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A hybrid phase demodulation structure combining a 3 × 3 coupler and Sagnac interferometer is proposed to improve the spatial resolution and phase demodulation performance of the phase-sensitive optical time-domain reflectometer (φ-OTDR). Through: (1) identical optical path lengths in forward/reverse Sagnac paths resolving spatial resolution degradation caused by optical path differences in conventional schemes (e.g., 3 × 3 demodulation with unbalanced Michelson or Mach-Zehnder interferometers), and (2) SOA integration dynamically adjusting phase difference between paths to enhance signal-to-noise ratio (SNR) of three output signals, this design achieves high phase demodulation quality. Through theoretical analysis and numerical simulation, the performance enhancement effect of this structure has been verified. The results indicate that the SOA modulates the phase offset of the three output signals, significantly improving the phase demodulation quality and extending the amplitude and frequency response range of the system. Compared with the positioning results achieved by the unbalanced Michelson scheme, this method offers higher spatial resolution. Fundamentally, the structure eliminates path-imbalance limitations via Sagnac symmetry while SOA-driven SNR enhancement ensures robust performance.
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1 INTRODUCTION
Phase-sensitive optical time domain reflectometry (φ-OTDR) has emerged as an up-and-coming technology for various sensing applications. This technique leverages the backscattered Rayleigh signals (RBS) within optical fibers to convey external information, thereby enabling efficient monitoring and sensing of environmental changes [1–3]. Traditional φ-OTDR methodologies, which primarily rely on the intensity demodulation of RBS, exhibit limitations in their capability to detect vibration waveforms [4]. In contrast, the inherent phase information in RBS maintains a linear relationship with external vibrations, allowing phase demodulation to capture the vibration waveforms of external signal accurately. This capability significantly enhances the precision in the quantitative detection of vibrations, advancing the efficacy of φ-OTDR in diverse sensing applications [5].
Up to now, φ-OTDR phase demodulation schemes have primarily been developed based on two principal architectures: heterodyne detection and direct detection. In the heterodyne detection architecture [6], the RBS is superimposed with a local beam emitted by the laser, generating a beat frequency signal that is subsequently detected by a balanced photodetector. This configuration significantly enhances the power and quality of the received optical signal. The primary demodulation techniques employed within this architecture are digital coherent demodulation [7] and I/Q demodulation [8]. Although these methods improve the system’s signal-to-noise ratio (SNR) and sensing distance, they also introduce challenges such as laser source noise and the reduced system stability, which can compromise the accuracy and reliability of signal demodulation.
In contrast to heterodyne detection, direct detection avoids the need for a local beam, relying instead on photodetectors to directly detect the RBS signal [9]. This architecture is noted for its simplicity, cost-effectiveness, and reduced susceptibility to laser noise. Within this framework, the phase-generated carrier (PGC) modulation [10–12] and the 3 × 3 coupler method [5, 13–19] emerge as the primary phase demodulation techniques. The PGC method encodes the vibration signal into sideband signals using high-frequency carrier modulation, utilizing filtering and mixing operations to mitigate noise interference and restore the phase information of the vibration signal. This technique is distinguished by its wide dynamic range, high precision, and excellent linearity, effectively suppressing most low-frequency ambient noise [10]. However, the PGC method requires a high sampling rate and is susceptible to disturbances from the light source. Variations in phase modulation depth can introduce non-linear and harmonic distortion into the demodulation results.
The 3 × 3 coupler method [13] can effectively avoid the carrier depth modulation problem associated with the PGC method, however, it still faces challenges such as low SNR and poor sensitivity. To mitigate these problems, an interferometer is used to split the RBS into two paths, thereby increasing the interference to improve the SNR of the signal before demodulation. The primary interferometers used for this purpose are the Mach-Zehnder interferometer (MZI) [14, 15] and the Michelson interferometer (MI) [16, 17]. However, unbalanced interferometers lead to spatial resolution limitations due to optical path difference between the two interfering arms [18] and the phase demodulation performance of the system is also affected by the common-mode noise introduced by the arm difference [19].
To avoid spatial resolution deterioration and improve phase demodulation performance, this paper proposes a φ-OTDR detection scheme based on a Sagnac interferometer and a semiconductor optical amplifier (SOA). In this scheme, the Sagnac interferometer employs balanced detection, eliminating optical path difference and effectively suppressing common-mode noise. The SOA is inserted into an asymmetric position within the Sagnac interferometer, by adjusting SOA’s gain coefficient, the output intensities of the 3 × 3 coupler are optimized, thereby improving the phase demodulation quality and the system’s amplitude-frequency response range. Simulation results indicate that the proposed system not only maintains high spatial resolution but also significantly enhances both the phase demodulation quality and the amplitude-frequency response range.
2 PRINCIPLE
2.1 System principle introduction
The schematic diagram of the φ-OTDR system based on hybrid 3 × 3 coupler and Sagnac interferometer is depicted in Figure 1. The system employs a narrow linewidth laser (NLL) as the light source, generating continuous light with a central wavelength of 1,550.12 nm and a linewidth of 3 kHz. This continuous light is modulated into pulsed light with a pulse width of 100 ns using an acousto-optic modulator, where the repetition period is determined by the sensing distance. The pulsed light is then amplified by an erbium-doped fiber amplifier (EDFA1) and directed into the sensing fiber through an optical circulator (OC1). The RBS light along the sensing fiber is subsequently excited and then amplified by EDFA2. The RBS light is fed into the phase demodulation module via OC2, which outputs RBS light across three channels with a 120° phase difference.
[image: Diagram of a fiber optic sensing system includes labeled components: NLL, AOM, ASG, EDFA1, OC1, EDFA2, OC2, FUT, PZT, SOA, and a \(3 \times 3\) Coupler. The flow shows connections between these components, with control pulses and data acquisition (DAQ) interfaces.]FIGURE 1 | The φ-OTDR system of Sagnac interferometer and 3 × 3 coupler hybrid structure.In the phase demodulation module, the RBS light is split into three signals by the 3 × 3 coupler, two of them travel into the forward and reverse light propagation paths of the Sagnac interferometer. The SOA is positioned at a distance Δx from the asymmetric center of the interferometer. The two RBS beams receive different gains as they pass through the SOA and are modulated with distinct phase shifts. They then interfere within the 3 × 3 coupler and, after beam splitting, produce three output RBS signal.
The narrow linewidth pulse propagates through the single-mode fiber, interacting with the scattering points to generate RBS signals. Due to the non-uniform distribution of scattering points and variations in the refractive index, the additional phase at each scattering point is influenced accordingly. Given that the RBS light is coherently superimposed within the pulse width range, the fiber segment corresponding to the pulse width is treated as a single sampling point. The RBS light generated by each sampling point returns to OC1 and is subsequently directed to the phase demodulation module [23].
2.2 SOA modulation phase process
The Sagnac interferometer incorporates a SOA positioned asymmetrically within the setup. The RBS light is split into two beams, which propagate along forward and reverse light propagation paths of the Sagnac loop, respectively. Due to the presence of the SOA, these beams undergo distinct cross-gain and cross-phase effects. The electric fields for the forward and reverse light propagation paths are denoted as ECW(t) and ECCW(t), respectively, and can be expressed by Equations 1, 2, as shown below:
ECW=∑i=1Nei⁡cos2πft−τiexp−αcτinfrectt−τiTexp⁡jφcwt(1)
ECCW=∑j=1Nej⁡cos2πft−τjexp−αcτjnfrectt−τjTexp⁡jφccwt(2)
where N represents the total number of scattering points, and e corresponds to the electric field amplitudes at the i -th and j -th scattering points. The variables τi and τj denote the time delays associated with the i -th and jth scattering points in the clockwise and counterclockwise beams, respectively. rect [·] is the rectangular pulse function, when 0<[⋅]≤1, rect [·] = 1, otherwise rect [·] = 0. The terms φccw(t) and φcw(t) represent the phase shifts in the forward and reverse paths, respectively. T represents the pulse width, c is the speed of light in a vacuum, α is the fiber’s attenuation coefficient, nf is the effective refractive index, f denotes the optical frequency.
The different modulations of the two optical paths by the SOA are achieved through control pulses [20, 21]. During the detection process described above, let L be the total length of the Sagnac loop, and let Δx denote the distance from the SOA to the symmetric center of the Sagnac loop. From time t0∼[t0+2n (L/2-Δx)/c], as the forward signal passes through the SOA, it experiences saturated gain, with a gain coefficient of G1. In contrast, in the time interval from [t0+2n (L/2-Δx)/c]∼[t0+2n (L/2+Δx)/c], the modulation injection pulse width and peak optical power cause a portion of the carriers inside the SOA to be depleted. As a result, when the reverse signal passes through the SOA, saturated gain is not achieved, and its gain coefficient is G2. Finally, the two signals return to the coupler for interference.
The instantaneous power gain of SOA satisfies the equation [22]:
dGdt=Gln⁡G0−lnGτc−PintPsatGG−1(3)
In Equation 3, τc represents the spontaneous carrier lifetime, τc = 300 ps. G0 denotes the small-signal power gain, and, G0 = -exp (g0L) where g0 is the small-signal gain, g0 = 4000 m−1. L is the length of the SOA, SOA length L = 500 µm. Pin(t) represents the instantaneous power of the control light pulse. Psat is the amplifier’s saturation energy, Psat = hν0 σ/a where hν0 is the photon energy, σ is the mode cross-sectional area, and a is a constant. In this equation, the natural recovery term G (ln G0-ln G)/τc describes the process by which the gain G recovers to G0 in the absence of power input. This term is independent of the control pulse and determined solely by the carrier recombination process. The saturation term −PintPsatGG−1 reflects the impact of the input pulse on the gain and is the dominant factor in SOA gain control.
In this model, a rectangular pulse is used as the control light source to analyze its influence on SOA, and the expression of Pin(t) is as follows:
Pint=P0·rectt−tstp(4)
Firstly, the effect of pulse width is analyzed: When tp is small, the interaction time between the pulse and the SOA is short, leading to rapid carrier depletion and recovery. The saturation depth is shallow, and the gain quickly recovers to close to the G0 level. As the tp increases, more carriers interact with photons during the control pulse, resulting in deeper saturation and a longer recovery time. The gain recovery process slows down. Specifically, when the pulse width reaches a certain threshold, the SOA gain will reach a saturation equilibrium point. At this point, the gain will not decrease further as the pulse width increases because all available carriers have been depleted. The system exhibits a saturation equilibrium state where the corresponding gain reduction curve stabilizes. After the end of the control pulse, the gain recovery becomes extremely slow. By numerically solving the equation, we can obtain the gain curves for different pulse widths, as shown in Figure 2a.
[image: Two graphs labeled (a) and (b), both plotting G over time in picoseconds. Graph (a) shows curves for different time constants, from 5 ps to 2000 ps, with steeper declines as time constants increase. Graph (b) presents curves based on power levels, from 0.2 mW to 5 mW, with steeper drops at lower power levels. Both graphs feature a legend with color-coded lines representing different conditions.]FIGURE 2 | (a) Gain of SOA under different pulse widths, (b) gain of SOA under different pulse powers.The power calculation is based on the steady-state solution when the pulse width reaches 2000 ps. Under steady-state conditions, the gain of the SOA can be considered to remain relatively constant over time. On this basis, we can perform a steady-state analysis by setting the gain variation rate dG/dt to zero. The dynamic Equation 3 can then be simplified as follows:
Gln⁡G0−lnGτc=PintPsatGG−1(5)
At this time, the dominant factor of the control pulse is P0. For small values of P0 the saturation term on the right side of the equation is small, which means G is close to G0 and the gain saturation is minimal. As P0 increases, the saturation term begins to dominate, causing the right side of the equation to become larger than the left side, forcing G to decrease significantly to maintain the equation’s balance. In extreme cases, where Pin(t) is sufficiently large such that the right side far exceeds the left side, G will approach zero, reflecting a state of complete gain saturation. By numerically solving Equation 5, we can obtain the gain curves for different pulse powers, as shown in Figure 2b.
The phase shift φ induced by the SOA on the signal is described as follows [22]:
φt=−12β⁡ln⁡Gt(6)
where β is the linewidth enhancement factor, by solving Equation 5 for the gain corresponding to different control pulse powers, the resulting phase shifts can be obtained. as shown in Figure 3, for the modulation results of SOA on phase at different gains. By numerically solving Equations 5, 6, the range of phase shift variations within the adjustable range of the SOA can be determined.
[image: Graph depicting phase change \(\phi(t)\) in radians over time in picoseconds for different power levels. The curves for 0.2, 0.5, 1, 2, and 5 milliwatts show varying phase stabilization, with higher power levels stabilizing sooner at higher phase values.]FIGURE 3 | SOA phase modulation results at different gains.Figure 4 illustrates the modulation process of the SOA. According to Equation 3, for the forward-propagating electric field Ecw​, a modulation time of 2000 ps is required to achieve a gain coefficient G1 through the SOA, corresponding to an S1 fiber length of 0.4 m. Conversely, for the reverse-propagating electric field Eccw​, a modulation time of 4000 ps is needed to attain a gain coefficient G2​, resulting in an S2 fiber length of 0.8 m. This asymmetric placement of the SOA within the Sagnac interferometer ensures its integration with S1 and S2 at distinct positions. Based on the analysis of Equations 3–6, adjusting the injected pulse power enables dynamic tuning of the phase difference between clockwise and counter-clockwise propagating light, thereby enhancing the output intensities of the three optical paths.
[image: Diagram of an optical loop structure with a three-by-three coupler on the left. Two loops, labeled S1 and S2, connect to a semiconductor optical amplifier (SOA) with an incoming control pulse. Directions are marked by arrows labeled E_cw-G1 and E_ccw-G2.]FIGURE 4 | SOA modulation flow diagram.The forward and reverse signals from the Sagnac interferometer are finally interfered with at the coupler to produce three ports of output Eout1, Eout2, Eout3, and the entire mathematical process of transmission is as follows As shown in Figure 5, the RBS light enters from one port, and is then output through the Sagnac interferometer in two ways as Ecw and Eccw, and then finally through the 3 × 3 coupler:
[image: Diagram depicting optical path interactions. Red and blue arrows connect labeled nodes (A, B, C, and output points) demonstrating light paths and wave equations. Equations detail complex exponential terms for light output, denoting phase shifts and amplitude distributions.]FIGURE 5 | 3 × 3 coupler three-way optical phase transmission schematic.where Δφ = φcw(t)-φccw(t) is the additional phase difference introduced by the SOA between the forward and reverse signals.
2.3 Phase demodulation principle
In this system, by adjusting G, we can actively control the phase difference Δφ, thereby regulating the optical power of the three outputs to avoid excessive noise interference. Equation 7 shows the three outputs of the system in that by changing the magnitude of Δφ, the intensity of the three outputs o can be changed.
Iout1=13Ein+G*13Einej4π3+∆φIout2=13Einej2π3+G*13Einej4π3+∆φ Iout3=13Einej2π3+G*13Einej2π3+∆φ(7)
According to Equation 7, the final optical intensity can be written as:
Ikt=D+I0 cosΦt−k−1·2π3(8)
In Equation 8, where D is the average intensity of output light, Φt=ϕij+Δφ, ϕij is the phase of the vibration induction to be demodulated, and Δφ is the SOA-regulated phase difference. Using the DCM algorithm [25], by applying summation, differentiation, cross-multiplication, and integration in succession, we can demodulate the vibration-related phase Φt, The demodulation process is as shown in Figure 6.
[image: Diagram showing a circuit model with inputs \(I_1\), \(I_2\), and \(I_3\). The signals combine through various operations, including summation, derivation, and quadrature. Key intermediates \(a\), \(b\), \(c\), \(d\), \(e\), and \(f\) are noted, leading to a final calculation involving \(M\) and \(N\), and ultimately integrating into \(\phi\).]FIGURE 6 | Flowchart of the DCM phase demodulation algorithm.3 SIMULATION RESULTS
Due to the limitations in the current experimental conditions, we conducted research on this structure using theory and simulation. To validate the model’s capability for demodulating vibration events, a simulation was conducted with a 3 km-long fiber, setting the corresponding pulse repetition period, and sampling continuous RBS traces over multiple periods to simulate the system’s measurement of dynamic strain. The simulation is loaded with a standard sinusoidal waveform with a frequency of 100 Hz and a peak voltage of 1 V (where the phase vs voltage relationship is 3.5 rad/V), applied at the 2940 m position of the fiber.
3.1 Verification of dynamic strain measurements
To verify the accuracy of the model, Figure 7a, b present the demodulated phase spatiotemporal maps near the vibration location where the sensing fiber is wrapped. As observed, the demodulated time-domain waveform and spectrum are consistent with the original signal, indicating that the vibration signal has been accurately recovered.
[image: Graph (a) shows a red sine wave representing phase in radians over time in seconds, ranging from negative three point five to three point five radians. Graph (b) depicts a blue power spectrum with amplitude in decibels over frequency in Hertz, showing peaks near zero Hertz and gradual decline beyond five hundred Hertz.]FIGURE 7 | Demodulation results of simulated loaded 1V 100Hz signal: (a)Time Domain Demodulation Results, (b) Spectrum Demodulation Results.3.2 Improvement of amplitude-frequency response range
Since the final demodulation accuracy is affected by the intensity of the three signals, it is important to ensure that the intensities of the three signals are as consistent as possible. This consistency can effectively improve the final demodulation results. By solving for the sum of the first norms of the intensity differences between the three signals, denoted as Idiv, and thus minimizing Equation 9, the optimum phase modulation points can be determined.
Idiv=Iout1−Iout2+Iout1−Iout3+Iout2−Iout3(9)
By solving the equation, four extremum points can be obtained: Δφ = 0, Δφ = π/3, Δφ = 2π/3, Δφ = π. The phase demodulation results at these extremum points are then calculated respectively.
To verify the beneficial effect of extremum points on demodulation performance, we compared the phase quality of demodulated signals by setting Δφ at extremum positions (0, π/3, 2π/3, π) and a non-extremum point (π/2). The quality of phase demodulation is evaluated using the normalized root mean square error (RMSE).
RMSE=1n∑i=1nYi−yiA(10)
As shown in Equation 10, n is the number of discrete points involved in the calculation, Yi and yi are the discrete values of the original vibration signal and the demodulated signal, and A is the peak value of the original vibration signal.
The test protocol involved two scenarios: (1) applying a 100 Hz standard sine wave with peak voltages ranging from 1 V to 5 V to analyze voltage-dependent RMSE variations (Figure 8a); (2) fixing the voltage at 1 V while sweeping frequencies from 100 Hz to 900 Hz (200 Hz increments) to characterize frequency-dependent RMSE distributions (Figure 8b). As shown in Figure 8, the comparative analysis reveals that the three-channel output at the non-extremum point Δφ = π/2 yields a large RMSE, indicating severe distortion of the demodulated phase. In contrast, when the Δφ operates at extremum points, The RMSEs consistently remains below 0.4, indicating a better phase demodulation quality and amplitude-frequency response range compared to setting it at non-extreme points (π/2).
[image: Two line graphs labeled (a) and (b) show RMSE values against voltage and frequency, respectively, with five phase shift values. In graph (a), RMSE increases with voltage, notably for Δφ = π/2. In graph (b), RMSE also increases with frequency, primarily for Δφ = π/2 and Δφ = π.]FIGURE 8 | Simulation of RMSE results for sinusoidal signals with different voltages or frequencies: (a) RMSE results at different voltages, (b) RMSE results at different frequency.In order to further validate the advantages of this system in terms of demodulation performance, simulations were conducted at an extremum point of Δφ = 2π/3, with a vibration frequency range of 100–900 Hz and amplitude variation range of 3.5–17.0 rad Figures 9a,b illustrate the RMSE distributions for the MI-based system and the proposed Sagnac/SOA system, respectively. As shown in Figure 9, the RMSE decreases with lower f and A, manifesting as blue regions in the lower-left contour plots. Conversely, the RMSE increases with higher f and A, transitioning the upper-right contour colors to yellow. By comparing Figures 9a,b, the blue region (low RMSE) of the Sagnac/SOA system is significantly larger than that of the MI-based system, indicating a broader amplitude-frequency response range and superior demodulation performance under the selected extremum condition. Additionally, according to Ref. [24], the amplitude-frequency response characteristic relationship among f, A, and the pulse repetition frequency fpulse is given by: 5.7f (A+1)≤fpulse.
[image: Two heat maps, labeled (a) and (b), depict phase versus frequency data. Both maps have frequency (Hertz) on the x-axis and phase (radians) on the y-axis. The color gradient represents RMSE values from 0.1 to 1, with (a) showing a more varied distribution and (b) predominantly blue, indicating lower RMSE values.]FIGURE 9 | Simulation of RMSE results for different interferometer:(a)Michelson interferometer demodulation RMSE, (a)Sagnac interferometer demodulation RMSE.3.3 Improvement of spatial resolution
During the signal demodulation process, the spatial resolution of the system will be broadened due to the arm length difference of the interferometer [19]. For the φ-OTDR system, the demodulation range is W + s, where W is the theoretical spatial resolution, which is only related to the pulse width. Here, s is the arm length difference of the interferometer.
The results of the spatial resolution comparison are shown in Figure 10, where Figures 10a,b are 2D views of the 3D demodulation maps of the φ-OTDR system using the MI interferometer, with the optimal setting of 10 m for the difference of the arm lengths, as described previously [18]. Figure 10a depicts the final signal demodulation results along the fiber axis from 2931 m to 2951 m, with a width of about 20 m. Figure 10b shows a two-dimensional view of the demodulation. Figures 10c,d are the demodulated outputs of the simulated system using the Sagnac interferometer, where Figure 10c shows the demodulated signal along the fiber axis from 2941 m to 2951 m with a width of about 10 m. The observed spatial resolution is consistent with the theoretical analysis. Figure 10d shows a two-dimensional view of the demodulation.
[image: Panel (a) shows a color-coded time-distance graph with vertical bands indicating signal strength from 2900 to 3000 meters over 100 milliseconds. Panel (b) displays a waveform amplitude graph with peaks centered around 2940 meters. Panel (c) replicates panel (a) with similar signal patterns. Panel (d) mirrors panel (b) showcasing similar amplitude variations.]FIGURE 10 | Spatial resolution comparison results: (a) Michelson interferometer demodulation results along the fiber axis, (b) 2D view of demodulation with Michelson interferometer, (c) Sagnac interferometer demodulation results along the fiber axis, (d) 2D view of demodulation with Sagnac interferometer.By comparing the simulation results, it can be seen that the Saganc interferometer can effectively improve the spatial resolution and solve the shortcomings of the MI interferometer.
4 DISCUSSIONS
During experimental measurements, the phase demodulation performance of the system also be affected by amplified spontaneous emission (ASE) noise introduced by the SOA, environmental interference noise, and common-mode noise induced by optical intensity fluctuations. When these noise sources are dominant, they could degrade simulation results. To eliminate the effects of the above noise, In the experiment, the ASE noise can be suppressed by embedding a 0.2 nm wavelength width filter in the SOA, the DCM algorithm is used to resist the environmental interference noise, and for the common-mode noise, it can be effectively eliminated due to the reciprocal of forward and reverse of the Sagnac interferometer. Therefore, through the above measures, it can be expected that the environmental sensitivity and noise resistance aspects of our proposed system will have a better performance in practical applications.
We introduced asymmetric 3 × 3 couplers (phase deviation ±5°, splitting ratio deviation ±5%), SOA insertion loss (3 dB), and a composite noise model (Gaussian white noise with zero mean and variance σ2 = 10–14; ASE noise power spectral density PASE​ = 1.2 × 10−10W/Hz) into the simulation validation. Additionally, random vibration noise within a 0–100 Hz frequency range was injected to simulate environmental disturbances. A standard single-frequency vibration signal (amplitude of 3.5 rad, frequency of 100 Hz) was then loaded for phase demodulation using the DCM algorithm. The results are shown in Figure 11.
[image: (a) A line graph showing phase over time with two waveforms: original phase waveform in blue and demodulation phase waveform in red. The X-axis represents time in seconds, and the Y-axis represents phase in radians. (b) A power spectrum graph illustrating amplitude in decibels over frequency in hertz, with a peak labeled at -7.06 dB.]FIGURE 11 | Simulated demodulation results for non-ideal conditions. (a) Time domain demodulation results, (b) Spectrum Demodulation Results.Figure 11a compares the time domain waveforms between the original phase and the demodulated phase, demonstrating basic alignment between them with RMSE of 0.2068. Figure 11b presents the spectrum demodulation results, revealing a spectral SNR exceeding −7.06 dB at 100 Hz. These results confirm that the proposed system achieves robust noise resistance and effectively recovers the vibration signal waveform under realistic non-ideal conditions.
Regarding long-term stability, the system’s robustness is critically affected by temperature fluctuations and device aging in the SOA. Elevated temperatures reduce carrier density in the SOA, lowering both the gain saturation threshold and the achievable phase modulation range. This may prevent the system from reaching required phase extrema, degrading demodulation accuracy. Concurrently, ASE noise increases at higher temperatures, further degrading SNR. Device aging exacerbates these issues through gradual gain attenuation and response time drift. Prolonged operation reduces carrier density, mirroring gain degradation, and ultimately shrinking the phase modulation range. Additionally, stochastic variations in the SOA’s response time during extended use disrupt the consistency of phase differences across multiple sensing cycles, leading to demodulation failure. To alleviate these effects, thermoelectric cooling (TEC) can stabilize the SOA temperature within ±0.1°C, while software-based phase compensation algorithms dynamically adjust phase differences to maintain inter-cycle signal coherence.
Currently, there are also graphen optoelectronics-integrated [26, 27] and metasurfaces for optical phase modulators [28]. Although graphen optoelectronics-integrated modulators have the advantages of small size and low power consumption, this scheme requires extremely high fabrication accuracy and polarization-related absorption properties, resulting in high cost and polarization fading in long-term operation. The metasurfaces, on the other hand, focuses on mode-selective modulation in the field of photonic integrated circuits and CMOS, and is not able to realize vibration and phase demodulation in φ-OTDR systems. In contrast, the device proposed in this paper can realize low-cost phase modulation through SOA and perform measurement demodulation of external vibration. In the future, the integration of the above techniques with φ-OTDR can be explored to realize high-precision phase modulation and function extension.
5 CONCLUSION
We proposed a φ-OTDR system with a hybrid structure combining a 3 × 3 coupler and a Sagnac interferometer. Simulations were conducted to study the impact of SOA gain on the system and to compare the amplitude-frequency response characteristics under different gain conditions. Additionally, the system’s spatial resolution was compared to that of an MI interferometer. The results show that by using the saturated gain of the SOA to adjust the final output intensity of the three optical paths, the signal demodulation performance is improved when the intensities are closely matched and relatively high, resulting in an enhanced amplitude-frequency response range. Moreover, the Sagnac loop eliminates the degradation of spatial resolution caused by unbalanced arm lengths, thereby maintaining the original spatial resolution of the system.
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