hv .
Ry Photonics

Communication

Microwave Photonic Signal Generation in an Optically Injected
Discrete Mode Semiconductor Laser

Da Chang !, Zhugiang Zhong (0, Angel Valle 2(*, Wei Jin 119, Shan Jiang !, Jianming Tang ! and Yanhua Hong *

check for
updates

Citation: Chang, D.; Zhong, Z.; Valle,
A.;Jin, W, Jiang, S.; Tang, J.; Hong, Y.
Microwave Photonic Signal
Generation in an Optically Injected
Discrete Mode Semiconductor Laser.
Photonics 2022, 9, 171. https://
doi.org/10.3390/ photonics9030171

Received: 14 February 2022
Accepted: 7 March 2022
Published: 10 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Computer Science and Electronic Engineering, Bangor University, Bangor LL57 1UT, UK;
dkc19tns@bangor.ac.uk (D.C.); z.zhong@bangor.ac.uk (Z.Z.); wjin@bangor.ac.uk (W.].);
s.jiang@bangor.ac.uk (S.].); j.tang@bangor.ac.uk (J.T.)

2 Instituto de Fisica de Cantabria (IFCA), Universidad de Cantabria-CSIC, E39005 Santander, Spain;
valle@ifca.unican.es

Correspondence: y.hong@bangor.ac.uk

Abstract: In this paper, microwave photonic signal generation based on the period-one dynamic of
optically injected discrete mode (DM) semiconductor lasers has been experimentally demonstrated
and numerically simulated. The results show that the frequency of the generated microwave increases
linearly with the frequency detuning or optical injection ratio. In addition, a single optical feedback
loop is sufficient to reduce the microwave linewidth without significantly deteriorating side mode
suppression. The simulation results using a model considering the nonlinear dependencies of the
carrier recombination agree well with the experimental results, which indicates that the nonlinear
carrier recombination effect is important in determining the nonlinear dynamics of optically injected
DM lasers.
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1. Introduction

In the fast-developing information society, radio and microwave signals play signifi-
cant roles in the field of communication, radar, and sensing systems [1-3]. To implement
high-speed transmission in wireless networks as well as high-resolution detection in radar
and sensing systems, high-frequency microwave signals with salient features such as ul-
tralow phase noise and broad tunable range are highly required. However, it is complicated
and costly to generate such desired high-frequency microwaves by multiple frequency dou-
bling based on conventional electronic circuits [4]. Moreover, such high-frequency electrical
microwave signals inevitably suffer enormous attenuation in coaxial cable transmissions
for most practical scenarios [5]. To address these technical challenges, the photonic ap-
proach, well known as microwave photonics, has been applied to overcome the bottleneck
of microwave generation in the electrical domain. Generally speaking, photonic generation
of microwave signals has superior advantages in terms of high frequency (up to millimeter-
wave band), broad frequency tunability, low propagation loss in optical fibers, and high
robustness to electromagnetic interference [6-36]. Additionally, recently reported InP- and
silicon-based photonic integrated devices/circuits [6-8] further expand the perspective of
photonic high-frequency microwave, and thus it becomes a very hot research topic in the
fields of radio-over-fiber (RoF), optical signal processing, true time delay beamforming,
subnoise detection, etc. [9-12].

Compared with microwave synthesis using electronics, which has been extensively
explored and developed over the past decades, high-frequency microwave photonic (MWP)
signal generation in the optical domain is more convenient and cost-effective. Various
approaches of MWP signal generation can generally be classified into optical heterodyn-
ing [13,14], direct and external modulation [15-17], self-pulsating and mode-locking [18,19],
optoelectronic oscillators (OEOs) [20-24], and laser dynamics of period-one (P1) [25-36].
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The optical heterodyne technique can easily achieve terahertz photonic microwaves by
beating between two optical beams with certain wavelength spacing, as such the technique
has very wide tunability [13]. However, the inevitable mismatch of optical phases and fluc-
tuated amplitudes between two noncoherent lasers results in extremely poor microwave
stability, which becomes an Achilles’ heel for applications requiring high stability. Direct
and external modulation schemes are also very important for high-frequency MWP signal
generation. The former possesses the simplest architecture for MWP signal generation, but
its modulation bandwidth is limited by the relaxation oscillation frequency of the lasers,
which is usually less than 15 GHz, and the modulation depth is also relatively low [15].
On the other hand, MWP signal generation utilizing external modulation can attain very
high frequency and low phase noise microwave signals, but there is a drawback resulting
from the insertion loss of the modulators [16]. An OEO is another paradigmatic method
to obtain narrow-linewidth microwave signals in both the electrical and optical domains
by introducing a feedback loop as a high-quality-factor optoelectronic oscillating cavity
to a pump laser [20-24]. Consequently, the phase noise of generated microwaves can be
comparable with that produced by mode-locked lasers [19], but the frequency tunability
is compromised.

Recently, a competitive approach of MWP signal generation based on the P1 dynamic
of semiconductor lasers has been proposed and explored [25-36]. The P1 dynamic of
semiconductor lasers can be achieved by optical injection under certain injection parameters,
which causes the optical output intensity of semiconductor lasers to undergo self-sustained
oscillation at a microwave frequency [25]. The MWP signal is generated when the optical
output of semiconductor lasers at P1 dynamic is detected by a photodetector. Due to the
injection pulling effect and the redshift effect, the generated photonic microwave frequency
can be tens of times higher than the relaxation resonance frequency of the semiconductor
laser while a relatively simple system setup still remains to support flexible tunability [26].
Therefore, considering the characteristics such as cost, power effectiveness, and all-optical
broad frequency tunability, MWP signal generation based on P1 dynamic of semiconductor
lasers becomes a promising method, and it has been widely studied for different types
of semiconductor lasers. For distributed feedback (DFB) semiconductor lasers, Chan
et al. comprehensively studied the P1-dynamic-based photonic microwave generation,
transmission, and processing, as well as its single sideband (SSB) characteristics [27-29].
Wang et al. reported continuous tunable photonic microwave generation in quantum
dot semiconductor lasers [30]. For vertical-cavity surface-emitting lasers (VCSELs), Perez
et al. achieved more than 20 GHz MWP signal using a single-mode VCSEL [31]. Lin et al.
experimentally demonstrated microwave generation in multi-transverse-mode VCSELs by
dual-beam orthogonal optical injection [32]. Li et al. numerically investigated the effect
of birefringence-induced oscillation on the photonic microwave in spin VCSELs [33]. We
experimentally and theoretically studied broad tunable photonic microwaves in optically
injected VCSELs and discussed the suppression of second harmonic distortion [34-36].
Furthermore, to improve the quality of P1-dynamic-based photonic microwave, extensive
research efforts have also been made, which mainly include extra RF source enabled
subharmonic locking and stabilization [37] and optical self-locking methods, such as
optoelectronic feedback [38] and single and double external cavity optical feedback [27].

As a special type of Fabry—Perot semiconductor lasers, discrete mode (DM) lasers have
similar geometry structures to standard Fabry-Perot lasers but contain a small number of
etching features along the ridge waveguide. This unique feature guarantees that DM lasers
can achieve single longitudinal mode operation with high sidemode suppression [39]. DM
lasers also have many other impressive characteristics, such as very narrow linewidth,
wide temperature operation range, low cost, and easy integration [40]. These salient
features undoubtedly imply that DM lasers are a good candidate for P1-dynamic-based
low-phase-noise photonic microwave generation. However, the previous reports on DM
lasers [41,42] do not address the photonic microwave generation in optically injected DM
lasers. Therefore, in this paper, we focus on photonic microwave generation based on the
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period-one dynamic of optically injected DM semiconductor lasers. The main parameters
affecting the fundamental frequency, power, linewidth, and phase noise of the generated
photonic microwave have been experimentally studied. In addition, optical feedback is also
adopted to further optimize the linewidth of the generated microwave. Finally, a modified
rate equation model is proposed to numerically analyze the frequency of the generated
microwave in DM lasers.

2. Experimental Setup

The schematic diagram of the experimental setup in a slave-master laser configuration
is illustrated in Figure 1. In this experiment, a commercially available TO-56 can-packaged
fiber pigtailed DM laser (Eblana Photonics, Dublin, Ireland, EP1550-DM-01-FA) with a
lasing wavelength of about 1550 nm is used as a slave laser (SL). The DM laser is driven by
an ultralow-noise current source (YOKOGAWA, Tokyo, Japan, GS200) and the temperature
is stabilized at 24 °C by a temperature controller (Tektronix, Beaverton, OR, USA, TED 200)
with an accuracy of 0.01 °C. A tunable laser (Agilent, Santa Clara, CA, USA, 8164A) is used
as a master laser (ML). The emission of the ML is injected into the SL after traveling through
a polarization controller (PC1), a 50:50 fiber coupler (FC1), and an optical circulator (OC).
The PC1 is used to match the polarization of the injection beam to the SL’s polarization.
The output of the DM laser passes through the OC and is divided into a feedback path and
a detection path by a 90:10 fiber coupler (FC2). The feedback loop is composed of a PC2,
a variable attenuator (VA), and FC1. The polarization of the feedback light is controlled
by the PC2 to be parallel to the polarization of the DM laser. The detection path is further
split by the FC3, and the light beams are detected by a photodetector (PD, Thorlabs,
Newton, MA, USA, RXM40AEF 40 GHz bandwidth) and a high-resolution optical spectrum
analyzer (OSA, APEX Technologies, Marcoussis, France, APEX 2070, 4 pm resolution),
respectively. The output of the PD is recorded by an electrical spectrum analyzer (ESA,
Anritsu, Atsugi, Japan, MS2667C, 30 GHz bandwidth) or an oscilloscope (OSC, Tektronix
71254C, 12.5 GHz bandwidth).

- PC] 50 Y50

ESA
SL - OSC
FC3 s0

OSA

Figure 1. Schematic of the experimental setup. ML: master laser, SL: slave laser, PC: polarization
control, FC: fiber coupler, OC: optical circulator, VA: variable attenuator, PD: photodetector, ESA:
electrical spectrum analyzer, OSA: optical spectrum analyzer, OSC: oscilloscope.

The DM laser is biased at 30 mA, which is 2.5 times its threshold current. Under
this operation condition, the output power of the free-running DM laser is 0.6 mW, and
the relaxation oscillation frequency is about 6.2 GHz. In this paper, the optical injection
ratio ({in;) is defined as the optical injection power divided by the output power of the
free-running DM laser, and the injection power is measured just before the injection beam
enters the SL. The feedback ratio is defined as the ratio between the feedback power and
the free-running DM laser output power. The feedback power is measured just before the
feedback beam is fed into the DM laser. The frequency detuning (Af) is defined as fin; — fsL,
where fiy and fs| are the frequencies of the ML and the free-running SL, respectively.
Ginj and Af can be tuned by adjusting the output power and the frequency of the ML,
respectively, and the feedback ratio is controlled by tuning the VA.
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3. Experimental Results

First, the dynamical evolution of the DM laser subject to optical injection is examined.
The DM laser subject to optical injection without applying optical feedback is achieved by
disconnecting PC2 from the rest of the experimental setup. Figure 2 displays the (a) time
series, (b) power spectra, (c) optical spectra, and (d) phase portraits, of dynamical behaviors
of the DM laser with different g,y when Af is fixed at 10 GHz. The phase portrait is
defined as the local N-th intensity as a function of (N—1)-th intensity. When iy; = 0.06 (row
1), obviously, the DM laser experiences Hopf bifurcation and oscillates at P1 state with a
fundamental frequency (fy) of 10.1 GHz. The tunability and quality of microwave generated
in the optically injected DM laser based on P1 dynamic will be discussed in the next section.
When Gy is increased to 0.36 (row 2), the DM laser shows period-two (P2) oscillation. After
further increasing (inj to 0.56 (row 3), the laser is in chaos dynamic. The above results
indicate that the optically injected DM laser enters chaos through period doubling.
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Figure 2. (a) Time series, (b) power spectra, (c) optical spectra, and (d) phase portraits of the DM
laser output when Af is 10 GHz and Ginj 18 0.06 (row 1), 0.36 (row 2), and 0.56 (row 3).

In order to find P1 operation regions, the dynamics of the optically injected DM laser
in a parameter space of frequency detuning Af and injection ratio gj,j are measured and
plotted in Figure 3. In the map, the stable (S), P1, P2, quasiperiod (QP), and chaos (C)
dynamics are denoted by dark blue, light blue, green, orange, and red, respectively. Two
non-P1 regions over the injection parameter space of 4 GHz < Af <14 GHzand 0.2 < & < 1
and —16 GHz < Af < =8 GHz and 0.1 < &, < 1 are larger than those in DFB lasers [28], but
P1 dynamic still dominates on the region above the Hopf bifurcation line.

Frequency Detuning(GHz)

0 0.2 0.4 0.6 0.8 1
Injection Ratio

Figure 3. Dynamical map of the optically injected DM laser.
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Now, we focus on MWP signal generation based on P1 dynamic in the optically
injected DM laser. The effects of Af and i on the fundamental frequency (fo) and the
power of the generated microwave are presented in Figure 4. The power of the generated
microwave is defined as the peak power at the fundamental frequency. Figure 4a shows
the frequency of the generated microwave as a function of the injection ratio. Three
frequency detunings of 15, 17, and 20 GHz are studied here because the optically injected
DM laser operates at P1 dynamic over a much wider injection ratio range with Af > 15 GHz.
The results reveal that the microwave frequency increases linearly with the increase in
injection ratio, and the change rate of the microwave frequency drops when the frequency
detuning increases, which is similar to that in the DFB laser and VCSEL [28,34]. The
relationship between the generated microwave power and the injection ratio is shown
in Figure 4b, which shows that the power of the generated microwave first increases
as the injection ratio increases, and when iy = 0.92, the microwave powers reach their
maximum values. Upon a further increase in the injection ratio, the microwave powers
decrease again. The reason for the maximum power at the injection ratio of 0.92 is that
the gain distribution of the semiconductor laser is affected by the optical injection, which
causes the amplitudes of the redshifted cavity resonance component and the regenerated
injection component in the optical spectrum of P1 dynamic to change with the injection ratio.
When the injection ratio is about 0.92, the amplitudes of the redshifted cavity resonance
component and the regenerative injection component are almost the same; therefore, the
microwave power reaches its maximum [28,43]. This phenomenon is similar to that in the
DEFB laser and VCSELSs, where there is a maximum microwave power for a fixed frequency
detuning [28,34]. The impact of Af on the frequency and power of the generated microwave
photonic signal is investigated under two injection ratios: a lower injection ratio ¢inj = 0.1
and a higher injection ratio ¢inj = 0.92, as shown in Figure 4c,d. There is no surprise that
the microwave frequency increases with the increase in the frequency detuning because
the main contribution of the generated microwave is the frequency beating of the redshift
cavity frequency and the regenerated injection frequency. The microwave power decreases
with the increase in the frequency detuning due to the decrease in nonlinear frequency
mixing effect with increasing Af [29].
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Figure 4. (a) Frequency and (b) power of the generated microwave as a function of injection ratio;
(c) frequency and (d) power of the microwave versus frequency detuning.

The quality of the generated microwave in the optically injected DM laser is examined
by analyzing its linewidth and phase noise. A 3 dB linewidth is adopted to quantify the
linewidth, and the phase noise is obtained by integrating single sideband power spectrum



Photonics 2022, 9,171

6 of 12

offset from 3 to 200 MHz of the fundamental frequency and then normalizing it to the
microwave power. The linewidth and phase noise of the generated microwave shown in
Figure 4a are calculated and displayed in Figure 5. We can see that the linewidth and phase
noise of the generated microwave decrease first with the increase in Ginj until they reach
their minimum values at an injection ratio @in]- of around 0.92, and upon a further increase
in the injection ratio, the linewidth and phase noise of the microwave signal increase again.
The minimum linewidth and phase noise of the generated microwave obtained at the
injection parameters (Af, {inj) = (15 GHz, 0.92) are 1.8 MHz and 2.75 rad?, respectively. The
microwave linewidths produced in the optically injected DM lasers are similar to those
in DFB lasers [28] but narrower than those in VCSELs [35]. This is because DM lasers
have very narrow linewidths [40]. Comparing Figure 5 with Figure 4b, we can see that
the linewidth and phase noise of the generated microwaves reach their local minima at
the injection ratio where the maximum microwave power is achieved; these results are
identical compared to those reported in DFB lasers [28].

—o0— Af=20GHz —8— Af=17GHz —&— Af=15GHz
6

3

= (@] (b)
N o
= w5
2 2.5 %
= 24
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g 2 Y
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Figure 5. (a) Linewidth and (b) phase noise of the generated microwave versus Cip;.

In order to stabilize the fluctuation of the generated microwave and reduce its linewidth,
the optical feedback technique used in DFB lasers and VCSELs [28,44] is adopted. In
this experiment, only a single feedback loop is introduced. Figure 6 presents the power
spectra of the DM laser (a) without optical feedback and (b) with optical feedback at
the injection parameters of (Af, {in) = (15 GHz, 0.92). At these injection parameters,
the fundamental frequency of the microwave is 17.2 GHz. As shown in Figure 6a, the
linewidth of the generated microwave photonic signal is 1.8 MHz without optical feedback.
After introducing the optical feedback, the linewidth decreases. Figure 6b shows that
the linewidth narrows from 1.82 to 0.52 MHz when the feedback ratio is —27.8 dB and
the feedback round trip time is 96.15 ns. Many side peaks equally separated by multiple
of 10.4 MHz also appear in Figure 6b, which corresponds to the external cavity modes’
frequencies. To quantify the side peaks in the power spectrum, a concept of side peak
suppression (SPS) is introduced and is defined as the ratio of the power at the fundamental
frequency to the maximum power of the side peaks [43]. The SPS is around 28 dB, as shown
in Figure 6b.

=20 -30

(a) . (b)
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Figure 6. Power spectra of the DM laser (a) without and (b) with optical feedback. The injection
parameters (Af, Ginj) = (15 GHz, 0.92).

The effects of the optical feedback ratio on the linewidth, phase noise, and SPS of
the generated microwave in the optically injected DM laser are studied and shown in
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Figure 7. The parameters in Figure 7 are the same as those in Figure 6b except for the
optical feedback ratio. Figure 7a shows that the linewidth first decreases as the feedback
ratio increases. When the feedback ratio is increased to —35.7 dB, the linewidth remains
almost constant as the feedback ratio is further increased until the feedback ratio reaches
—25.7 dB. Upon a further increase in the optical feedback ratio, the linewidth increases
again. This variation trend is different from that in the DFB laser and VCSEL [28,35] but
is similar to that in the DFB laser with filter feedback at some frequency detuning [45].
The relationship between the phase noise and the feedback ratio is similar to that of the
linewidth. As the feedback ratio increases, the phase noise first decreases, then remains
constant at around 0.3 rad?, and then increases again. Figure 7c presents SPS as a function
of feedback ratio. When the feedback ratio is —42.7 dB, the SPS is 30.3 dB. The SPS starts to
decrease first when the feedback strength increases, which is similar to that in the DFB laser
and VCSEL [28,35]. However, after the feedback ratio increases to —35.8 dB, upon a further
increase in the feedback ratio, the SPS remains almost constant at a value of about 28.3 dB
until the feedback ratio reaches —25.7 dB. Beyond the aforementioned feedback ratio, the
SPS decreases sharply. This is because the DM laser is about to leave the P1 dynamic.
Figure 7 shows that the SPS remains above 25 dB within the feedback ratios where the
linewidth and phase noise are kept to their minimum. The results indicate that a high
SPS can be maintained over a wide feedback ratio range in the optically injected DM laser
with a single optical feedback loop. The different variations shown in Figure 7 compared
to those in DFB lasers and VCSELs may be attributed to the filtering effect caused by the
structure of the DM laser, but further study is needed to fully understand the characteristics
of DM lasers.

3 — 3 35
w (a) |~ (b) (©)
= = 30
% 2 E’ 2 g 25
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= z w
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- =
0 0 10
45 35 25 <15 45 35 25 <15 45 35 25 -IS

Feedback Ratio(dB) Feedback Ratio(dB) Feedback Ratio(dB)

Figure 7. (a) Linewidth, (b) phase noise variance, and (c) side peak suppression of the generated
microwave as a function of the feedback ratio. The injection parameters (4f, Gin;) are (15 GHz, 0.92).

4. Theoretical Model and Analysis

Dynamics of the optically injected DM laser and the characteristics of the generated
microwave based on the P1 dynamic in the optically injected DM laser are numerically sim-
ulated using the model in [46] and by considering the nonlinear carrier recombination [47].

dE(t)  (1+ia)

g(IN—Np) 1

] E(t) + 1 Einje™ " + KE(t = T )e ™%t (1)

dt 2 |1+¢E)* T
o 2
dt e 1+ ¢|E(t)|

where E(t) is the slowly varying complex amplitude of the electric field and Ej;; is the
injection field amplitude. N(t) represents the carrier number, « is the linewidth-enhanced
factor, g is the differential gain coefficient, Ny is the transparency carrier number, ¢ is
the gain saturation factor, 7, is the photon lifetime, Ty is the feedback round trip time
of optical feedback loop, w is the angular frequency of the laser, 77 denotes the injec-
tion strength, x denotes feedback strength from the optical feedback loop, I is the in-
jection current, e is the electron charge, A is the nonradiative modulus, B is the spon-
taneous modulus, and C is the Auger recombination modulus. The parameter values
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used in [47] are adopted, where o =3, g = 1.48 X 10* s71, I =30 mA, Ny = 1.93 x 107,
€=773x10"8, 7, =217 ps, A=28x108s"1,B=98s"!, and C =384 x 1077 s ..
The relaxation oscillation frequency of the free-running laser is approximately
fr = (gE%/ Tp)l/ 2/27t = 6.2 GHz. Equations (1) and (2) are solved using the second-order
Runge-Kutta algorithm.

The dynamical map of the DM laser in the parameter space of frequency detuning Af
and injection strength 7 is presented in Figure 8a. The result is qualitatively consistent with
the experimental measurements in Figure 3. To validate the model used in the simulation,
we also simulated the dynamical map of the DFB laser using the model and parameters
of [48], and the results are shown in Figure 8b. Figure 8b shows only one small non-
P1 island within the P1 region above the Hopf bifurcation line, which is different from
the experimental observation. Therefore, it is necessary to include the nonlinear carrier
recombination for the investigation of the nonlinear dynamics of the optically injected
DM laser.

=
=

20

Frequency Detunning(GHz)

U
[
<

<

10 20 20

Injection Strength(ns‘l ) Injection Strcngth(ns'l)

Figure 8. Numerical simulation of the dynamical maps of (a) the optically injected DM laser with the
consideration of the nonlinear carrier recombination and (b) the optically injected DFB laser.

The SPS as a function of feedback strength for the generated MWP signal in the
optically injected DM laser and DFB laser with single optical feedback is calculated and
displayed in Figure 9. The injection parameters (Af, ) are set at (15 GHz, 8 ns™!), and
the feedback round trip time is 10 ns. Figure 9 shows that for the DM laser, the SPS is
~17.1 dB at the feedback strength of 0.32 ns~!. When the feedback strength is increased,
the SPS starts to drop, and when the feedback strength reaches 0.4 ns~!, the SPS decreases
to ~14.1 dB. However, when further increasing the feedback strength, the SPS remains
almost unchanged until the feedback strength reaches 0.5 ns~!. When the feedback strength
is increased further, the SPS starts to deteriorate again. However, for the DFB laser, the
SPS decreases monotonically with the increase in the feedback strength. These results are
qualitatively consistent with our experimental results in the DM laser and the reported
results in the DFB laser, which indicates that single optical feedback is sufficient to achieve
a narrow microwave linewidth in the optically injected DM laser.

The variations of the fundamental frequency as a function of injection strength under
two frequency detunings of 15 and 20 GHz are calculated for the optically injected DM
laser and optically injected DFB laser. The different variation of the fundamental frequency
between the DM laser and DFB laser is illustrated in Figure 10. We can see that for the
DEFB laser, the fundamental frequency variation with the injection strength is similar to
the report [43], where the frequency change rate for the lower injection strength is smaller
compared to that for a higher injection strength. However, for the optically injected DM
laser, the fundamental frequency increases linearly with the injection strength. This linear
relationship implies that DM lasers may be a better candidate for frequency-modulation
continuous-wave microwave generation based on the P1 dynamic.
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Figure 9. Numerical simulation of SPS of the generated microwave as a function of the feed-
back strength utilizing DM laser model and DFB laser model with the injection parameters
(Af, 1) = (15GHz, 8 ns™1).
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Figure 10. Numerical simulation of the generated microwave frequency as a function of the injection
strength utilizing DM laser model and DFB laser model. Af = 15 and 20 GHz.

5. Discussion

In the experiment, due to the limitation of the bandwidth of the spectrum analyzer
and the maximum output power of the ML, only the injection parameters with the injection
ratio < 1 and the frequency detuning < 26 GHz are investigated. The experimental results
show that the fundamental microwave frequency increases linearly with the increase in the
frequency detuning and injection ratio. It has been reported that the generated microwave
frequency at a strong injection ratio still increases linearly with the injection ratio in other
types of lasers [34,43]. The properties of the MWP signal generation in the DM laser at
larger frequency detuning and stronger injection power will be investigated in future
studies. The linewidth of the generated microwave is related to the linewidth of the ML
and SL; therefore, the generated microwave linewidth in the DM laser is comparable to that
in the DFB laser and narrower than that in the VCSEL. In the experiment, the microwave
linewidths produced in the optically injected DM lasers with and without optical feedback
are still in the range of hundreds of kilohertz to several megahertz. The linewidth of the
generated microwave in the DFB laser can be reduced to a few hertz or even millihertz by
optical modulation sideband injection locking or optoelectronic feedback [49,50]. Therefore,
further reduction of the generated microwave linewidth in the DM laser will be undertaken
in our next investigation. In addition, the relationship between the linewidth of the
generated microwave and the feedback strength in an optically injected semiconductor
laser subject to filtered optical feedback is related to the injection parameters [45], so it is
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worth further studying the relationship between the linewidth and the feedback strength
in the DM laser at other injection parameters.

6. Conclusions

In summary, we experimentally and theoretically investigated MWP signal generation
based on the P1 dynamic of optically injected DM semiconductor lasers. The experimental
results show that the frequency of the generated microwave can be tuned by changing
the optical injection ratio or frequency detuning. The results also show that the linewidth
of the generated microwave in the DM laser is comparable to that in DFB lasers and
narrower compared to that in VCSELs, which may be due to the narrow linewidth of the
DM laser. In addition, when introducing optical feedback, the relationship between the
linewidth and the feedback ratio in the DM laser is similar to that in the DFB laser with
filter feedback, which can be attributed to the filtering effect caused by the structure of the
DM laser. Furthermore, an SPS of >25 dB can remain over a wide range of the feedback
ratio; this suggests that single optical feedback is sufficient for reducing the linewidth of
the generated microwave in the DM laser. Numerical simulations with the consideration of
the nonlinear carrier recombination confirm that high SPSs can be maintained over a wide
range of optical feedback strength, which is in good agreement with the results obtained in
the experiment.
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