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Abstract

We propose a theoretical model to describe external-cavity distributed feed-
back semiconductor lasers and investigate the impact of the number of ex-
ternal feedback points on linewidth and side-mode suppression ratio through
numerical simulation. The simulation results demonstrate that the linewidth
of external-cavity semiconductor lasers can be reduced by increasing the ex-
ternal cavity length and feedback ratio, and adding more external feedback
points can further narrow the linewidth and enhance the side mode suppres-
sion ratio. This research provides insight into the external cavity distributed
feedback mechanism and can guide the design of high-performance external
cavity semiconductor lasers.
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1. Introduction

In recent years, the demand for high-performance narrow linewidth lasers has
been increasing due to their important applications in precision metrology, opt-
ical communication, and sensing. Currently, various types of narrow linewidth
lasers have been developed, such as distributed feedback (DFB) lasers, distri-
buted Bragg reflector (DBR) lasers, external-cavity semiconductor lasers (ECSLs),
and fiber lasers. Among them, ECSLs are considered to be a promising platform
for achieving narrow linewidths and high side mode suppression ratio (SMSR).
Researchers have been exploring various techniques to further optimize the per-
formance of ECSLs, such as incorporating frequency-selective elements into the
external cavity [1]-[6]. These efforts have led to the demonstration of ECSLs
with sub-kHz linewidths and SMSR exceeding 65 dB [7]. However, the external
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feedback generated by single external cavity will cause periodic laser phase hop-
ping as the main cavity laser interferes with the feedback light, which eventually
causes the laser to oscillate into multiple new longitudinal modes. Thus, the re-
search on narrow linewidth lasers is still ongoing to further improve their per-
formance and address the existing challenges.

Based on breaking through the limitations of single external cavity feedback,
our research group proposes a narrow linewidth laser model assisted by exter-
nal-cavity distributed feedback [8] [9] [10]. In 2014, we combined the distri-
buted feedback structure with a stable laser main resonator, resulting in a fiber
laser with a linewidth of 130 Hz [11]. Additionally, we applied the distributed
feedback mechanism to dual-wavelength tunable lasers to achieve simultaneous
compression of different wavelength lasers [12] [13] [14]. In 2022, we con-
structed a fiber laser system with a multi-longitudinal mode main cavity and a
distributed feedback structure, producing an ultra-narrow linewidth laser output
with a side-mode suppression ratio of 70 dB and a wavelength tuning range of 40
nm [15]. In order to further achieve the ultimate compression of the laser line-
width, we built a hybrid integrated on-chip laser system with a single longitu-
dinal mode DFB main cavity combined with a distributed feedback structure
[16]. Eventually, the experimental system obtained a laser output with an inte-
grated linewidth of 10 Hz under normal conditions. Although the external cavity
distributed feedback model has shown great promise in experiments, the theo-
retical model requires further exploration to fully describe the influence of the
external-cavity distribution feedback mechanism on the external cavity semi-
conductor lasers. Such an understanding would provide a necessary theoretical
foundation to guide the further development of external cavity distributed feed-
back semiconductor lasers.

In this work, we propose a mathematical model to describe external-cavity
distributed feedback semiconductor lasers and analyze the impact of the number
of external feedback cavities on the laser linewidth and side-mode suppression
ratio. We also report on the effects of external cavity length and feedback ratio
on external-cavity distributed feedback semiconductor lasers, which can help
understand the feedback mechanisms of the external-cavity semiconductor las-

€rs.

2. Theory

We propose a theoretical model of calculating distributed feedback external cav-
ity semiconductor lasers, as shown in Figure 1. The structure consists of single
longitudinal mode laser and a set of randomly distributed feedback points, each
with the same feedback ratio. The distance between each feedback point and the
output port of the laser is Ley,.

According to [17] [18], at medium feedback level, the photon number S, phase
¢ and the carrier concentration n of the external-cavity semiconductor lasers
with multi-cavity feedback points can be further derived by the Lang-Kobayashi

laser rate equation as
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Figure 1. Schematic diagram of the external-cavity laser.
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7, is the photon lifetime, 7; is the carrier lifetime, £, is the power fraction of
light returned to the cavity, a is the linewidth enhancement factor, wy is the cen-
ter frequency of the semiconductor lasers without feedback, 1, is the number of
non-equilibrium carriers at the generation threshold, 7is the pump current, eis
the electron charge. m is the modulus of the total feedback complex elec-
tric field, and S, (t) is the total feedback intensity. ¢, (t) is the phase of the
total feedback complex electric field. The total feedback complex electric field,
which is denoted by A(t), can be expressed as:

AW =3 5w ex(i(t-7) @

where Nis the quantity of feedback points, S(t—7;) is the light intensity from
each feedback point with the ordinal number of 7 and the roundtrip delay time
of 7,,and @(t—7;) is the light phase from each feedback point. F, F, and F,
are the Langevin noise with Gaussian distribution simulated by random number.
k. is the reflection coefficient of the semiconductor laser, which can be expressed

as
_11-R \/7
(5)
C Td \/_
where R is the reflection coefficient of the main cavity of the semiconductor la-
ser, 7y = 2nL4 c is the round-trip time of the main cavity of the laser, 7 is the re-

fractive index of the laser main cavity, Ly is the length of the main cavity, cis the

speed of light in vacuum. The spontaneous emissivity Q can be expressed as:
2

Qe 2(1-R) ©)

x/ﬁln(Rlzj

where n,, is the inversion coefficient of semiconductor laser. G(z, $) is the gain,

which can be expressed as
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g(n,5) = 1) @

1+—
( Sn)
where S, corresponds to the photon number at the threshold, G(n — m) is the
differential gain and n, is the number of non-equilibrium carriers corresponding
to zero amplification. The above parameters describe the classical external cavity

semiconductor laser and simulation values are listed in Table 1.

3. Simulation and Discussion

We utilize the fourth-order Runge-Kutta method to conduct numerical simula-
tions of the rate equation for the laser. The carrier numbers nth and Sn are de-
termined based on the analytical solution for a semiconductor laser that operates
in steady-state isolation. The complex amplitude-based Fourier transform is em-
ployed to reconstruct the laser spectrum based on the obtained photon number,
phase, and carrier number. External feedback is a common method to narrow
the linewidth of a laser. However, excessive external feedback can lead to the
emergence of multi-longitudinal modes, resulting in feedback peaks in the fre-
quency noise spectrum. Multi-point distributed feedback can alleviate this issue
by further compressing the linewidth and weakening the mode oscillation in-
duced by external feedback. This allows the laser to re-evolve into a single lon-
gitudinal mode, thus achieving a narrow linewidth output.

Based on the reconstructed frequency noise spectrum, we can obtain the in-
trinsic linewidth. Figure 2 shows the changes of intrinsic linewidth of exter-
nal-cavity distributed feedback semiconductor lasers under different exter-
nal-cavity feedback numbers. We used a fixed feedback ratio of 1 x 107, a long-
est cavity length of 10 m, and a variable cavity length between 4.49 m to 4.51 m.
The lengths of other feedback cavities were chosen randomly between 0 - 10 m.
To ensure stable operation of the semiconductor laser without feedback, we ex-

ecuted the program 5 x 10° times with a step size of 10 ps. For the feedback case,

Table 1. Laser parameters.

Symbol Quantity Value

L4 Semiconductot cavity length 1000 um
n Semiconductor cavity refractive index 3.6

R Reflection of the rear semiconductor laser cavity mirror 0.32

T Carrier lifetime 2 ns

7 Photon lifetime 20 ps
o Carrirer number to reach zero again 2x108
G (=dg/dn) 8x1072s7!
nyp Inversion factor 3

a Linewidth enhancement factor 3
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Figure 2. The intrinsic linewidth evolution with multi external-cavity distributed feed-
back.

the program was run 1.5 x 107 times to ensure complete evolution of the external
cavity semiconductor laser. It can be seen that as the number of external cavity
feedback points increases, the laser's intrinsic linewidth gradually decreases from
the 1 x 10° level to the 1 x 10' level. This suggests that the addition of more ex-
ternal cavity feedback points can effectively compress the linewidth of the exter-
nal-cavity semiconductor laser.

The SMSR of a single external-cavity semiconductor laser varies with the length
of the external cavity. When the external cavity feedback is weak, the side mode
introduced by the external cavity feedback will gradually strengthen and com-
pete with the main mode, leading to a decline in the side mode suppression ratio.
To improve this, multi external cavity distributed feedback can be introduced.
Figure 3 shows the changes in the side mode suppression ratio of the external
cavity distributed feedback semiconductor laser. As the number of external cav-
ity feedback points increases, the side mode suppression ratio of the laser steadi-
ly increases. With more than 90 external cavity points, the SMSR reaches 70 dB,
while the intrinsic linewidth of the laser narrows to the level of 10 Hz. This indi-
cates that external cavity distributed feedback can effectively narrow the line-
width and improve the side mode suppression ratio of the laser.

Figure 4 shows the spectrum and frequency noise spectrum of the laser with
different external cavity feedback numbers, which more clearly illustrates the
changes of the above-mentioned intrinsic linewidth and SMSR. Figures 4(a)-(c)
shows the reconstructed laser spectra when the external cavity feedback points
are 3, 50, and 100 respectively. By increasing the number of external cavity
points, the side mode introduced by the weak external cavity feedback is conti-
nuously suppressed, and the SMSR is continuously increased from 50 dB to 70
dB. Suppression of multi-longitudinal modes can also be shown in the frequency
noise spectrum. It can be seen from Figures 4(d)-(f) that there has high-frequency

noise peak in the frequency range from 10 MHz to 100 MHz, but this high-
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frequency noise peak is continuously sup-pressed as the number of external cav-
ity points increases. It is worth noting that while the frequency noise in the fre-
quency range below 1 MHz can be reduced from 10° Hz*/Hz to the level of 10'
Hz?/Hz, the effect of frequency noise reduction is gradually weakened for higher
frequency noise. There is no significant difference in the frequency noise above
100 MHz between different external cavity lasers under different numbers of
cavity points. This suggests that increasing the number of external cavity points

cannot effectively compress the frequency noise of the high frequency span.
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Figure 3. The SMSR evolution with multi external-cavity distributed feedback.
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Figure 4. The frequency noise and spectrum evolution with multi external-cavity distributed feedback. (a) The
reconstructed laser spectra with 3 external-cavity feedback. (b) The reconstructed laser spectra with 50 exter-

nal-cavity feedback. (c) The reconstructed laser spectra with 100 external-cavity feedback. (d)-(f) Typical fre-
quency noise spectrum with 3, 50 and 100 external-cavity feedback.
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Previous studies have demonstrated that under single-point feedback, the li-
newidth of a laser increases as the feedback ratio and the length of the external
cavity are increased [19]. Our research has confirmed that this mechanism re-
mains valid for multi-point distributed feedback. As shown in Figure 5, we main-
tain a fixed feedback ratio of 1 x 107 for each feedback point and vary the length
of the longest cavity to 1 m and 100 m, respectively, while proportionally in-
creasing the lengths of the other external cavities. The intrinsic linewidth of the
laser decreases as the length of the external cavity increases, and increasing the
number of external cavity points can further reduce the linewidth. These obser-
vations are consistent with the conclusions drawn for single-point feedback.

Figure 6 shows the effect of increasing the feedback ratio while keeping the
longest external cavity length fixed at 10 m. It can be observed that, as the feed-
back ratio increases to the order of 1 x 107, the linewidth of the laser continues
to decrease, which is consistent with previous research results. It is worth noting

that the intrinsic linewidth of the laser cannot be further reduced and tends to
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Figure 5. The influence of the maximum external-cavity length on intrinsic linewidth
with a fixed feedback ratio of 10~
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Figure 6. The influence of the feedback ratio on intrinsic linewidth with a fixed maxi-
mum external-cavity length.
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fluctuate within a certain range when the number of external cavity feedback
points exceeds a certain value (100 points). However, the increase in the number
of external cavity feedback points will inevitably increase the cost of the external
cavity semiconductor laser. Therefore, it is necessary to strike a balance between
the number of external cavities and performance to realize high-performance

external cavity semiconductor laser at a reasonable cost.

4. Conclusions

We demonstrate a model for analyzing external-cavity distributed feedback
semiconductor lasers. The results indicate that increasing the number of external
cavity feedback points to achieve distributed feedback can further optimize the
performance of the external cavity semiconductor laser. When the feedback ratio
and the maximum external cavity length are determined, by increasing the num-
ber of feedback points, the side mode suppression ratio can be improved while
narrowing the linewidth. When the number of external cavity points reaches a
certain number, continuing to increase the feedback points cannot continue to
narrow the linewidth, but fluctuates within a certain range.

It is important to note that in this model, the feedback ratio for each feedback
point is fixed, meaning that increasing the number of external cavity points, in-
creasing the length of the external cavity, or increasing the single-point feedback
ratio all result in an increase in the amount of external feedback received by the
main cavity. In accordance with classical external-cavity semiconductor laser
theory, when the amount of feedback falls within a certain range, increasing the
amount of feedback can continuously narrow the linewidth of the laser, but can
also introduce new longitudinal modes into the main cavity. The use of external
cavity distributed feedback can effectively suppress the multi-longitudinal mode
oscillation introduced by the external cavity feedback, and enable single longitu-
dinal mode operation during the linewidth compression process.

The theoretical analysis and simulation of intrinsic linewidth and SMSR of
external cavity distributed semiconductor lasers will help to deepen the under-
standing of external cavity distributed feedback mechanism, and can also guide

the design of narrow linewidth semiconductor lasers with high SMSR.
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