHz when
k> increases from O to 0.022. The mechanism of linewidth
reduction is that the P1 dynamics is locked by its own op-
tical feedback signal more strongly as the feedback strength
increases. '3 Further increasing k> from 0.022 to 0.060, the
microwave linewidth increases slowly accompanied by slight
fluctuations. The reason is that the P1 dynamic is destroyed
gradually with the increase of ky, when k; is over 0.060, the
ES-QD laser starts to work in the other dynamics. In addi-
tion, according to the dotted line in the figure, one can observe
that the linewidth of the P1 microwave is narrowed up to more
than one order of magnitude as k; is within [0.012,0.060]. For
(Av, k1) = (18.00 GHz, 0.71), as can be seen in Fig. 5(b), the
laser remains in the P1 oscillations when k, increases from O to

: e a
3 3
E o
= =
= 4 =
g <
Q
0
= 0 0.1 0.2
=
2 12
E (b1)
3 w
0 T
- L =
= S~
2 4 >
[
R
)
=
= 12
g (c1) _
,_Q. N
E Z
& “
£ 4 p:
3
zZ 9% 0.1 0.2

ko

104

103

102k

10t

104

103}

102

10!

104

103 L

102}

10t

about 0.080. Within this range, as k; increases from 0 to 0.019,
the linewidth Af gradually reduces from 1.8 MHz to 37.7 kHz,
further increasing kp, Af increases slowly. Moreover, the
linewidth is narrowed up to more than one order of magni-
tude as k; is within [0.01, 0.080]. For (Av, k1) = (26.00 GHz,
0.92), as can be seen in Fig. 5(c), the ES-QD laser remains in
P1 oscillation when k; is increased from 0 to 0.097. Within
this range, the linewidth gradually reduces from 2.1 MHz to
46.5 kHz when k; is increased from 0 to 0.021, continue in-
creasing kp, Af rises again. Additionally, from the dotted line
in the figure, the linewidth is narrowed up to more than one
order of magnitude as k, is within [0.011,0.076]. Therefore,
the introduction of optical feedback has two effects on the
linewidth. On the one hand, the P1 dynamics can be locked
on to its own optical feedback signal, which is conducive to
narrowing the microwave linewidth. On the other hand, for the
relatively large feedback strength, the optical feedback could
destroy the P1 dynamics and deteriorate the linewidth narrow-

ing.

(a2)

0 002 004 006 008 0.10

(b2)

0 002 004 006 008 0.10

0 002 004 006 008 0.10
ko

Fig. 5. Bifurcation diagrams (first column) and variation of microwave linewidths Af with feedback strength k; (second column) under different
injection conditions (Av, k1) = (a) (10.00 GHz, 0.42), (b) (18.00 GHz, 0.71), and (c) (26.00 GHz, 0.92) for T = 2.4 ns. Where the dotted line denotes

1/10 of the Af of the microwave generated by optical injection only.

Besides the feedback strength k;, the feedback delay time
Tis another important parameter that affects the microwave
linewidth Af.['?! Figure 6 shows the variation of Af with ©
for three different injection parameters (Av, ki). It is worth
mentioning that the injection strength k; is taken at the max-
imum microwave intensity for a fixed frequency detuning
Av, and the feedback strength k; is taken at the optimal mi-

crowave linewidth for the fixed T = 2.4 ns. Therefore, from

Fig. 5, for the injection parameters (Av, k;) = (10.00 GHz,
0.5), (18.00 GHz, 0.71), and (26.00 GHz, 0.92), the feedback
strength k; are taken as 0.022, 0.019, and 0.021 to obtain the
optimal linewidths, respectively. As shown in Fig. 6, for three
different parameters, the microwave linewidth gradually de-
creases with the increase of the feedback delay time until it
reaches the optimal value. After reaching the optimal value, it

gradually increases as the feedback delay time increases. In
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order to explore the physical mechanism of the microwave
linewidth variation with the feedback delay time, the power
spectra for three different feedback delay times under the con-
ditions of (Av, ki, k») = (18.00 GHz, 0.71, 0.019) are given in
Fig. 7. It can be seen from the figure that the employing of op-
tical feedback can generate the ECMs close to the microwave
frequency f,3%) and the mode interval is approximately equal
to 1/t. As the 7 increases, the ECMs will become denser.
Therefore, the P1 dynamics is locked on to its own optical
feedback more strongly.!'*! However, as shown in Fig. 7, for
a relatively large 7, the intensity of the ECMs is increased,
which will destroy the stability of the P1 oscillation and in-

crease the microwave linewidth.

104

103,

Af (kHz)

102,

10!
0

104 (o)
103 ¢

102 ¢

Af (kHz)

10!

104

103

Af (kHz)

102

10!
0
7 (ns)

Fig. 6. Microwave linewidth Af versus feedback delay time 7 for the pa-
rameters (Av, ki, ky) = (a) (10.00 GHz, 0.42, 0.022), (b) (18.00 GHz, 0.71,
0.019), and (c) (26.00 GHz, 0.92, 0.021), where the dotted line denotes 1/10
of the Af of the microwave generated by optical injection only.

60

W~
o

Intensity (dB)
¥
S

o

19.1
Frequency (GHz)

0
18.5 18.7 18.9 19.3 195

Fig. 7. Power spectra of P1 microwave under different feedback delay times
for the parameters (Av, ki, k2) = (18.00 GHz, 0.71, 0.019).

Then, to fully understand the effect of optical feedback

on the linewidth Af for different microwave frequencies f,

figure 8 shows the variation of Af with f. Where the black
circle represents the Af obtained by optical injection only, the
blue square represents the minimum Af obtained by optimiz-
ing the feedback strength k; after introducing optical feedback,
and the red asterisk represents the optimal value of k, to ob-
tain the minimum linewidth. In addition, the parameters are
determined by the following methods, the frequency detun-
ing Avis increased from 10 GHz to 30 GHz. The injection
strength k; is selected as the optimal value to maximize the
microwave intensity for each frequency detuning Av, and the
feedback delay time 7 is fixed at 2.4 ns. The microwave fre-
quency f is determined by the frequency at the optimum mi-
crowave linewidth corresponding to each frequency detuning.
As can be seen in Fig. 8, before introducing optical feedback,
the microwave linewidths for different f vary in the range of
1.4 MHz to 2.1 MHz, which are wide. After introducing op-
tical feedback, the microwave linewidths vary from 34.5 kHz
to 46.9 kHz and are evidently narrowed. In addition, the opti-
mal values of k» are different for different f, which are varied
within the range of [0.017, 0.033]. Therefore, the microwave
linewidth can be narrowed by up to more than an order of mag-
nitude by appropriately selecting the feedback parameters for

different microwave frequencies.
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Fig. 8. Linewidth Af as a function of microwave frequency f; for optical

injection only (black circle) and both optical injection and optical feedback

(blue square) under T = 2.4 ns, where the red asterisk denotes the optimized

feedback strength k.

The above results are obtained under a fixed current value
of 184.0 mA. Finally, we discuss the effect of laser current.
Figure 9 shows the optimal values of k; and k, for differ-
ent laser currents and the variation of microwave linewidth
with the current when k; and k, take their optimal values. As
shown in Figs. 9(a) and 9(b), when the bias current varies from
138 mA to 276 mA, the optimal values of k; and k; are dif-
ferent for different laser currents, they vary within the ranges
of 0.35-0.57 and 0.022-0.031, respectively. As shown in
Fig. 9(c), before employing optical feedback, the microwave
linewidth Af varies within the range of 1.3 MHz-3.6 MHz
when the bias current changes from 138 mA to 276 mA. Af-
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ter employing optical feedback, the microwave linewidths un-
der different laser currents can be compressed to 23.7 kHz—
86.0 kHz.
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Fig. 9. (a) Optimized injection strength k; for different laser currents, (b) op-
timized feedback strength k, for different laser currents, and (c) microwave
linewidth Af as a function of current under k; and k; taken their optimal
values. Here, Av = 10 GHz and 7 = 2.4 ns.

4. Conclusion

In summary, the enhanced photonic microwave signal
generated by an optically injected ES-QD laser operating at
the P1 oscillation through optical feedback stabilization is nu-
merically researched. Within the range of the P1 dynam-
ics caused by the optical injection, the distributions of mi-
crowave frequency and microwave intensity in injection pa-
rameter space are exhibited. It is shown that the frequency of
the microwave signal can be continuously tuned by changing
the frequency detuning and injection strength. For a relatively
large frequency detuning, the microwave frequency is almost
stable with respect to the injection strength and it approxi-
mately equal to frequency detuning, which helps to prevent
frequency fluctuations in practical applications. In addition,
for a fixed frequency detuning, the microwave intensity can be
enhanced by changing the injection strength, which increases
with the increase of the injection strength and then slowly de-
creases close to the Hopf bifurcation line. Moreover, in or-
der to narrow the linewidth of the microwave signal, an opti-
cal feedback loop is further employed to the system, and the
effect of feedback parameters on the linewidth is discussed.
The results show that, as the feedback strength or delay time
increases, owing to gradually enhanced self-injection locking
effect, the linewidth gradually decreases until it reaches the
optimal value. After reaching the optimal value, it gradu-
ally increases because of the gradually destroyed P1 dynamics.
Additionally, through selecting the suitable feedback parame-
ters, the microwave linewidth can be reduced by up to more
than an order of magnitude for different microwave frequen-
cies. Besides, the microwave linewidths under different laser
currents can also be evidently narrowed by employing optical
feedback. This research can provide theoretical support for the
generation of photonic microwave signals based on the ES-QD
lasers.
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