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Abstract: Spin-polarized vertical-cavity surface-emitting lasers (spin-VCSELs) with birefringence-
induced polarization oscillations have been proposed to generate desired photonic microwave
signals. Here, we numerically investigate the generation of photonic microwave signals in an
optically pumped quantum dot (QD) spin-VCSEL. First, the influence of intrinsic key parameters on
period-one (P1) oscillations and microwave properties is discussed. Second, the difference between
microwave generation based on the quantum well (QW) and QD spin-VCSELSs is analyzed by
controlling the carrier capture rate that is described in the spin-flip model. The QD spin-VCSEL
shows superior microwave quality in the low-frequency range (e.g., 10 GHz~20 GHz) compared
with the QW spin-VCSEL. Finally, to boost the performance of the generated photonic microwave
signal, optical feedback is introduced. The results show that dual-loop feedback can simultaneously
narrow the microwave linewidth and suppress the side modes that are derived from the external
cavity mode.

Keywords: microwave photonics; vertical-cavity surface-emitting lasers; period-one oscillation;
quantum dot; spin-VCSELSs; optical feedback

1. Introduction

Photonic microwave signal generation techniques play a pivotal role in microwave
photonic technologies [1-4] and usually include direct modulation [5,6], external modula-
tion [7,8], optoelectronic oscillators (OEOs) [9-11], optical heterodyning of dual-wavelength
lasers [12], and period-one (P1) dynamics [13-22]. Since the above-mentioned methods
circumvent some confines of electronic approaches, they have the potential to shine in
fields such as radio-over-fiber (ROF) systems [14], broadband wireless links [23,24], satellite
communications, and radar [2,19,25]. To further curtail the use of the electronic facility,
photonic microwave signal generation based on the P1 oscillation has attracted the bulk of
concentrations in recent years, especially through the merits of all-optical component con-
figurations, the nearly single sideband (SSB) spectrum, and wide tunability of frequencies.
It is known that the optical injection in semiconductor lasers is the prospective approach to
yield the P1 oscillation. In general, the P1 oscillation is generated from a stable laser driven
by external perturbations, where the relaxation oscillation (RO) becomes undamped via
a Hopf bifurcation. The photonic microwave signals originate from the beating between
the redshifted cavity frequency component and another dominant frequency component
regenerated from the optical injection. The corresponding frequencies, which far exceed
the RO frequency of the laser, could be tuned by adjusting the frequency detuning between
the master laser and slave laser.
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The aforementioned photonic microwave generation based on P1 oscillations has been
employed and investigated in several types of semiconductor lasers, including distributed
feedback (DFB) lasers, quantum dot (QD) lasers, and vertical-cavity surface-emitting-lasers
(VCSELs) [13,18,26-30]. Among these, spin-polarized VCSELs (spin-VCSELs) usually own
lower thresholds, the capacity for spin-control of the output polarization, and faster dy-
namics compared to their conventional counterparts [31,32]. For spin-VCSELs, it is feasible
to manipulate the output optical polarization and obtain abundant nonlinear dynamics
with the contribution of coupling between the carrier spin and photons by the approach of
the injection of spin-polarized electrons via magnetic contact and circularly polarized light
using optical pumping. In addition, with no need for additional external perturbations,
periodical polarization oscillations can be produced in a free-running optically pumped
spin-VCSEL, in which the corresponding frequency stems from the cavity birefringence.
Remarkably, Gerhardt et al. experimentally confirmed the birefringence splitting over
250 GHz in the VCSEL's structure through manipulating the mechanically induced strain [33].
Motivated by these appealing performances, the optically pumped quantum well (QW)
spin-VCSEL has been experimentally and numerically investigated to generate the photonic
microwave signal in our previous work [34,35]. Furthermore, Alharthi has also analyzed
the microwave photonic signal generation in optically-injected QW spin-VCSELs theoreti-
cally [36]. Therefore, relying on highly tunable frequency oscillation and a simple structure,
spin-VCSELs have come to prominence in the field of photonic microwave generation.

Besides, owing to the advances in material techniques and the preparation process, the
exhilarating progress of the optically pumped QD vertical cavity devices has been further
reported [37,38]. The QD spin-VCSEL owns the three-dimension confinement of carriers
in its nano-structure and could be manipulated for polarized dynamics with additional
degrees of freedom [39,40]. By theoretically investigating the model for the QD spin-VCSEL
in the renowned spin-flip model (SFM) equations via direct simulation and the continu-
ation package, AUTO, the instability /stability analysis and systematic bifurcation study
have been unveiled elaborately in previous works [39,41]. In particular, P1 polarization
oscillation induced by birefringence splitting demanded in photonic microwave generation
has also been realized in QD spin-VCSELs, which can facilitate better performance with
the exhibition of low threshold, less temperature sensitivity, and design flexibility [42].
In 2016, Wang et al. showed the photonic microwave generation based on the QD laser
subject to optical injection [27]. Additionally, Chen et al. reported better SSB performance
under optically injected QD lasers in the optical spectrum compared with QW lasers [43].
Jiang et al. also acquired the photonic microwave signals by sole excited-state emitting QD
lasers [44]. However, up to now, the scenario of QD spin-VCSELSs in the field of microwave
generation is still obscure, which desires further devotion to probe into their potential and
the disparity of the quality of microwave signals generated in QW and QD spin-VCSELs.

In this paper, we propose and demonstrate a novel photonic microwave generation
scheme based on the P1 oscillation of optically pumped QD spin-VCSELs. For the P1
oscillation, we examine the role of some intrinsic key parameters on its scope of change, as
well as the corresponding signal frequency and power. According to the transition revealed
between the QW and QD spin-VCSELs [39,41], we carry out the inspection on the distinction
of microwave quality under two conditions of spin-VCSELs when considering the variation
of the carrier capture rate alone. Furthermore, to mitigate the negative influence of the
linewidth expansion and phase noise occasioned by the intrinsic spontaneous emission
noise in spin-VCSELs, optical feedback is harnessed into our scheme. After the introduction,
the simulation model is elaborated in Section 2. The effect of key parameters on the P1
region, as well as the improvement in the quality of microwave signals through optical
feedback, are investigated in Section 3. Finally, the conclusion is presented in Section 4.

2. Theoretical Model

Based on the expanding SFM, the rate equations for the QD spin-VCSEL with optical
feedback can be modeled as follows [39,41]:
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where E and E_ denote the complex electric field amplitudes for the right and left circular
polarizations (RCP and LCP), and the normalized conduction band carrier concentrations
(n) with the subscripts WL and QD represent wetting layer and the quantum dot ground
state, with the superscripts + (——) representing the spin-down (spin-up). The parameters
used are defined as follows: « is the photon decay rate, « is the linewidth enhancement
factor, v, is the dichroism (gain anisotropy), 7 is the linear birefringence rate, 7, is the
recombination rate of carriers from the QD ground state,y, is the carrier capture rate
from the WL to the QD, 7; is the spin relaxation rate, & is the normalized gain coeffi-
cient, and 77+ (17-) is the right (left) circularly polarized component of the pump, which
describes the total normalized pump intensity, 17 (=174 + 1—), and polarization ellipticity,
P (=(n+ —1n-)/(n+ +1-)). The feedback parameters include the feedback strength, k¢,
and the feedback delay time, 7, of which subscripts 1 and 2 represent two different feedback
loops. The center frequency of the free-running QD spin-VCSEL is denoted by fy. The last

term, Fr = ,Bsp'ynngD Ci, represents the spontaneous emission noise term [45], in which

Bsp is the spontaneous emission rate, and ¢ is the complex Gaussian white noise of the
unitary variance and zero mean value.

The differential equations given by Equations (1)—(3) are solved via the fourth-order
Runge-Kutta method in MATLAB. Owing to the fact that the dynamics of VCSELs can
be successfully mimicked and the SFM has been widely used, the values of parameters
in [41,46], especially the inherent parameters, are considered in our manuscript. Here, a ba-
sic set of parameters are used if not mentioned otherwise: x = 250 ns~!, & = 3, h = 1.1995,
n=4, P=07, v,=0ns"!, 7, =1ns"!, 9o =400ns"!, v, =10ns"!, 7, =30mns?,
fo =1550 nm, and Bsp = 6.5 x 10°. The optical spectrum and the radio-frequency (RF)
spectrum are calculated by the fast Fourier transform based on E+ and |E+ |2, respectively,
where a time step of 1 ps and a time duration of 10 ps are utilized. Additionally, a time dura-
tion of 0.2 ms, representing the spectral resolution of 5 kHz, is used to analyze the linewidth
of microwave and millimeter wave signals by smoothing and fitting the spectrum.

3. Results and Discussion
3.1. P1 Oscillation in a Solitary Optically Pumped QD Spin-VCSEL

To begin with, the P1 oscillation in a solitary optically pumped QD spin-VCSEL is
considered. The optical spectra and the RF spectra are shown in Figures 1a,b, respectively.
The related parameters are described in the caption of Figure 1, where the optical spectra
are offset to the optical frequency of the free-running QD spin-VCSEL. It is worth not-
ing that only the RCP components are considered in our study because of the similarity
of output results from the RCP and LCP components. As we can see in Figure 1a, the
interval frequency between two dominant orthogonally polarized mode components in
the optical spectrum corresponds with the frequency of generated microwave signals
after beating in the photodetector, as presented in the RF spectrum of Figure 1b, which
is roughly close to 7, /7 [32]. Unlike other kinds of semiconductor lasers invoking P1
dynamics by undamping the RO at the Hopf bifurcation point, the induced oscillation
frequency from the spin-VCSEL originates from the birefringence split, vastly exceeding
the RO frequency given by fro = 2k, (1 — 1)]1/ 2/(27) [47]. In this work, the RO fre-
quency is calculated to be 6.16 GHz for 7= 4. When the birefringence is set as 307t ns~!, the
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fundamental microwave frequency obtained from the beating of two dominant mode com-
ponents is 32.43 GHz, where the spectrum linewidth obviously broadens to 1.52 MHz, as
shown in Figure 1(b1), owing to the intrinsic spontaneous emission noise of semiconductor
lasers. When the birefringence, 7y, is increased to 607t ns~!, the microwave frequency of
61.52 GHz with a linewidth of 2.14 MHz is shown, as seen in Figure 1(b2). By fur-
ther enhancing the birefringence, yp, to 90w ns~!, the fundamental frequency reaches
90.86 GHz with a corresponding linewidth of 2.20 MHz, as shown in Figure 1(b3). Obvi-
ously, the practicable result is tuning the oscillation frequency with the birefringence, which
is governable in the experiment. Moreover, the spectrum broadening needs to be further
suppressed for preferable microwave quality, which will be discussed in a later section.
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Figure 1. (a1-a3) Optical spectra and (b1-b3) RF spectra of the solitary optically pumped QD spin-
VCSEL. (al,b1) 7, = 307 ns~1, (a2,b2) Tp = 607 ns~1, and (a3,b3)y, = 907 ns~1. Other parameters
are set as ;= 10 ns, 9, =0ns"!, y,=1ns"1, v, =400ns~ !, k =250ns~!, o =3, h = 1.1995,
n=4,and p=07.

3.2. The Effect of Intrinsic Parameters on the Microwave Characteristics

For a better idea of the effects of the two key parameters on microwave signals, herein
we investigate the frequency and power of microwaves for several values of parameters, i.e.,
the linewidth enhancement factor, #, and normalized gain coefficient, k. In reality, the im-
pact of some intrinsic parameters on VCSEL dynamics has been exploratively revealed [41].
In this section, we mainly focus on the microwave frequency and power in the plane of the
spin relaxation rate, y;, and birefringence rate, y,. Specifically, by numerically calculating
the extrema (maxima and minima) of the intensity time traces, different dynamics can be
identified as continuous-wave (CW), P1, period-two (P2), and complex dynamics. In order
to minutely explore the P1 oscillation, the CW and other complex dynamics are marked in
white, while the colorful regions, corresponding to different microwave powers, represent
the P1 oscillation area. In this study, microwave power is defined as the peak power of the
fundamental frequency in the RF spectrum. As shown in Figure 2(al-a3), the bifurcation
maps are obtained for 1 = 1.1995, where « is increased from 2 to 4. One can clearly see that
the P1 dynamic regime is largely expanded with the increase of a. At the same time, the
white oval region on the bottom of the graphs is also magnified, which may compromise
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the generation of low-frequency microwaves. For a larger value of 1 = 2 in Figure 2b, the
enlarged P1 dynamic area still shows a trend of expansion in size when the linewidth
enhancement factor, «, is increased. Compared with the left column, this tendency becomes
more evident, and the whole area of the P1 regime shifts toward the right of the map, i.e.,
the direction of the high spin relaxation rate. Next, we focus on the characteristics of the
microwave signals in the (7j,yp) plane. From Figure 2, the microwave signal frequencies
are enhanced almost synchronously with the increment of the birefringence. In terms of
microwave power, the distribution of low power is mainly concentrated on the outline area
of the P1 oscillation region, i.e., the vicinity of two Hopf bifurcation branches. In other
words, the power of the microwave signals is easily kept at high values on the map, which
is critical in practice.

power (dB)
120 [(at) 120 {(b1) 0
110 GHz 110 GHz
-10
~ 90 ~90 ~
| | >
2 70 GHz 2 70 GHz -20
< 60 < 60
?9 ?gx 77777 -30
307 30GHz 30 /30 GHz 40
0 ; 0 — - -50
0 10 20 30 40 0 10 20 30 40
power (dB)
120 (aZJ
10 GHz
-10
~ 90
1
2 70 GHz -20
< 60 |
= , -30
30 i
/ 30GHz. 40
0 —= _
0 10 20 30 30 40 %0
power édB)
120 f (a3)
110 GHz
| -10
~90
| 1
2 70 GHz -20
< 60 A
Ta | -30
< 3 b
80 /«0 GHz ~ =~ _40
0 e ) —— _
0 10 20 30 30 40 50

Figure 2. Calculated color maps for the microwave power in the ('yj, 'yp) plane. (al,bl) & =2,
(a2,b2) a = 3, (a3,b3) &« = 4, where h = 1.1995 in the column (a), and & = 2 in the column (b). The
color bars on the right represent microwave power.

Next, we consider the impact of the carrier capture rate on the characteristics of
microwave signals. Figure 3a displays the color map in the (7y,, 'yj) plane, where t 7y,
increases from 10tns~! to 30t ns~!. One can clearly see that the P1 dynamics regime
shrinks slightly with the variation of v;, while the main distribution of the P1 region
expands toward the right of the map, i.e., the direction of the high carrier capture rate.
Likewise, relatively large power is obtained in most regions, and the low power majorly
concentrates near the underneath boundary of the P1 oscillation. Then, we analyze the
influence of the carrier capture rate, 7,, and the birefringence, v, in Figure 3b, where 7;
augments from 10 ns ! to 20 ns~!. The P1 oscillation greatly dilates in size and moves to
larger values of 7, with the increasing of the spin relaxation rate, ;. Precisely speaking,
the relatively high-frequency region is shifted to the direction of high 7,. In addition,
the relatively large microwave power can be sustained in Figure 3(b3) when 7; is set to
20 ns~ 1. However, the results in Figure 3(b1,b2) suggest that the higher microwave power
is majorly located in the left region of the map, where a low 7, is principally selected in the
QD spin-VCSEL.
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Figure 3. Calculated color maps for the microwave power in the <’yo, 'y]-) plane (left column) and

(%, 'yp) plane (right column). (al) v, = 107 ns~1, (a2) Tp =207 ns~1, and (a3) 7y = 307 ns— L.
(b1) v, =10 ns~1, (b2) v =15 ns~1, and (b3) ;=20 ns~1. The colored regions indicate the P1
dynamics, while the CW and other complex dynamics, including chaos, are marked as white. The
color bars on the right represent microwave power.

It is known that the transition from QD to QW could be realized in the proposed
model described by Equations (1)—(3) if we consider that the capture of carriers from the
WL to GS increases instantaneously, e.g., 7, = 7000 ns~!. The similarities and differences
in the dynamics between typical QD and QW spin-VCSELs have been explored in our
previous work [41]. In this section, we assume that the QD spin-VCSEL with the value of
Yo = 7000 ns~! represents the case of the QW spin-VCSEL and compare the performance
of the generated microwave signals in QW and QD spin-VCSELs. Figure 4 shows the
optical spectra and RF spectra of a QD spin-VCSEL when the value of 7, is 400 ns~! and
7000 ns~!. The birefringence of 10mns ! is selected for a better comparison. Compared
with Figure 4(al), the optical spectrum in Figure 4(a2) shows the two dominant mode
components with lower power, which results in lower power of the fundamental microwave
frequency (see Figure 4b). The microwave linewidth is distinctly elevated from 1.48 MHz to
3.79 MHz with the growth of v,, which means that the quality of signals is degraded due to
the transition from the QD to QW. Moreover, there is a slight increase in the corresponding
fundamental frequency of microwaves from 13.53 GHz to 14.3 GHz.

In order to gain more insight into the characteristics of microwave signals as the
capture rate <, varies, Figure 5 presents the results for the microwave frequency, power,
linewidth, and phase noise. The results for the spin relaxation rate of ; = 10 ns ! and
1 1

the birefringence of vy, = 10mtns™ " are represented by circles, while those for y; = 15ns™

and 7y, = 307 ns~! are symbolized by triangles. Both cases, represented by circles and
triangles in Figure 5a, show a stunning rise in their estimated linewidth with the increase of
Yo- In the meantime, a similarly destructive phenomenon can be found in the observation
of the phase noise variance in Figure 5b. In addition, the decline of microwave power
agrees well with that shown in Figure 3. The influence of 7, on the microwave frequency is
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also recorded in the insets (c1,c2), where the results show that the frequency rises steadily
within only about 1 GHz and 0.4 GHz, respectively, in both cases. All of these tendencies
vividly reveal that a high v, is not advantageous for generating high-quality microwave
signals under the conditions shown above.
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Figure 4. (al,a2) Optical spectra and (b1,b2) RF spectra of the solitary optically pumped QD
spin-VCSEL with (a1,b1) y, = 400 ns~! and (a2,b2) v, = 7000ns~!. The spin relaxation rate is
v =10 ns~!, and other parameters are the same as those in Figure 1.
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Figure 5. (a) Microwave linewidth, (b) phase noise variance (blue curve), power (crimson curve), and
inset (c1,c¢2) microwave frequency of the solitary optically pumped QD spin-VCSEL versus the carrier
capture rate, y,. The solid dots indicate Y= 10 ns~! and the birefringence, v, = 107 ns~!, and the
empty circles represent y; = 15 ns~! and 7p = 307 ns~ L. (c) Microwave linewidth at 7, = 400 ns~!
(dashed line), 4, = 600 ns~! (dotted line) and 7, = 7000 ns~! (solid line).

Similarly, on account of the transition from the QD spin-VCSEL to the QW case when
the capture of the carriers, 7,, is instantaneous, Figure 5c shows the linewidth of the
microwave signals based on the QD case (7, = 400 ns~ ! and 600 ns~!) and the QW case
(7o =7000 ns~!) at various frequencies for ;=10 ns~ ! and 15 ns~!. It should be mentioned
that partial results for 7, = 400 ns~! are shown, as seen in Figure 5¢, since in the rest part
of the spin-VCSEL exhibits complicated dynamics rather than P1 oscillations. The results
suggest that the broader linewidth can be encountered for the QW spin-VCSEL, and here
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we focus on the frequency (7, /1) between 10 GHz to 20 GHz, where both QW and QD
spin-VCSELSs operate in P1 dynamics and thus allows for a fair comparison. Despite the -,
not being an experimentally accessible parameter, its evident impact on the characteristics
of microwave signals may set the scene for the contrast of microwave quality generated
by QW and QD spin-VSCELs, which is eager to be further verified and disclosed in
practical applications.

3.3. P1 Oscillation in the Optically Pumped QD Spin-VCSEL with Optical Feedback

In this section, polarization-preserved optical feedback is adopted to reduce the broad-
ening spectrum linewidth due to the intrinsic spontaneous emission noise in the QD
spin-VCSEL for higher microwave signal purity. The results for optical spectra and RF
spectra are shown in Figure 6, where both single-loop feedback and dual-loop feedback are
included. As shown in Figure 6(b1), the microwave linewidth is minimized from 1.52 MHz
(without optical feedback) to 15 kHz through single-loop feedback (k¢ = 2.5ns™!, T = 4 ns)
in the RF spectrum, in which the relevant parameters are the same as those in Figure 1.
Attributing to the adoption of the feedback loop, many side peaks, which stand for the
external cavity modes, emerge around the dominant components in Figure 6b. Correspond-
ingly, the side peaks around the fundamental frequency are approximately separated by
the multiples of the reciprocal of the feedback delay time, i.e., 1/7. Compared to the peak
of the central fundamental frequency, however, these side peaks are rather weak and do
not affect the calculation of the spectrum linewidth. To accurately analyze the relationship
between these side peaks, the side peak suppression coefficient (SPSC) is defined as the
ratio between the power of the maximum side peak and the power of the fundamental
frequency. The SPSC reaches 44 dB in Figure 6(b1) with single-loop feedback.
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Figure 6. (al,a2) Optical spectra and (b1,b2) RF spectra of the optically pumped QD spin-VCSEL
subject to (al,b1) single-loop feedback and (a2,b2) dual-loop feedback. The feedback strengths are
fixed at kg = 2.5ns"! and (kg; | kpp ) = (1.5ns™ !, 1.5ns™! ). The feedback delay times are set as
T=4nsand (11, ©» ) = (4 ns, 6.5ns) in (b). Other parameters are the same as those in Figure 1
(a1,b1).

To further improve the quality of microwave signals, dual-loop optical feedback is
employed, where the difference of two delay times is 7)1 = T — 71, and the total of
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two feedback strengths is equal to that of the single-loop feedback, i.e., k¢ = k¢ + kgp. In
Figure 6(b2), one can see that the residual side peaks are separated by multiples of the
reciprocal of the averaged delay time, i.e., 1/1; . Furthermore, the linewidth is slightly
increased to 22 kHz, and the side peaks are visibly restrained, while the SPSC is improved
to about 61 dB due to the competition of external cavity modes attracted from dual-loop
feedback with dissimilar delay times.

To investigate the microwave quality versus feedback parameters, the one-parameter
bifurcation diagram, as a function of the feedback strength, is used to describe the stability
of the P1 dynamics state. Figure 7 displays the results for both single-loop and dual-loop
feedback cases. The feedback delay time is set to T = 4 ns in the single-loop feedback and
those are set to 77 = 4 ns and 7, = 6.5 ns in the dual-loop feedback where the essential
difference between the two delay times is to activate the Vernier effect. The other parameters
are set the same as those in Figure 1. As can be seen from both subfigures, the P1 dynamics
remain for low values of the feedback strength. When the feedback strength exceeds a
certain value, e.g., ky = ~ 3 ns~! (see Figure 7a), the adequately strong strength drives
the VCSEL into unstable P1 dynamics and other complicated nonlinear dynamics, such as
period-doubling and chaos. By contrast, despite the exhibition of unstable P1 oscillation
and complex dynamics in the strong feedback strength area, P1 oscillations with dual-loop
feedback can be maintained over a large scope, e.g., the range between k¢ = 3ns~! and
k¢ = 4 ns~!, which sets the stage for its elegant enhancement of the microwave quality in
the following description.

-8 -8
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Figure 7. The bifurcation of an optically pumped QD spin-VCSEL subject to (a) single-loop feedback
and (b) dual-loop feedback. The delay times are fixed at T = 4 ns for single-loop feedback and
(11, ™2) = (4 ns, 6.5 ns) for dual-loop feedback.

Figure 8 presents the properties of the microwave spectral purity, including the 3-dB
linewidth and phase noise and their dependence on key feedback parameters under dif-
ferent optical feedback conditions. The feedback delay time is kept at the same value as
in Figure 7, and the two feedback strengths are set to be equivalent in dual-loop feedback.
From Figure 8(al), we can see that the two linewidth lines through single-loop feedback
(depicted as the black dots) and dual-loop feedback (shown as the red dots) experience a
commensurate decline first and fluctuate down to the flatter areas. The ascending trends are
then observed when the feedback strength exceeds the minimum point at near kf = 3 ns !
(in the single-loop feedback) and k¢ = 4 ns~! (in the dual-loop feedback). This can be
attributed to the evolution of the unstable dynamics and complex dynamics states of the
QD spin-VCSELs described in Figure 7a. It is worth mentioning that a narrower spectrum
linewidth dwelling at some values of feedback strengths can be obtained in relatively
smooth regions if a longer simulation time duration is undertaken, which usually cor-
responds to a higher resolution. With respect to the investigation of the side peaks in
Figure 8(a2), similarly, the SPSC in the single-loop feedback case holds a steady trend in
the weak feedback strength area and then decreases dramatically owing to the excitation of
strong side peaks as the feedback strength increases. For the scenario of dual-loop feedback,
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the SPSC can maintain a higher value range by suppressing the destructive side peaks until
the feedback strength reaches k; = 4 ns~!. To further investigate the microwave quality,
the phase noise variance is evaluated by integrating the averaged single sideband power
spectrum from the fundamental frequency offset of 3 MHz to 1 GHz [22]. As can be seen
from Figure 8(a3), the variation tendencies of the phase noise variance are in accordance
with that of the microwave linewidth in our above-mentioned discussion. In the strong
feedback strength area, the phase variance is suppressed to the minimum value of 0.01 rad*
when ks = 2.5ns7!, and the lower phase variance of 0.001 rad? emerges at kg = 1.9 ns~!
and kg, = 1.9 ns~!, owing to the strict curb on the side peaks.
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Figure 8. (al,bl) Microwave linewidth, (a2,b2) the SPSC, and (a3,b3) phase noise variance as a
function of the total feedback strength in the left column and feedback delay time in the right column.
The feedback strength is set to k¢ = 3 ns~! when the delay time varies. The other parameters are the
same as those in Figure 7.

We then evaluate the microwave quality versus the varying feedback delay time in
the case of single-loop feedback. Herein, the weak feedback strength of k¢ = 0.5 ns ! is
introduced for the intuitive exhibition of microwave characteristics. In general, when
the optical feedback is introduced, the length of the feedback loop is related to the delay
time, which has a great impact on the locking behavior among the P1 oscillation with the
resonance modes of the feedback loops [21], which is profoundly affirmed by the hopping
of the frequency in the insert of Figure 8(b3). Figure 8(b1) illustrates that a monotonous
decrease appears in the linewidth of the microwave as the delay time is increased even to
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large values corresponding to a long feedback loop. In other words, a longer delay time is
constructive for better performance on the microwave linewidth. Nevertheless, as shown
in Figure 8(b2), the continuous diminishing of the SPSC indicates the constant growth
of undesired strong side peaks. Consequently, due to the disturbance of the side peaks,
the improvement in the phase noise variance cannot be expected as the feedback delay
time increases over certain values. For the change of the two delay times in the dual-loop
feedback, the special ratio among the two feedback loop delay times should be avoided
for superior side peaks’ suppression in the investigation of DFB lasers and conventional
VCSELSs [22,30], which is also followed in this study.

By controlling the variable birefringence rate, a broadly tunable microwave frequency,
from tens to a hundred gigahertz, can be attained in the optically pumped QD spin-VCSEL.
In addition, improved microwave quality can be sustained by reasonably selecting the
appropriate parameters through single- and dual-loop optical feedback. In Figure 9, the
linewidth and phase noise variance are displayed over the varying microwave frequency
in different feedback conditions, in which the different feedback parameters are chosen in
those values with relatively optimized performance. Compared with the condition under
no optical feedback, the decline of linewidth under the optical feedback can exceed an
order of magnitude, from the magnitude of MHz to about 50 kHz and below. Furthermore,
the advance of the phase noise variance may surpass two or three orders of magnitude
by single- and dual-loop feedback, respectively. Under the corresponding conditions, the
SPSC can sustain improved values above 40 dB and near 60 dB for single- and dual-loop
feedback. As a result, high-quality microwave signals with tunable frequencies can be
implemented conveniently.

NA
— 2 b
% T Single-loop; 8 40 %;g e
5401 [Solitary QD spin-VCSEL l ] % D 4ol et
S 52 310~ |
10 Dual-loop—> 8 3 ]
£10
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Figure 9. (a) Microwave linewidth and (b) phase noise variance as a function of P1 oscillation
frequencies, where the optically pumped QD spin-VCSEL is subject to no feedback (hollow circles),
single-loop feedback (black dots), and dual-loop feedback (red dots). These dots represent relatively
optimized results with varying feedback parameters.

4. Conclusions

In summary, a photonic microwave signal generation system based on an optically
pumped QD spin-VCSEL has been proposed and demonstrated numerically. We have
investigated the effect of intrinsic key parameters on the P1 dynamics and power of
microwave signals. In particular, we have compared the microwave quality between the
QW and QD cases by substituting the QW spin-VCSEL with the condition of the QD
spin-VCSEL when the value of the carrier capture rate is instantaneous. The relatively
high-quality microwave signals in the low-frequency range can be more easily observed
in the QD spin-VCSEL. Moreover, to reduce the impact of spontaneous emission noise on
microwave quality, the characteristics, including the frequency, power, linewidth, phase
noise, and the SPSC, of microwave signals in the case of single- and dual-loop optical
feedback have been investigated. In general, we have utilized the single-loop feedback to
reduce the linewidth and then further employed the dual-loop feedback to suppress the
side peaks around the fundamental frequency and improve the phase noise variance. We
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have discussed the influence of the feedback strength and feedback delay time on the P1
dynamics and the generated microwave signals. These results imply that the linewidth
could be narrowed from the magnitude of MHz to below 50 kHz and that the improvement
of the phase noise through suppressing the side peaks could reach two or three orders of
magnitude by selecting appropriate feedback parameters. Compared with conventional
sources, the broadband tunable microwave frequency range can be more easily achieved in
the QD spin-VCSEL, with no need for an additional optical injection. Furthermore, some
other characteristics, such as a smaller size, less temperature sensitivity, low-cost light
sources, and accessible integration, can also be expected. We believe this scenario can offer
a convenient scheme for the generation of high-quality photonic microwave signals and
broaden the prospect for QD spin-VCSEL applications.
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