A ER-INC)

Chinese Optics B

Low-noise linear-polarization fiber laser with polarization adjusted parity-time symmetry in a linear reflection structure
LIN Zi-han, CAO Zhi-gang, CHEN Jia-ming, FANG Chong-xu, CHENG Rui, WANG Xing-yun, WANG Xu, LIU Peng, CAO Jian-bo, LIN Ji-
ping

Citation:

LIN Zi-han, CAO Zhi-gang, CHEN Jia-ming, FANG Chong-xu, CHENG Rui, WANG Xing-yun, WANG Xu, LIU Peng, CAO
Jian-bo, LIN Ji-ping. Low—noise linear—polarization fiber laser with polarization adjusted parity—time symmetry in a linear reflection
structure[J]. Chinese Optics, In press. doi: 10.37188/CO.EN-2026-0009

185541, BRI, BRECER, 7 540, Bt EIE, VR, XIS, B S, AR, Lot S S At e rh B TR I TR ] AR
RIS 2 IR LT O AR, EDE=, e %3k, doi: 10.37188/C0O.EN-2026-0009

View online: https://doi.org/10.37188/CO.EN-2026-0009

Articles you may be interested in

Widely—wavelength—tunable brillouin fiber laser with improved optical signal—-to—noise ratio based on parity—time symmetric and

saturable absorption effect
LT TR DXk -5 P AR WA A 7 ) 8 T 18 g D' M L A L RO LT O LA
Chinese Optics. 2024, 17(5): 1244  https://doi.org/10.37188/CO.EN-2024-0016

Low—noise wide tuning —nm DBR narrow-linewidth single—frequency fiber laser
RN FE TR o A A PR S 78 42 9 SO LT O L A
Chinese Optics. 2025, 18(6): 1289 hitps://doi.org/10.37188/C0.2025-0071

Output characteristics of an all—fiber laser with a 2— w m MOPA structure
2— u. m MOPAZSHY AL O v Hh R PR IT Y
Chinese Optics. 2023, 16(2): 399  https://doi.org/10.37188/C0.2022-0191

Key technology analysis and research progress of high—power narrow linewidth fiber laser based on the multi-longitudinal-mode

oscillator seed source
BT 2GR R I R DR AR L D LT O G SRR 1A S S AR
Chinese Optics. 2024, 17(1): 38  hitps://doi.org/10.37188/C0.2023-0074

Laser Doppler velocimetry with a dual polarization structure
XU it 225 ¥ B PO 2225 il i 22 458
Chinese Optics. 2023, 16(4): 753  https://doi.org/10.37188/C0.2022-0211

Polarization—multiplexing of a laser based on a bulk Yb:CALGO crystal

HFYh:CALGO S B LA 1 i Pk 5
Chinese Optics. 2023, 16(6): 1475 hitps://doi.org/10.37188/CO.EN-2023-0005


https://www.chineseoptics.net.cn
https://www.chineseoptics.net.cn
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.EN-2026-0009
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.EN-2024-0016
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.EN-2024-0016
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2025-0071
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2025-0071
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2025-0071
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2022-0191
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2023-0074
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2023-0074
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2022-0211
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.EN-2023-0005

FxH FxW EP%%(EP%Y) Vol.x No. x
xxxx 4F x A Chinese OptiCS XXX. XXXX

XEHS 2097-1842(xxxx)x-0001-15
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Abstract: A low-noise linear-polarization single longitudinal mode (SLM) fiber laser based on polarimetric
parity-time (PT) symmetry is proposed and experimentally demonstrated. PT symmetry is achieved within a
linear reflection structure. When the balanced gain—loss contrast surpasses the coupling coefficient, the condi-
tion for PT-symmetry breaking is met, enabling the realization of an SLM laser. Stable laser output with a
high sidemode suppression ratio (SMSR) of 62.6 dB and a high optical signal-to-noise ratio (OSNR) of
64.32 dB is realized. The Lorentz linewidth is measured as 182.5 Hz. The degree of polarization (DOP) and
polarization extinction ratio (PER) of the laser remain above 99.8 % and 30.8 dB within 4 hours. Further-
more, the relative intensity noise (RIN) and phase noise of the PT-symmetric laser are analyzed and com-
pared with those of fiber lasers and semiconductor lasers. The results demonstrate the low-noise performance

of the proposed PT-symmetric laser.
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1 Introduction

Single-longitudinal-mode (SLM) lasers are
widely applied in various fields, such as lidar'", mi-
crowave photonics™, coherent optical communi-

cation*!

, spectroscopy!™, and precision measure-
ment®, due to their advantages of high coherence,
narrow linewidth, and so on. Therefore, to realize
SLM operation, several approaches have been pro-
posed, including ultrashort cavities™, saturable ab-

[10]

sorbers!'”, composite cavities!'"), and self-injection

locking!'?,

In recent years, parity-time (PT) symmetry in
non-Hermitian optics has introduced a novel ap-
proach for achieving mode selectivity in fiber lasers.
A method proposed by Li et al. in 2020 is presented.
Two subspaces are formed in the ring loop by using
two polarizers and two polarization controllers (PC).
The gain and loss in the loop will be adjusted by the
PCs to achieve PT symmetry and SLM output™. In
the subsequent studies, the mode selection effect of
PT symmetry is achieved by changing the loop

14-16]

structure! However, when PT symmetry is
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achieved through a ring structure with a main loop,
the precise tuning of gain and loss modes requires
the cooperation of multiple optical devices, making
the conditions for achieving PT symmetry more
stringent. Based on the aforementioned measure-
ments, the laser fails to simultaneously achieve an
optical signal-to-noise ratio (OSNR) and a side-
mode suppression ratio (SMSR) both exceeding
50 dB. Therefore, it is essential to explore alternat-
ive structures for achieving higher OSNR and
SMSR. An alternative approach was proposed by
Zhang et al. in 2023. In the double ring cavity, the
PT-symmetry breaking is realized by using double
rings with different lengths, with the SMSR en-
hanced to 53 dB!"”. However, the double loop struc-
ture necessitates the coupling of two precisely
matched optical loops, and then it is imperative to
individually regulate the gain and loss loops to at-
tain PT symmetry. Alternatively, an approach incor-
porates the assistance of stimulated Brillouin scat-
tering (SBS) to realize PT symmetry, which can en-
hance the OSNR to approximately 60 dB, while the
SMSR only reaches 33 dB. A significant drawback

of this specific technique, however, is that it im-
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poses stricter requirements on the pump source,
leading to increased structural complexity and cost
in practical applications!"®'?. Therefore, it is highly
desirable to achieve more stable PT symmetry with-
in a simplified structural design for the enhance-
ment of SMSR and OSNR. More importantly, the
noise performance of PT-symmetric SLM lasers re-
mains insufficiently understood, and direct compar-
isons with other SLM laser technologies are still
limited.

In this paper, we propose and experimentally
demonstrate a PT-symmetric low-noise linear-polar-
ization SLM fiber laser based on polarization mode
manipulation. The proposed structure simplifies
cavity adjustment while supporting stable polariza-
tion states. Additionally, the linear reflection struc-
ture provides good mutual coupling and consistent
responses to environmental disturbances, which are
conducive to achieving PT symmetry. By setting the
pump power to 150 mW, the SMSR and OSNR are
measured to be 62.6 dB and 64.32 dB, respectively.
The fluctuations in SMSR, central wavelength, and
power remain below 1.5 dB, 0.02 nm, and 0.1 dB
within 4 hours. The laser maintains a high polariza-
tion extinction ratio (PER) of over 30 dB, indicat-
ing that it can maintain a stable linearly polarized
state. The Lorentz linewidth is measured as
182.5 Hz. When compared with other fiber lasers
and semiconductor lasers, the proposed laser
demonstrates significantly superior performance in
both relative intensity noise (RIN) and phase noise.
Finally, to achieve a tunable SLM laser, the SM-
FBG is replaced with a single-mode fiber mirror,
and a polarization-maintained tunable optical band-
pass filter (PM-TOBPF) is incorporated into the
main cavity. The laser wavelength is tunable over
1516-1575 nm, corresponding to a 59 nm tuning
range. Owing to its narrow linewidth, high SMSR,
stable linear polarization, and low-noise character-
istics, the proposed PT-symmetric fiber laser
provides a promising laser source for applications

requiring stable SLM operation. Potential applica-

tion areas include coherent detection, microwave
photonics, lidar, interferometric sensing, and preci-
sion optical measurement. Moreover, the relatively
simple linear reflective structure is advantageous for

the practical implementation of fiber laser systems.

2 Theoretical analysis

A linear reflection structure is constructed us-
ing a polarization-maintaining circulator (PM-CIR)
operating along the slow axis, a PC and a single-
mode fiber Bragg grating (SM-FBG). The structure
is utilized to realize the PT-symmetric system, as il-
lustrated in Fig. 1(a). In the structure, two orthogon-
al polarized lights generated by the birefringent ef-
fect are controlled to build two PT-symmetric loops.
One of the polarimetric loops supports the gain
mode, while the other supports the loss mode. The
PC precisely adjusts the gain and loss coefficients of
the two polarization loops, thereby establishing PT
symmetry. The SM-FBG determines the laser
wavelength and performs the initial filtering.

The fiber-optic PC with three adjustable
paddles adopts a triple-layer configuration, where a
half-wave plate is placed between two quarter-wave
plates in a symmetric configuration, allowing pre-
cise manipulation of the polarization state via suc-
cessive phase retardation. The transfer function of
the three-paddle PC is given by[20]:

1 sinf  cosf

exp(i¢;) 0
[ ()l 1} , (D

Fe :[ exp(igs) O H cosd —sing }

where ¢; and ¢, arethe phase retardance intro-
duced to the two orthogonally polarized light waves
by the two quarter-wave plates, and 6 is the rotation
angle of the polarization direction introduced by the
half-wave plate. When the PC is adjusted, the bi-
refringence effect introduces a relative phase delay
between the two orthogonal polarization modes. The
half-wave plate and quarter-wave plate have differ-

ent effects on the construction of PT symmetry.
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Fig. 1 (a) Experimental setup. (b) Optical spectrum measurement system and delayed self-heterodyne (DSH) system. (PM-

EDF: polarization-maintaining erbium-doped fiber, PM-WDM: polarization-maintaining wavelength-division multi-

plexer, PM-OC: polarization-maintaining optical coupler, SM-OC: single-mode optical coupler, AOM: acousto-optic

modulator, PD: photodiode, SMF: single-mode fiber).

For one thing, the eigenfrequencies between
the two loops need to be matched to achieve PT
symmetry. The PT-symmetric condition is satisfied

when the eigenfrequency separation dw, equals
(¢:—¢y)c
Nerr(L+2Lg)
phase of the two orthogonal polarized lights pro-

zero, where 0w, = . ¢, and ¢, is the

duced by the birefringence, ¢ represents the speed of
light in vacuum., n,,, is the effective refractive in-
dex, L and L, are the fiber lengths of the main loop
cavity and linear reflection structure, respectively.
The quarter-wave plate of PC needs to be adjusted
to make the values of ¢.and¢, equal. The adjust-
ment angle of the quarter-wave plate is defined as
6,. Therefore, 6, can be adjusted to align between
the real parts of the eigenfrequencies so as to estab-
lish PT symmetry®", as illustrated in Fig. 2(a).

For another, adjusting the half-wave plate in
the PC can alter the polarization direction of two or-

thogonal polarized lights. The slow axis of the PM-

CIR is defined as the principal optical axis. Assum-
ing that the slow and fast polarization lights gener-
ated by the birefringence effect are E.and E|, re-
spectively, the angle between the principal optical
axis and the slow polarized light E, is defined as
60, as shown in Fig. 2(b). By adjusting 6, with the
half-wave plate, the round-trip gain, loss, and
coupling coefficient of the two polarization loops
can be tuned. Therefore, PT symmetry is estab-
lished under the condition that the imaginary parts
of the eigenfrequencies in the two polarimetric
loops are equal.

The polarization state evolution in the linear re-
flection structure is shown in Fig. 2(b). When the
light passes through the PM-CIR, a linearly polar-
ized light is generated and operates on the slow axis
(the principal optical axis), which is defined as state
1. When passing through the PC, two orthogonal po-
larized lights E, and E, are generated, and the angle
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of 6, can be adjusted by a half-wave plate, which is
defined as state 2. When the reflected light passes
through the PC again, a portion of the polarized
lightE, couples with the other polarized light E,,
and the same coupling occurs in reverse, which is
defined as state 3. When returning to the PM-CIR,

only the components of the two polarized lights on

the principal optical axis can pass through the PM-
CIR, which is defined as state 4. Therefore, the PT-
symmetric system can be realized by controlling the
PC. Furthermore, the polarization state remains in-
variant within the polarization-maintaining main
ring cavity. As a result, the PT-symmetric system

can operate with minimal initial loss.

Polarization state

State 1
—

PM-CIR ’

A—

b State 4
&

(a) Adjustment angle 6,
vV Vv
ow, l
) v ﬁ ‘l’T ? ‘111‘ ?} Eigenfrequency

) ,/A‘
State 2 £ \:19%
—
v <

== Principal optical axis

~» Orthogonal polarized
E, —>Light

Fig. 2 (a) The alignment of the real part of the eigenfrequency between the polarimetric loops when the phase delay is tuned

by the variation of 6,. (b) The polarization state evolution in the linear reflection structure when the gain and loss of

two orthogonal polarized lights are tuned by the variation of g,.

It should be noted that the slow and the fast po-
larization lights of the electric field E(¢) are E,
andE,, the coupled mode equation of two orthogon-

al polarimetric loops is given by:

il & ||

where w,is the frequency of the n-th eigenmode of

E,
E,

K
—iw, +1

E,

—iw,+8
] E,

LK

} , (2

the ring cavity. g and /are respectively the gain or
loss of the mode in the two polarimetric loops, and
k denotes the coupling coefficient between the two
polarization loops. According to the definition of
unit time gain and loss, the gain and loss are given
by:

g=Ing, /T , (3

I=Ing,/T 4)

where g, and g, are the round-trip gain and loss
coefficient, T is the round-trip time of the cavity.
When the polarization light E.and E, are recircu-
lated in the loop, the angles between the two ortho-
gonal polarized lights with the principal optical axis
will lead to different round-trip gains coefficient and
coupling coefficient in the two orthogonal polariza-

tion loops, given by:

8 = g0C0s’0;, (5
8 = gosinng s (6)
K = gosinf,cos6, 7

where g, is the round-trip gain of the electric field.
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When the gain matches the loss in the two coupled
loops, it means that g=-/=v,. v, is the balance

value between gain and loss. Equation (2) can be

WY =w, K=V, €))

The loop achieves the balance of gain and loss,

solved:

that is g,g, = 1. Then it can be calculated that the
polarization rotation angle to realize the PT sym-
metry of the imaginary part of the eigenfrequencies
is:
0, = ilarcsin(z) , 9)
2 8o

Based on the above analysis, when the gain and
loss in the two cavities are balanced and remain be-
low the coupling coefficient k, each resonant fre-
quency encounters an equal amount of gain and
loss. As a result, the mode oscillation is maintained
near the laser threshold. Once v, exceeds «k, the
mode reaches the PT-symmetry breaking region.
Consequently, w!? becomes a complex number. The
real part of its resonant frequency remains equal,
while the imaginary part splits. This indicates that
the mode exhibits either gain or loss. Specifically,
by adjusting the reasonable coupling coefficient or
gain/loss value, modes that do not reach the lasing
threshold are suppressed, which is conducive to
achieving single mode amplification output.

For a conventional laser system, the gain dif-
ference between the primary mode and the second-

highest mode is defined as g,... And for the PT-

PT
max>

symmetric system is defined as g, , which are giv-

en separately:

8max = 81— 82 (10)

B = \EI—& (1

Here g, is the gain of the primary mode, g, is
the gain of the second highest mode. Then the gain

contrast ratio R can be expressed as:

o +1
R=fo_ [8UBTL gy,
8max 81/82—1

The gain can be amplified by a factor of R
when g, exceeds g,. Notably, the gain contrast ex-
hibits dramatic enhancement as g, approaches g;.
Consequently, the primary mode exhibits gain en-
hancement in the condition of PT-symmetry break-
ing, leading to more stable and better mode selec-

tion.

3 Theoretical verification and results

To verify the function of the linear reflection
structure, an experimental setup is built to show the
polarization-dependent loss tuning, as depicted in
Fig. 3. Two linearly polarized lasers with perpendic-
ular polarized directions are used in the experiment.
For the convenience of distinguishing orthogonal
polarized lasers, the two lasers have different
wavelengths. The orthogonally polarized lights are
combined using a polarization beam combiner
(PBC) and injected into the linear reflection struc-
ture by a SM-OC. The single-mode fiber mirror en-
sures the reflection of both polarized lasers. The
output spectra of the linear reflection structure are
monitored at port 3 of the PM-CIR using the optical
spectrum analyzer (OSA). When the PC is adjusted,
the variations in polarization-dependent loss can ac-
cordingly be measured by monitoring power vari-

ations at different wavelengths.

1
OSA 3 g 2 50/50
ocC PC

PM-CIR Mirror

PBC

1 549.98 (E,) 1550.23 (E,) )

Fig. 3 The experimental setup for verifying the tuning of

polarization-dependent loss.

When there is no PC in the experimental setup,
the output spectrum indicates that the powers of
the two lasers are virtually identical, as depicted in

Fig. 4.
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—20 PC adjusts its angle. Thus, the adjustment range for
—30+ a single period is set to 0° to 90°. By adjusting the

Power/dBm
o
S

—-80
1549.6 1549.8 1550.0 1550.2 1550.4 1550.6
Wavelength/nm

Fig.4 The output optical spectrum without using a PC in

the experimental setup.

Then, in the complete validation experimental
setup, the initial angle of 6, isset to 45°. Mean-
while, the light power changes periodically as the

Power/dBm

Wavelength/nm

half-wave plate, the power changes of the two lasers
differ, indicating that the losses of E, and E,polariz-
ation modes are different, respectively, as shown in
Fig. 5(a) and Fig. 5(b). When rotated clockwise, the
power of the laser at 1549.98 nm, which is the fast
polarization component (E,), decreases. Simultan-
eously, the power of the laser at 1550.23 nm, which
is the slow polarization component (E,), increases.
The changes in the power of the two lasers are
shown in Fig. 6. These results confirm that the de-

signed structure forms two orthogonal polarization

loops with different losses.

wgp/Iomod

Wavelength/nm

Fig. 5 The optical spectra under different half-wave plate adjustments (6,). (a) Adjustment from 0° to 45°. (b) Adjustment

from 45° to 90°.

Power/dBm

0 15 30 45 60 75 90
0,/(°)

Fig. 6 The evolution of the power of the two lasers at dif-

ferent 6,,.

4 Experimental setup and results

As shown in Fig. 1(a), the low-noise linear-po-

larization fiber laser with polarization adjusted PT
symmetry in the linear reflection structure is con-
structed in the experiment. A 10 m PM-EDF (IXF-
EDF-FGC-980-PM, iXblue) is used as the gain me-
dium. A 976 nm semiconductor laser serves as the
pump, and pump light is injected into the cavity us-
ing a PM-WDM. A PM-CIR and a SM-FBG consti-
tute the linear reflection structure. The SM-FBG,
with a central wavelength of 1550.20 nm and a
bandwidth of 0.09 nm, can roughly select the laser
wavelength. The PC provides control over the
gain—loss coefficients of the two polarization loops.
A 20/80 polarization-maintaining optical coupler
(PM-OC) is utilized for laser output. All the PM

devices operate on the slow axis. The length of the
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ring cavity is about 26 m. The laser output is di-
vided into two parts by the SM-OC for the next per-
formance test. As shown in Fig. 1(b), one part is
launched to the OSA, and the other part is used for
mode analysis and linewidth measurement by the
DSH method. The frequency shift of the AOM is
100 MHz, and the length of the delayed fiber is
50km. A PD is placed after the recombination of
the two light beams to detect the beat spectrum
centered at 100 MHz, utilizing an electrical spec-
trum analyzer (ESA).

4.1 Frequency spectrum

To validate the efficiency of mode suppression

-10

ol @

Power/dBm
[ R N
~ N W B (98]
S S S (=] (=]

s

Jl

—80 h
Ll |..L "
[ gt/ Lt

lllli.J‘
AL el bl

A

Frequency/MHz

90 ;
50 60 70 80 90 100 110 120 130 140 150

in the designed PT-symmetric SLM laser, the PC is
initially adjusted to create an imbalance between the
gain and loss of the two loops. When the pump
power reaches 8 mW, the laser begins to oscillate.
When the pump power is increased to 150 mW,
multimode laser operation is observed in the meas-
ured electrical spectrum, with a measurement band-
width of 100 MHz and a resolution of 100 Hz, as
shown in Fig. 7(a). The free spectral range (FSR) is
7.97 MHz. Within the bandwidth of the SM-FBG
(0.09 nm, approximately 11.25 GHz), about 1411

longitudinal modes are oscillating.

-10
b

730 L
E 40t g
% ©
5 =50 | <
L 60t Z

=

=70 t v

780 L

- 80 90 100 110 120

Frequency/MHz

Fig. 7 The radio frequency spectra of the beat signals (a) The system is operating without PT-symmetry breaking. (b) The sys-

tem is operating with PT-symmetry breaking.

Then, the gains and losses of the two loops are
precisely adjusted through the PC, ensuring bal-
anced operation and driving the gain—loss contrast
to surpass the coupling coefficient, which results in
PT-symmetry breaking. Thus, the dominant mode
reaches the PT-symmetry breaking region to obtain
additional gains, while other side modes are sup-
pressed. An SMSR of 62.6 dB is obtained, demon-
strating efficient mode suppression enabled by PT
symmetry, as shown in Fig. 7(b).

When the pump power varies, the designed
laser can still achieve PT-symmetry breaking, al-
lowing the output laser to maintain SLM operation.
The effect of pump power on the SMSR is also ana-

lyzed, as shown in Fig. 8. As the power increases

from 10 mW to 150 mW, the SMSR experiences an
increase, rising from 33.7 dB to 62.6 dB, as can be
seen in the inset of Fig. 8.

As shown in Fig. 9, the SLM laser output is
monitored for 4 hours when the pump power is set
to 150 mW. The dominant mode, which satisfies
the PT-symmetry breaking condition, always main-
tains an SMSR of 63 dB with fluctuations of less
than 1.5 dB, demonstrating high stability, as shown
in the inset of Fig. 9. All stability measurements
are carried out under normal laboratory conditions
on a standard optical table, without active temperat-

ure control or dedicated vibration-isolation pack-

aging.
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Fig. 9 The radio frequency spectra of the beat signals within 4 hours. Inset: SMSR fluctuation.

4.2 Optical spectrum

When the system reaches PT-symmetry break-
ing, its spectrum is simultaneously measured by
OSA with a measurement bandwidth of 2 nm and a
resolution of 0.02 nm. The evolution of the optical
spectra at various pump power levels is shown in
Fig. 10, with a central wavelength of 1550.19 nm
for the lasers. According to the inset of Fig. 10, the

OSNR increases with increasing pump power,
reaching 64.32 dB at 150 mW. To demonstrate the
long-term stability of the system, the optical spectra
of the laser are measured by the OSA over a 4-hour
period, as shown in Fig. 11(a). The wavelength and
output power fluctuations are maintained within
0.02nm and 0.1 dB, respectively, as shown in
Fig. 11(b).
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4.3 Linewidth The laser linewidth at 20 dB is 3.65 kHz by the

To verify the narrow linewidth of the fiber
laser, the frequency spectrum bandwidth is set to
100 kHz. The measurement result is shown in
Fig. 12.

Power/dBm

T
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100.00
Frequency/MHz

0 I L
99.96

Fig. 12 The linewidth measurement and Lorentz fitting

curve of the PT-symmetric laser.

Lorentzian fitting of the beat-frequency signals. The
corresponding Lorentzian linewidth of the laser is
calculated to be approximately 182.5 Hz. Environ-
mental factors, such as temperature drift and mech-
anical vibrations, may induce significant linewidth
broadening in the absence of active stabilization.
Therefore, the intrinsic linewidth may be narrower.
4.4 Polarization properties

As depicted in Fig. 13, the polarization charac-
teristics of the laser are continuously monitored for
4 hours by a polarization extinction ratio meter
(ERM-101, General Photonics). The DOP is higher
than 99.8%. The PER is greater than 30.8 dB, with
fluctuations within a narrow range of less than
0.87 dB. These results indicate that the laser main-
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tains stable linear polarization for 4 hours.
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Fig. 13  Polarization stability of the PT-symmetric laser.

4.5 Noise analysis

T The RIN and phase noise of the PT-symmet-
ric SLM laser are characterized and compared with
those of several other lasers, including a home-built
SA fiber SLM laser, a commercial fiber laser (Ko-
heras BASIK X15, NKT Photonics), and a semicon-
ductor laser (RIO, Orion laser module). The meas-
urement of phase noise uses an interferometric
sensor phase shift demodulation technique based on
a 3 x 3coupler and ellipse fitting algorithm
(EFA)?. In this work, both the RIN and the phase
noise are expressed in dB/Hz.

As depicted in Fig. 14, the relaxation oscilla-
tion peak of PT-symmetric laser is reduced by
17 dB relative to SA laser. The difference in the
peak frequency of relaxation oscillations is mainly

determined by factors such as the pump power, in-
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Frequency/10* Hz

tracavity loss, and effective cavity length within the
laser. Furthermore, as shown in Fig. 14(a), the PT-
symmetric laser exhibits a reduction in RIN of more
than 5 dB compared to the SA laser across the fre-
quency range from 500 Hz to 10 kHz. In conven-
tional SA lasers™, the formation of standing-wave-
induced dynamic gratings leads to the emergence of
weak side modes. These side modes can deteriorate
the laser's noise performance by introducing addi-
tional noise sources. Furthermore, dynamic gratings
induce fluctuations in intracavity losses of the laser,
thereby introducing additional noise. However, in
PT-symmetric lasers, when the condition for PT-
symmetry breaking is met, the gain contrast is
markedly enhanced. As a result, the main mode ex-
periences gain enhancement, leading to improved
stability. This mechanism also contributes to the
suppression of RIN in the PT-symmetric laser.
When PT-symmetry breaking occurs, the system is
forced to lock onto a single polarization mode. This
polarization-stabilized configuration enhances ro-
bustness against environmental disturbances and ef-
fectively suppresses laser noise. Moreover, across
the measured 10 Hz to 100 kHz range, the PT-sym-
metric laser exhibits lower RIN than the commer-
cial NKT laser at all frequencies except the relaxa-
tion oscillation peak. Specifically, its noise level in
the flat spectral region is about 18 dB lower, as
shown in Fig. 14(b).
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Fig. 14 RINs measurement for different lasers. (a) linear frequency scale; (b) logarithmic frequency scale.

In phase noise measurements, fiber lasers ex-

hibit lower phase noise, as shown in Fig. 15. Over-

all, the PT-symmetric laser demonstrates superior

noise performance compared to its fiber laser coun-
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terparts, characterized by a lower RIN, particularly
across the range of 10 Hz to 10 kHz. Notably, the
PT-symmetric laser operates without encapsulation
vibration-isolation devices, in contrast to the SA and
NKT lasers. This result indicates that the PT-sym-
metric laser design offers improved stability and

stronger resistance to environmental perturbations.
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Fig. 15 Phase noise measurement for different lasers.

Semiconductor lasers typically exhibit lower
RIN than fiber-laser counterparts. Nevertheless, as

illustrated in Fig. 14, the PT-symmetric laser
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Fig. 16 Experimental setup of tunable SLM laser.
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Fig. 17 (a) Optical spectra of SLM operation when the filter is tuned. The tuning range spans from 1516 nm to 1575 nm, with

demonstrates a comparable RIN level to the semi-
conductor laser, except for the relaxation oscillation
frequency. In addition, compared with semiconduct-
or laser, the PT-symmetric laser exhibits a phase
noise reduction of more than 10 dB across the fre-
quency range from 100 Hz to 100 kHz, as shown in
Fig. 15. Therefore, the PT-symmetric laser can sim-
ultaneously achieve the dual advantages of low rel-
ative intensity noise and low phase noise.
4.6 Wavelength-tuning

To achieve a SLM laser with wide-range
wavelength tuning, the SM-FBG is replaced. A
single-mode fiber mirror is used to provide reflec-
tion, and a PM-TOBPF (OTF-350, Santec) is incor-
porated into the main ring cavity to tune
wavelength, as shown in Fig. 16. The pump power
is set at 150 mW. Fig. 17(a) and 17(b) display the
optical spectra obtained by adjusting the PM-TO-
BPF with different step sizes during SLM operation.
A wavelength tuning range of 59 nm, from 1516 nm
to 1575 nm, is achieved with peak power fluctu-

ations maintained within 3 dB.

a step size of 10 nm. (b) The tuning range extends from 1548.5 nm to 1551.5 nm, with a step size of 0.5 nm.
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It is evident that PT-symmetric mode selection
stimulates a stable resonant mode for all wave-
lengths. However, the tuning range is constrained
due to the gain bandwidth of the EDF and the opera-
tional bandwidth of the device.

4.7 Discussion

To further evaluate the advantages of the pro-
posed laser, a comparison with representative PT-
symmetric and conventional SLM fiber lasers is
summarized in Table 1. As shown in the table, pre-
viously reported PT-symmetric lasers mainly fo-
cused on mode selection, SMSR, OSNR, or line-
width, whereas polarization characteristics, long-
term stability, and noise behavior were rarely repor-
ted in a systematic manner. In contrast, the pro-
posed laser achieves a high SMSR of 62.6 dB, a
high OSNR of 64.32 dB, and a narrow linewidth of
182.5 Hz. Meanwhile, stable linearly polarized out-

put is obtained, with a DOP of 99.8% and a PER of
30.8 dB. The proposed laser also shows good ope-
rational stability, with the power fluctuation and
wavelength fluctuation remaining below 0.1 dB and
0.02 nm, respectively, together with additional noise
analysis. Compared with the conventional SLM
fiber laser listed in Table 1, the proposed PT-sym-
metric scheme shows a more favorable overall per-
formance in linewidth, spectral purity, and polariza-
tion characteristics. These results indicate that the
proposed PT-symmetric laser provides a favorable
balance among stable SLM operation, narrow line-
width, polarization stability, and low-noise perform-
ance. It should be noted that the compared results
were obtained from different laser structures and
measurement conditions; therefore, the comparison
is intended as a representative benchmark rather

than a strictly one-to-one experimental evaluation.

Tab.1 Comparison of the proposed laser with representative PT-symmetric and other SLM fiber lasers.

Type[Ref] SMSR OSNR Linewidth Polarization Stability Noise analysis
PT-symmetric[13] 47.9 dB about 60 dB 2.4kHz NR NR No
PT-symmetric[15] about 50 dB 419 dB 390 Hz NR NR No
PT-symmetric[17] 53.2dB about 40 dB sub-kHz NR AP<0.12 dB No
PT-symmetric[18] 33dB about 60 dB 368 Hz NR NR No
S cawsne e ow o SEER

This work 62.6 dB 64.32 dB 182.5Hz %%2%988;/{; AAXP:O%lz (111]r3n Yes

5 Conclusion

In this work, we have proposed and experi-
mentally demonstrated a low-noise linear-polariza-
tion fiber laser, achieving PT symmetry through a
linear reflective structure to realize its mode selec-
tion. The linear reflection structure enables precise
matching and coupling of gain and loss polarimetric
loops. By utilizing a single PC, precise tuning of
system gain and loss can be achieved, enabling
straightforward realization of stable PT symmetry

through simple operations. This not only makes the

SLM operation more stable, but also greatly im-
proves practicability. The laser demonstrates an
SMSR of 62.6 dB, an OSNR of 64.32 dB, a Lorentz
linewidth of 182.5 Hz, a DOP exceeding 99.8%, and
a PER greater than 30.8 dB. Additionally, it demon-
strates stable operation within 4 hours. Moreover, it
is observed that the PT-symmetric laser exhibits su-
perior performance in terms of noise characteristics.
This proves the excellent mode selection effect of
PT symmetry in the linear reflection structure. Fur-
thermore, by replacing the SM-FBG with a combin-
ation of a single-mode fiber mirror and a PM-TO-

BPF, a wide tuning range of 59 nm is achieved.
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