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 Abstract—High-performance tunable fiber laser with ultra-

narrow linewidth and single polarization is driving the progress 

in fundamental research and engineering applications. However, 

it is still challenging to achieve single polarization tunable fiber 

laser due to the redundant laser cavity and the lack of 

polarization selectivity of ordinary optical fibers. Here, we 

propose and demonstrate a novel scheme for the generation of an 

ultra-narrow linewidth and single polarization linear cavity fiber 

laser based on parity-time (PT) symmetry in combination with a 

high-Q Fabry Pérot (FP) resonator. The PT symmetry can be 

achieved between two subspaces in a single physical loop based 

on optical polarization diversity and controllability. Benefitting 

from the FP resonator with a high Q factor of 107, the measured 

laser side mode suppression ratio reaches 73.3 dB and the high 

frequency white noise floor is ~2.62 Hz2/Hz, corresponding to an 

intrinsic linewidth of about 8.2 Hz. The laser output has a high 

polarization extinction ratio of ~35.46 dB and its maximum 

output power fluctuation is less than 1.6% over more than 60 

min due to the high polarization sensitivity of the FP resonator. 

The wavelength tuning range is 52.15 nm (from 1523.95 to 1576.1 

nm), covering the entire flat region of the erbium doped gain 

fiber. The proposed PT-symmetric system realizes an ultra-

narrow linewidth and single-polarization tunable single-

frequency fiber laser in a robust and efficient way, which 

provides a new insight to improve the performance of other laser 

sources. 

Index Terms—Tunable fiber laser, ultra-narrow linewidth, 

single polarization, parity-time symmetry, high-Q 

microresonator. 
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I. INTRODUCTION

ingle-polarization and single-frequency lasers with narrow 

linewidth, low noise and high stability have driven the 

applications in microwave optics, coherent communications, 

and precision metrology [1]–[6]. Owing to the broad gain 

bandwidth of the laser cavity, which is larger than the cavity 

mode interval, longitude mode management is required to 

realize single frequency operation [7]–[11]. Researchers have 

proposed various kinds of methods including reducing the 

cavity length, optical feedback and parity-time (PT) symmetry 

to realize laser mode selection. A narrow bandwidth of 

megahertz is required to achieve single mode operation as the 

cavity length is on the order of tens of meters [12], which 

increases the difficulties in the fabrication and control of 

stability. Reducing the cavity length to increase the free 

spectrum range (FSR) such as employing an ultra-compact 

cavity implemented by a pair of mirrors or a distributed 

feedback (DFB) phase-shift grating can ensure single mode 

operation [13], [14], but it is complex for the manufacturing 

and challenging to realize wavelength tuning. Besides, a very 

high gain is required to reach the threshold of lasing. The 

mode selected by external optical feedback can also be used to 

enhance the gain competition of modes in the cavity, resulting 

in a strong optical oscillation or lasing of the unique mode 

[15]–[17]. This mechanism provides a flexible and 

controllable mode selection approach, but the feedback must 

be precisely designed to achieve effective mode selection, and 

its stability is easily affected by the temperature or variation of 

the environment. A novel concept PT symmetry is introduced 

to the photonic system to realize mode selection due to PT 

symmetry breaking [18]–[23]. Two mutually coupled optical 

loops are required to build up a PT symmetry system, where 

the balance between gain and loss is adjusted to control the PT 

symmetry breaking point and select the desired mode for 

single mode operation in the laser cavity. In principle, the 

desired mode will have a higher gain, while the other modes 

can be suppressed in the PT symmetry breaking point. Based 

on PT symmetry, a single mode laser has been demonstrated 

operating around an exceptional point [24], [25]. Besides, 

widely wavelength tunable fiber ring laser and an integrated 

wavelength tunable single mode microring laser have been 

realized based on PT symmetry [26], [27]. However, these 

proposed single mode lasers or wavelength tunable lasers have 
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relatively low side mode suppression ratio (SMSR) less than 

45 dB and are not operating in single polarization. 

Single mode laser normally operates in two 

eigenpolarization modes with different wavelengths due to the 

birefringence of the ordinary fiber, which introduces power 

fluctuations and limits its applications. Therefore, stable single 

mode as well as single polarization laser is desirable in many 

special applications. Various techniques have been proposed 

to obtain single polarization laser such as introducing a 

polarization dependent phase shifter [28], self-injection 

locking with polarization selective feedback [29], external 

high Q fiber ring [30] et al. However, it is challenging to tune 

the wavelength due to polarization dependent of the 

wavelength. How to realize a highly stable single frequency 

and single polarization wavelength tunable laser with high 

SMSR and high polarization extinction ratio (PER) is 

desirable and challenging. 

In this paper, we propose and experimentally demonstrate a 

stable tunable ultra-narrow linewidth and single-polarization 

linear cavity fiber laser based on PT symmetric optics with a 

high-Q Fabry Pérot microresonator (FPMR). The FPMR can 

enlarge the mode interval to reduce the number of longitudinal 

modes, and the high Q characteristic can also improve the 

restriction of longitudinal modes to weaken the mode hopping 

in the laser cavity. The PT symmetry is realized by adjusting 

the coupling coefficient between the clockwise (CW) and 

counterclockwise (CCW) light waves in the FPMR. 

Controlling the polarization mode of the FPMR will change 

the coupling coefficient to maintain or break the PT symmetry 

condition for mode selection to achieve single mode operation. 

Besides, the FPMR and the PT symmetry condition are both 

sensitive to the polarization state, which will ensure single 

polarization operation. Based on PT symmetric optics with a 

high Q factor FPMR, a state-of-the-art continuously tunable 

single-frequency laser with a SMSR of 73.3 dB, PER of 35.64 

dB and a wavelength tunable range from 1523.95 to 1576.1 

nm is realized. Experimental results show that the proposed 

laser scheme exhibits a low white frequency noise floor of 

∼2.62 Hz2/Hz, corresponding to an intrinsic linewidth of ∼8.2

Hz, and a relative intensity noise (RIN) of −140.3 dB/Hz. The

maximum fluctuations of the output power, wavelength and

the PER in a long-term are less than 0.043 mW, 0.004 nm and

3.06 dB, respectively, indicating that the laser exhibits high

stability.

II. THEORETICAL ANALYSIS

A typical scheme of PT symmetry with nested a FPMR for 

single-frequency operation is shown in Fig. 1(a). The 

proposed linear laser configuration is a double-ring cascaded 

resonant system, which consists of an external long fiber 

cavity for laser mode generation and a built-in FPMR for 

optical mode selection. It is worth mentioning that the FSR of 

the two resonators must be strictly controlled so that the 

resonance peaks of the corresponding resonators will overlap 

to achieve stable laser operation. A schematic diagram of the 

mode matching principle of two resonant cavities is presented 

in Fig. 1(b). The laser oscillation frequency f should 

simultaneously satisfy the external linear cavity and the 

resonance condition of the FPMR [31]: 

MR LCf f N f= =    (1) 

where fMR is the FSR inside the FPMR, and fLC is the FSR of 

the external long laser cavity. The variable N is an integer that 

represents the multiplier of the mode spacings of the FPMR 

and the external linear cavity. Besides, a high-Q FPMR is 

required so that the full-width at half maximum of the nested 

cavity must be smaller than the mode spacing of the external 

linear cavity to ensure single-mode filtering and thus improve 

the mode suppression capability of the PT symmetric system. 

Subsequently, the internal resonant cavity functions as a 

spectral filter, effectively reducing the number of modes and 

improving laser stability, and the polarization states of the 

bidirectionally transmitted resonant modes in the internal 

optical cavity can be controlled when these conditions are 

satisfied.  

Fig. 1. (a) Scheme for single-frequency PT-symmetric linear fiber cavity laser 

generation based on nested FPMR. (b) Distribution of various modes in the 

proposed laser cavity. The FSR of the external linear cavity is represented by 

fLC (gray curve), and the FSR of the FPMR is represented by fMR (orange 

curve). Full widths at half maximum of the low- and high-Q FPMR are 

denoted by ΔfL (blue curve) and ΔfH (dark red curve), respectively. 

It should be noted that when the bandwidth of the tunable 

band-pass filter (TBPF) is greater than the mode spacing of 

the FPMR, a small number of super-modes whose gain 

exceeds the laser threshold will be excited. In such case, these 

different laser modes are oscillated simultaneously, resulting 

in multi-longitudinal mode (MLM) operation of the laser. 

Here, the light propagating in a single FPMR has reciprocity, 

and two counter-propagating light waves can be used to create 

a PT-symmetric dual-polarization controllable physical loop, 

one of which provides gain from the EDF and the other of 

which introduces the loss. PT symmetry is an important 

mechanism for describing the symmetry of non-Hermitian 

quantum systems. Its core is the invariance of the system 

under the joint operation of parity (P) and time reversal (T). 

Traditional quantum mechanics requires the Hamiltonian to be 

Hermitian to ensure real energy eigenvalues, while PT 

symmetry allows non-Hermitian Hamiltonians to still have 

(a)

(b)
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real energy spectra when they satisfy the PT symmetric phase 

(system parameters (such as gain/loss) are below a critical 

value, the eigenvalues are real and the system is in a stable 

state) and the PT symmetry breaking phase (after exceeding 

the critical value, the eigenvalues become complex conjugate 

pairs, and the system exhibits a dynamic imbalance of gain 

and loss). The realization of PT symmetry in optical systems 

relies on the symmetrical distribution of gains and losses in 

the spatial or modal dimension. In a single physical loop, two 

light waves with orthogonal polarization states form periodic 

coupling through the birefringence effect. This coupling 

causes the different polarization components to experience 

alternating net gain and loss regions when propagating in the 

cavity. Here, A series of resonant modes are produced at the 

same frequency due to the inconsistent FSR of the two 

resonators. Based on this, the resonant modes will interact at 

equivalent frequencies, and the time-domain coupling mode 

equation of the n-th modes of the single-ring PT-symmetric 

laser is given by [32], [33] 

n

n

n G nn n

n nn n L

i g iG Gd

L Li idt

 

  

− +    
=     

− +     

  (2) 

in which Gn and Ln represent the field amplitudes of n-th modes in 

two coupled net gain and loss subspaces, respectively. ωn is the 

intrinsic angular frequency of the laser system without PT symmetry, 

gGn and αLn represent the gain and loss coefficients of the n-th modes 

determined by the EDF gain and the inherent loss of the laser cavity. 

𝜅n is the coupling coefficient between the two counter-propagating 

subspaces. Therefore, according to the coupled mode Eq. (2), the 

eigenfrequencies of the two supermodes can be represented as 

follows when the system is PT symmetric 

( )

2

, 2

2 2
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i
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  (3) 

The PT symmetry condition in which the gain and loss coefficients 

have the same value (gGn=-αLn) can be achieved by adjusting the 

polarization modes of the FPMR, and Eq. (3) can be simplified to 

( ), 2 2

n

G L

n n n Gg  =  −   (4) 

Here, the relationship between the real and imaginary parts of the 

normalized eigenfrequencies and the ratio between the gain and the 

coupling coefficient can be obtained from the above equation, as 

shown in Figs. 2(a) and 2(b). A critical situation occurs when 

gain/loss equals the coupling coefficient, which is defined as an 

exceptional point (EP). In this case, two originally independent light 

modes (such as different frequencies or polarizations) are completely 

merged, showing a degeneracy of frequency and loss rate, that is, the 

two are exactly the same. When gGn < 𝜅n, the system is a strong 

coupling region where the PT symmetry is not broken, and mode 

splitting will occur at the eigenfrequency. When gGn > 𝜅n, there is a 

weak coupling region that satisfies the PT symmetry breaking 

condition, that is, there is a conjugate mode pair in which one mode is 

amplified, one mode is attenuated, and the other modes are neutral. 

Moreover, the gain of the main mode exceeds the oscillation 

threshold, while the gain of other modes is lower than the oscillation  

threshold, and SLM operation of long-cavity fiber lasers can also be 

realized. The maximum gain contrast can be expressed as 

max 0 1G Gg g g= −   (5) 

where, gG0 and gG1 are the gain coefficients of the main mode and the 

adjacent mode, respectively. Generally, the gain difference gmax is 

quite small, thus placing very strict requirements on the 3-dB 

bandwidth of the tunable TBPF to achieve stable SLM lasing, as 

illustrated in Fig. 2(c). In the PT symmetric laser system, the gain 

contrast can be defined as 

2 2

max_ 0 1PT G Gg g g= −   (6) 

The gain contrast ratio, also known as the gain enhancement factor, is 

further calculated to evaluate the degree of improvement in mode 

selection, given by 

max_ 0 1

max 0 1

1

1

PT G G

G G

g g g

g g g

+
 = =

−
  (7) 

In this PT-symmetric laser system, the gain contrast is 

dramatically enhanced, which intensifies the gain competition effect 

between longitudinal modes. Figure 2(d) illustrates the principle of 

PT symmetry after preliminary model selection through FPMR, 

which can achieve SLM operation with high stability.  

Fig. 2. Numerical analysis of the (a) real and (b) imaginary parts of the 

normalized eigenfrequencies of a single cavity PT-symmetric system. The 

gain contrast principle of various order modes in (c) conventional laser system 

without FPMR and (d) PT-symmetric laser system with FPMR. 

In non-Hermitian systems, the mode degeneracy of the EP region 

can enhance mode selective coupling through phase matching. When 

the laser mode is coupled with a high-Q FP resonant cavity in the EP 

region, the gain of a specific longitudinal mode is significantly 

enhanced, while other longitudinal modes are strongly suppressed 

due to mode competition. Compared with conventional cavity 

frequency coupling, the asymmetric coupling mechanism between 

the laser mode and the microresonator mode in the EP region is more 

suitable for single longitudinal mode and narrow linewidth 

requirements. Moreover, the subharmonic entrainment phenomenon 

of the high-Q FP cavity originates from the periodic response of the 

resonant cavity to the laser phase noise, which easily leads to 
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subharmonic frequency locking. EP coupling destroys the symmetry 

of the system, making the subharmonic components unable to meet 

the phase matching conditions, thereby avoiding the entrainment 

effect [32].  

III. EXPERIMENTAL SETUP 

 

Fig. 3. Experimental setup of the proposed PT-symmetric tunable linear cavity 

fiber laser induced by an optical fiber FP-MR and DSHI measurement system. 

EDF, erbium-doped fiber; FPMR, Fabry-Pérot microresonator; TEC, 

thermoelectric cooler; OC, optical coupler; PC, polarization controller; WDM, 

wavelength division multiplexer; TBPF, tunable bandpass filter; VODL, 

variable optical delay line; CIR, circulator; PBS, polarization beam splitter; 

SMF, single-mode fiber; AOM, acousto-optic modulator; PD, photodetector 

and ESA, electrical spectrum analyzer. 

The experimental setup of the proposed tunable single 

frequency all-fiber laser system and the measurement system 

is schematically illustrated in Fig. 3. The PT symmetric 

photonic system is achieved by a single ring structure 

containing a high-Q FPMR and a 3-dB optical coupler 1 (OC1), 

where the clockwise and counterclockwise light waves 

coupled with each other. The polarization states of the CW 

and CCW light waves are adjusted by two polarization 

controllers (PC1 and PC2) to balance the gain and loss in the 

FPMR. The pump light is injected into a 50-cm-long erbium-

doped fiber (Liekki, Er80-8/125) through a 980/1550-nm 

wavelength division multiplexer (WDM). A polarizer is 

inserted into the active cavity to suppress mode hopping and 

ensure single polarization. A variable optical delay line 

(VODL) is employed to control the relative position of the 

laser cavity modes with respect to the FPMR’s modes. The 

thermoelectric cooler (TEC) is to control the temperature of 

FPMR to ensure the stability of PT symmetry. The circulator 

(CIR) combined with a single-pass tunable band-pass filter 

(TBPF) is used to select and tune the wavelength of the linear 

cavity laser. The 30% port of  OC2 is used to monitor the 

output laser and the 70% port is recycled to the laser cavity. In 

the measurement system, the laser is inserted into the fiber 

polarization beam splitter (PBS), and the orthogonal 

polarization eigenmode is characterized by adjusting the PC3. 

The delayed self-heterodyne interferometry (DSHI) system is 

used to characterize the radio-frequency (RF) spectrum and 

frequency noise of the proposed laser. Two 3-dB couplers 

(OC3 and OC4) are utilized to construct a Mach-Zehnder 

interferometer. Herein, one arm generates optical delay via a 

50 km single-mode fiber (SMF), and the other arm uses an 

acousto-optic modulator (AOM) to shift the frequency by 80 

MHz. A photodetector (PD) and an electrical spectrum 

analyzer (ESA, N9020B, KEYSIGHT) are used to detect and 

analyze the beat signal from the MZI. The spectra of the 

tunable single frequency laser are measured by an optical 

spectrum analyzer (OSA, ANDO, AQ-6315B) with a 

resolution of 0.05nm. 

IV. EXPERIMENTAL RESULTS AND DISCUSSION 

 

Fig. 4. Transmission spectra of (a) TBPF and (b) FPMR. (c) Electrical 

spectrum of a single comb tooth. (d) Spectral evolution when the filter is 
tuned. (e) Spectral shape around 1549.94nm. (f) OSNRs fluctuation under 

different wavelength channels. 

Figure 4(a) shows the output spectrum of the TBPF to demonstrate 

the filtering performance. The output spectrum exhibits a good 

Gaussian shape and a 3-dB bandwidth of 37.5 GHz. The 

transmission spectrum of the FPMR is measured using a commercial 

swept laser, with an FSR of 10.1 GHz as shown in Fig. 4(b). The 

linewidth of the FPMR is 7.6 MHz, and the corresponding quality (Q) 

factor is 2.5×107, as shown in Fig. 4 (c). Hence, the FPMR used in 

the experiment has an extremely narrow bandwidth, which can 

ensure that a small number of external linear cavity longitudinal 

mode can be filtered out in each comb tooth to achieve effective PT-

symmetric mode selection and suppress laser mode hopping. SLM 

lasing of laser cannot be achieved through narrow-band filtering 

since the bandwidth of TBPF is larger than the FSR of FPMR. 

However, as shown in Fig. 4(d), the single wavelength is achieved, 

indicating that PT symmetry will further help realize mode selection. 

By tuning the central wavelength of the TBPF, a tunable single 

frequency laser is realized, ranging from 1523.95 nm to 1576.1 nm, 

completely covering the entire gain flat region of the EDF. In 

addition, the 3 dB bandwidth of the filter is 37.5 GHz, which is larger 

than the FSR (10.1 GHz) of the FPMR and includes resonant cavity 

modes at any tuning wavelength.  Moreover, no gaps or inaccessible 

wavelengths are observed within the range of 52.15 nm, confirming 

seamless coverage. Although there are discrete cavity modes, the 

dense mode spacing allows the laser to transition smoothly between 
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wavelengths without significant interruptions.  In addition, the 

devices used, especially the micro-resonators, maintain good 

transmission performance in the tuning range.  Therefore, there is no 

breaking during whole tuning range. The spectrum with a central 

wavelength of 1549.94 nm is shown in Fig. 4(e), where the OSNR is 

as high as 77.5 dB with a good spectral line shape due to the high Q 

factor of the FPMR. The optical signal-to-noise ratio (OSNR) for 

different wavelengths is also characterized and its fluctuation is less 

than ±1.1 dB, which is shown in Fig. 4(f). This proposed tunable 

single frequency laser has high performance with a wide tuning range, 

and the wavelength tuning range can be further extended if a doped 

fiber with a broader gain is available. 

 

Fig. 5. RF spectra measured by the delayed self-heterodyne method of the PT 

symmetric fiber laser under (a) PT symmetry unbroken and (b) PT symmetry 
broken. (c) RF spectra corresponding to the tuning wavelength. (d) 

Fluctuations of SMSR at different wavelengths. 

Based on theoretical analysis, it can be obtained that PT symmetry 

can suppress the side mode of MLM lasers. In our experimental 

system, the polarization state of light bidirectionally passing through 

the FPMR is adjusted to verify whether PT symmetry can suppress 

the side mode of the MLM laser to establish single-frequency laser 

output. To further study the characteristics of longitudinal modes for 

different operating states and different wavelengths in the PT-

symmetric laser system, the RF spectra are measured by self-

heterodyne method, as shown in Fig. 5. At a wavelength of 1549.94 

nm, the RF spectrum with PT symmetry unbroken is shown in Fig. 

5(a), from which we can infer that the laser operates in MLM 

oscillations. The large frequency spacing of 16.4 MHz is much 

smaller than the FSR of the FPMR. It is worth noting that light 

propagating in CW and CCW directions will form Sagnac 

interference. Therefore, a modulation phenomenon occurs in the 

MLM RF spectrum of the laser [26], [34], [35]. Additionally, the 

small frequency spacing of 1.7 MHz results from the FSR of the 

long-cavity MLM laser. By finely adjusting the polarization state of 

the CW and CCW light waves in the FPMR, the gain and loss can 

satisfy the PT symmetry broken condition, and the corresponding RF 

spectrum of the beat signal is shown in Fig. 5(b). Here, no beat 

frequency signal is observed except for the 80 MHz frequency shift 

component in the span of 140 MHz, which proves that the PT 

symmetric system induced by FPMR has excellent mode selectivity. 

The RF spectra of different single wavelength lasers are shown in Fig. 

5(c). It indicates that the PT symmetric optics-based single frequency 

laser maintains a stable SLM lasing for the wavelength tuning 

process. Figure 5(d) shows the SMSR disturbance of the laser for 

different wavelengths, ranging from 65.1~73.3 dB due to the net gain 

difference in the laser cavity. In the experiment, the length of the 

VODL is adjusted to match the mode of the laser cavity and the 

micro-resonator, and the PT symmetry breaking is better used to 

suppress the longitudinal mode of the laser to realize the SLM 

operation.  In addition, the temperature control of the FPMR is 

realized by TEC, and the whole experimental system is placed on the 

constant temperature and vibration isolation platform, and no obvious 

mode hopping phenomenon is observed in the absence of external 

noise interference. 

 

Fig. 6. (a) Optical self-heterodyne beat frequency spectrum under the laser 

wavelength of 1550.2 nm. (b) 3-dB linewidth at different tuning wavelengths 

obtained by Lorentz fitting. 

 

Fig. 7. (a) Instantaneous frequency of the laser wavelength is tuned to 1544.8 

nm. (b) Distribution of instantaneous frequency at 1544.8 nm. (c) 

Instantaneous frequency of the laser wavelength is tuned to 1576.1 nm. (d) 
Distribution of instantaneous frequency at 1576.1 nm. (e) Frequency jitter 

fluctuation of laser under different wavelength conditions. (f) Frequency noise 

and (g) RIN spectra of the fiber laser.  
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The linewidth characteristics of the fiber laser under PT-symmetry 

condition is then evaluated by the DSHI measurement system. The 

self-heterodyne beat signal is detected by the PD and recorded by the 

ESA with a resolution bandwidth of 10 Hz over a frequency span of 

200 kHz from 79.9 MHz to 80.1 MHz, as shown in Fig. 6(a). The 

fitting correlation coefficient R2 is 0.96074, which agrees well with 

the measured data. The unavoidable 1/f noise of long fiber cavity 

results in a Gaussian broadening at the center frequency and a 

theoretical resolution limit of the measurement system is about 4 kHz. 

Therefore, the laser linewidth is estimated through the 20-dB spectral 

width of the Lorentz line shape fitting curve to minimize the 

influence of noise. The 20-dB bandwidth of this proposed laser is 

14.02 kHz, and the corresponding 3-dB bandwidth is 701 Hz. In 

principle, approximately 1000 km delay fiber is required to break the 

coherence of the beat signal and realize sub-kHz resolution when 

using Lorentz fitting. However, a long delay fiber is susceptible to 

noise in the environment and has a large propagation loss, which will 

adversely affect the linewidth measurement. Here, a 50 km delay 

fiber is inserted into the DSHI system to measure the laser linewidth. 

Thus, it will broaden the RF spectrum due to the decoherence of the 

beat signal and the measured linewidth is larger than the real 

linewidth. Figure 6(b) shows the 3-dB linewidth of the laser at 

different wavelengths with Lorentz fitting, ranging from 701 to 975 

Hz, which indicates that the Lorentz linewidth of the laser is below 1 

kHz. The above results indicate that the tunable single frequency 

laser can maintain high coherence during the tuning process.  

To further confirm the high coherence of the laser, the differential 

phase noise is characterized by coherent DSHI with a 10-m delay 

fiber. Here, the laser instantaneous frequency is demodulated using 

the beat signal with an 80 MHz carrier frequency. The laser 

wavelength is tuned to 1544.8 nm, and the laser is operated in a SLM 

under the condition of PT symmetry breaking. The instantaneous 

frequency evolution of the laser within a time range of 100 ms is 

shown in Fig. 7(a). The instantaneous frequency of the laser is around 

~80 MHz, and there is no obvious jump. Furthermore, the 

distribution of instantaneous frequency is calculated using the 

histogram, as shown in Fig. 7(b). The instantaneous frequency of the 

laser follows normal distribution, which indicates that the laser is 

greatly affected by random white noise. The full width at half 

maximum of the frequency distribution is calculated, which shows 

that the instantaneous frequency jitter of the laser is 15.3 kHz. In 

addition, the instantaneous frequency evolution and distribution at a 

wavelength of 1576.1 nm is further measured, as described in 7(c). 

At this point, the instantaneous frequency jitter of the laser is 28.1 

kHz, indicating that the stability of the laser is slightly decreased, as 

shown in Fig. 7(d). To fully understand the laser instantaneous 

frequency stability, we measured the instantaneous frequency jitter 

under different tuned channels, as shown in Figure 7(e). The 

instantaneous frequency jitter of the laser is less than ~30 kHz, which 

indicates that the laser has a relatively balanced short-term stability. 

Figure 7(f) shows the single-sideband frequency noise power spectral 

density (PSD) curve of the proposed PT symmetric fiber laser 

obtained by differential phase noise measurement. The frequency 

noise PSD of the laser and the measurement system noise floor are 

plotted by the pink curves and gray curves, respectively. The 

frequency noise level of the laser is higher than the noise floor, which 

verifies that the characterization of laser frequency noise is credible. 

Here, the intrinsic linewidth of the laser can be accurately calculated 

using the effective amplitude of high-frequency white noise derived 

from spontaneous radiation in the frequency noise PSD, which can 

be expressed as Δν=π·S0, where S0 is the effective amplitude of high-

frequency noise in the PSD spectrum [36]. The white frequency 

noise limit of the PT symmetric laser is 2.62 Hz2/Hz, which indicates 

that the intrinsic linewidth is about ~8.2 Hz. Here, the intrinsic 

linewidth is smaller than the Lorentz linewidth measured with the 

DSHI method, indicating that the laser is indeed highly coherent. 

Therefore, the approach of obtaining the intrinsic linewidth of the 

laser by frequency noise provides guidance for further exploring PT-

symmetric optics to achieve high-coherence laser output. Besides, the 

stability of laser output power is further investigated by using RIN to 

characterize the power jitter at different frequencies. As shown in Fig. 

7(g), the RIN value measured with more than 1 MHz offset 

frequency range is as low as -140.3 dB/Hz and is higher than the 

noise floor of the measurement system. The long fiber standing wave 

cavity is susceptible to quantum noise and thermal noise, which will 

destroy the equilibrium state of inverted population in the gain 

medium and cause disturbance of the excited radiation energy in the 

cavity, thus generating relaxation oscillations to form noise peaks 

around the ~200 kHz frequency offset in both frequency noise and 

RIN noise curves. 

 

Fig. 8. Linear polarization and long-term stability of the PT symmetric fiber 
laser. (a) Output power the PBS (P-port and S-port) versus operating 

wavelength. (b) polarization extinction ratio (PER) in dB as a function of 

tuning wavelength. (c) Optical spectra of 13 times repeated scans at 5-min 
intervals. (d) stability performances of the lasing wavelength, output power 

and PER over 60 minutes. 

In particular, the output signal is injected into the PBS with 

polarization control in the measurement system in Fig. 3 to measure 

the linear polarization characteristics of the proposed fiber laser. The 

maximum and minimum output power of P-port and S-port of PBS 

can be obtained by finely adjusting the PC3, as shown in Fig. 8(a). 

The output power of the S-port approaches complete extinction for 

different wavelengths, the P-port maintains the optimal output power, 

and the power difference is induced by the uneven gain and loss in 

the resonant cavity with the wavelength. The PER of the laser output 

is calculated using the maximum power difference obtained from 

PBS, as shown in Figure 8(b). The PER is as high as more than 32.98 

dB and fluctuates from 32.98 dB to 35.46 dB for different 

wavelengths. The high extinction ratio is due to the polarization-

sensitive FPMR in the laser cavity. Besides, linear polarization is 

particularly conducive to achieve polarization dependent on PT 

symmetry condition. To verify the long-term stability of the laser 

system, the laser output spectra are acquired every 5 minutes for 13 

times, as shown in Fig. 8(c). To fully demonstrate the long-term 

1526 1540 1554 1568
0

20

40

60

P
E

R
 (

d
B

)

Wavelength (nm)

0 10 20 30 40 50 60

1549.95

1550.00

1550.05

1550.10

1550.15

1550.20

W
a

v
e

le
n

g
th

 (
n

m
)

Observing time (min)

 Wavelength

-10

0

10

20

30

40

50

P
E

R
 (

d
B

)

 PER

2.40

2.55

2.70

2.85

3.00

3.15

3.30

P
o

w
e

r 
(m

W
)

 Power

1526 1540 1554 1568

0

1

2

3

4

5

O
u

tp
u

t 
p

o
w

e
r 

(m
W

)

Wavelength (nm)

 P

 S

Δλ ≤ 0.004 nm 

(a)

2.85~3.57 mW

32.98~35.46 dB

ΔP ≤ 0.043 mW

ΔPER≤ 3.06 dB

(b)

(c) (d)

Wavelength Power PER



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

7 

stability of the PT symmetric tunable fiber laser system, we also 

monitored the fluctuations of the central wavelength, output power, 

and PER. Within the 5-minute interval of 60-minute observation, the 

output power fluctuation is less than 0.043 mW, the central 

wavelength fluctuation is less than 0.004 nm, and the PER fluctuation 

is less than 3.06 dB, as shown in Figure 8(d). Here, the maximum 

output power fluctuation is less than 1.6%, indicating that the 

proposed scheme has high stability. These experimental results prove 

that using the PT symmetric mode selection mechanism can ensure 

high long-term stability when operating at a single frequency and 

single polarization state.   

V. CONCLUSION   

In conclusion, we have proposed and experimentally 

demonstrated an all-fiber tunable Hz-level intrinsic linewidth 

single-polarization fiber laser based on PT symmetry with a 

high Q FPMR. The principle of PT-symmetric mode selection 

for the transition of laser from MLM to SLM is revealed. In 

the experiment, a single-loop reciprocity system with high-Q 

FPMR is used to realize PT-symmetric optics, thereby 

realizing SLM and single polarization operation of linear 

cavity fiber lasers. In addition, the operating wavelength of the 

laser can be tuned over a wide range through a TBPF with 

high stability. The PT symmetric mode selection mechanism 

has excellent wavelength universality, so that the SMSR is 

maintained above ~65 dB and the PER is as high as more than 

32.98 dB for different wavelengths. Based on the optical delay 

self-heterodyne methos, a Lorentz linewidth less than 901 Hz 

is measured. Furthermore, white frequency noise as low as 

2.62 Hz2/Hz is measured, corresponding to an intrinsic 

linewidth of ~8.2 Hz. For offset frequencies exceeding 1 MHz, 

the measured RIN is as low as -140.3 dB/Hz. In long-term 

observations, the maximum output power fluctuation is 0.043 

mW, the maximum center wavelength fluctuation is 0.004 nm, 

and the maximum PER fluctuation is 3.06 dB. The proposed 

PT symmetric mode selection mechanism greatly improves the 

coherence and stability of the tunable fiber laser, which 

provides a new perspective for other tunable light sources to 

achieve single-frequency and single polarization operation. 
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