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Abstract

:

A 1550 nm all-fiber dual-polarization coherent Doppler lidar (DPCDL) was constructed to measure the depolarization ratio of atmospheric aerosols. In lidar systems, the polarization state of the laser source is typically required to be that of linearly parallel polarization. However, due to the influence of the fiber-optical transmission and the large-mode field output of the telescope, the laser polarization state changes. Hence, a polarizer was mounted to the emitting channel of the telescope to eliminate the depolarization effect. A fiber-optical polarization beam splitter divided the backscattered light into components with parallel and perpendicular polarization. The DPCDL used two coherent channels to receive each of these two polarization components. A calibration procedure was designed for the depolarization ratio to determine the differences in gain and non-responsiveness in the two polarization channels. The calibration factor was found to be 1.13. Additionally, the systematic error and the measured random error of the DPCDL were estimated to evaluate the performance of the system. The DPCDL’s systematic error was found to be about 0.0024, and the standard deviation was lower than 0.0048. The Allan deviations of a 1-min averaging window with a low SNR of 19 dB and a high SNR of 27 dB were 0.0104 and 0.0031, respectively. The random errors at different measured heights were mainly distributed below 0.015. To confirm the authenticity of the atmospheric depolarization ratio measured with the DPCDL, two field observations were conducted with the use of a co-located DPCDL and micro-pulse polarization lidar to perform a comparison. The results showed that the correlation coefficients of the aerosol depolarization ratios were 0.73 and 0.77, respectively. Moreover, the two continuous observations demonstrated the robustness and stability of the DPCDL. The depolarization ratios were detected in different weather conditions.
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1. Introduction


Atmospheric aerosol is an important component of the atmospheric composition and a major cause of air pollution. It comes from two sources: natural formations and human activities. In the last half century, human activities have gradually become the main factor in the increase in aerosols, which has led to the formation of extreme weather, such as sandstorms and haze, which are also related to drought, rainstorms, and other meteorological phenomena [1]. In addition, anthropogenic aerosols have a direct and indirect impact on the Earth’s atmospheric environment in the form of radiation forcing, which can be divided into positive and negative radiative forcing based on the resulting temperature changes [2,3]. Remote sensing with lidars can be used to continuously monitor the distribution of atmospheric aerosols. The wavelength of 1550 nm is widely applied in atmospheric detection with lidar, such as when detecting wind velocity, atmospheric visibility, and the optical properties of aerosol [4,5,6]. On the one hand, the maximum allowable eye exposure of 1550 nm ensures safety for the human eye [7]. On the other hand, there are commercially available mature optical fiber devices that use a wavelength of 1550 nm that can be selected for different applications [8]. Hence, 1550 nm lidar systems can be compact, thus facilitating the integration of multi-functional systems.



Polarization lidar techniques have been developed in the field of atmospheric remote sensing for more than 50 years. Schotland briefly reported the depolarization ratio of water droplets and ice crystal clouds for the first time [9] to verify the existence of the depolarization effect. Polarization lidars have been applied to investigate particles’ morphological characteristics through the depolarization effect of backscatter signals. This is an important tool for measuring the non-sphericity of atmospheric dust, haze, and other polluting aerosols [10,11,12], and it has broad prospects in atmospheric environmental monitoring. A polarization lidar deploys a spatial polarization-splitting prism to separate the perpendicular-polarization and parallel-polarization states of backscattered light, which are then directly detected with photomultiplier tubes or single-photon detectors. This method has been widely deployed in measurements of the depolarization ratios of cirrus clouds, dust, and soot [13,14]. Two-wavelength polarization lidars have been used to study the wavelength dependence of the depolarization ratio parameter and the two-component theory of aerosols [15,16]. Baars used data collected with a multi-wavelength polarization lidar to classify types of aerosols and clouds [17]. Based on the threshold values measured with long-term multi-site EARLINET (European Aerosol Research Lidar Network) measurements, four aerosol categories (small, large and spherical, large and non-spherical, and mixed and partially non-spherical) and several cloud categories (liquid and ice) were identified [17]. Most of the polarization studies mentioned above were conducted in the visible spectrum. Due to the complex process and expensive price of single-photon detectors and photomultiplier tubes with materials that are photosensitive at infrared wavelengths, little research on polarization lidar has been conducted at infrared wavelengths [18]. Thanks to their low cost, low power consumption, and high stability, coherent lidars at infrared wavelengths have the potential to provide continuous observations during both daytime and nighttime. Moreover, they are suitable for operation in the harsh environments of airborne, shipborne, and spaceborne platforms [19]. Hence, in recent years, polarization lidars based on coherent techniques have emerged according to the requirements of the time.



Coherence-based polarization detection can compensate for the lack of a depolarization component in typical coherent Doppler lidars. In addition, it can further improve the signal-to-noise ratio (SNR) of spectral signals and improve the data quality. Moreover, coherent Doppler lidars can achieve the goal of simultaneously observing wind speed and the depolarization ratio [19]. In 2015, Cyrus from the University of Colorado in the United States reported the simulation of a coherent polarization lidar system that could simultaneously measure wind speed and the depolarization ratio [20]. The concept of coherent polarization detection technology was proposed in order to avoid the use of high-performance direct-detection sensors and to greatly reduce costs. This simulated system used four balance detectors, which resulted in a complex structure. The total systematic error needs further discussion. Since 2019, research institutions in Finland and other countries have implemented the detection of the aerosol depolarization ratio based on coherent polarization Doppler lidar involving time-division multiplexing with detection heights of up to 2–3 km [21]. In addition, aerosols, clouds, and precipitation have been classified [21]. Related research in China is also rapidly developing. In 2017, based on single-photon detection technology and time-division multiplexing coherent polarization detection technology, the University of Science and Technology of China successfully developed a micro-pulse polarization detection system and coherent polarization detection system at a wavelength of 1550 nm to realize the detection of the aerosol depolarization ratio during the day and night [18,19]. A polarization lidar based on a wavelength-division multiplexing module was used to monitor if the depolarization ratio had significantly increased in the dusty environment of a construction site [19]. However, the influence of a delay fiber on the polarization state in a wavelength-division multiplexing module can be further evaluated. In 2021, Nanjing University of Aeronautics and Astronautics designed a 1550 nm coherent polarization lidar based on a polarization modulator, and this was also able to achieve high-precision detection [22]. It used two polarization directions (+45° and −45°) to carry dual-polarization signals; the single-channel transmission of dual-polarization signals was thereby achieved. However, the difference between the +45° polarization component and the −45° polarization component of a dual-polarization light beam needs to be further discussed. The idea of the dual-channel coherent polarization technique emerged; this has the advantages of a simple structure and low cost. The influence of system components on the polarization state and the authenticity of experimental data are often of concern, so related experiments need to be designed to evaluate the performance of the system and the authenticity of data.



In this study, a 1550 nm all-fiber dual-polarization coherent Doppler lidar (DPCDL) was designed based on the architecture of the coherent Doppler wind lidar. An optical fiber polarization-splitting device and two coherent channels were adopted in this lidar to observe the depolarization ratios of atmospheric aerosols. Two channels were simultaneously triggered to process dual-polarization signals. This study is organized as follows. In Section 2, the operating principle and the system architecture of the DPCDL are introduced. The structures of the transmitter and receiver are described in detail, and the main specifications of the system components are shown. Two experiments and two measurements are presented in Section 3. A calibration experiment was conducted to record the changes in gain and response differences between the two coherent channels. The systematic error and relative random error of the DPCDL were evaluated in a performance evaluation experiment. Additionally, simultaneous observations with a co-located 1550 nm DPCDL and 532 nm micro-pulse polarization lidar (MPL) were conducted for a comparison. Section 4 summarizes the findings, and the conclusions are presented in Section 5.




2. Methodology and Instrument Setup


2.1. Methodology


The DPCDL system uses the optical coherence technique and polarization technique to realize the observation of the depolarization ratio of atmospheric aerosols. Coherent lidar technology can be used to determine the frequency shift and power of the backscattered signal from an atmospheric aerosol in order to realize the simultaneous observation of wind profiles and the optical properties of aerosols. The line-of-sight (LOS) wind velocity retrieval algorithm was investigated in our previous work [23], and this study mainly focuses on the measurement of the depolarization ratio of atmospheric aerosols.



The frequency of the backscattered light in the atmosphere is affected by the Doppler effect. The atmospheric backscattered fraction of an outgoing pulse is mixed with a frequency-shifted sample from the same local oscillator. A mixed optical signal is received by a photo-electric detector, and a photocurrent is generated. After removing the high-frequency and direct-current signals, the photocurrent is expressed as [24]


  i ( t ) =    2   η q  e   h υ      η  L O    P  L O    η h  ( t ) P ( t )    cos [ 2 π Δ  f t + Δ θ ( t ) ]  



(1)




where  P  is the power of a polarization component,    P  LO     is the power of the local oscillator,    η q    represents the quantum efficiencies,    η h    represents the heterodyne efficiencies,    η  L O     represents the local oscillator truncation efficiencies,  e  is the electron charge,  h  is the Planck constant,  υ  is the laser frequency, and   Δ f   and   Δ θ   are the frequency difference and the phase difference of the backscattered signal and the local oscillator, respectively. The frequency difference is caused by the modulation of an acousto-optic modulator (AOM) and the Doppler effect of the aerosol scattering.



An analog-to-digital converter is used to quantize the photocurrent signal after the gain into a digital signal. Then, a fast Fourier transform (FFT) of the digital signals is executed. Due to the Doppler effect of the moving air mass, the linewidth of the emitted laser, and the influence of turbulence, the power spectrum signal exhibits a spectral broadening phenomenon. To accurately represent the power of the optical signals, the half-width integral of the power spectrum is calculated as the expected value of the power. The half-width integral is represented as follows [25]:


    P ( r )    = 2   1 N    (    η q  e   h υ    R  in    G )   2  P  η  L O    P  L O    η h  ( r )  



(2)




where  N  is the sample in a range gate,    R  in     is the input impedance, and  G  is the gain coefficient. The sampling frequency is 250 MHz. The polarization detection technique is used to calculate the atmospheric depolarization ratio. The photocurrent obtained above includes changes in the backscatter coefficient. So, due to the consistent fiber parameters of dual-polarization channels and the high-precision uniform beam splitting of the local oscillator, finally, the lidar depolarization ratio is expressed as [26]


  δ ( r ) =    β ⊥     β  / /     =  K 0       P ⊥  ( r )        P  / /   ( r )      



(3)




where    β ⊥    and    β  / /     are the dual-polarization backscattering coefficients of the received echo signal,      P ⊥  ( r )     and      P  / /   ( r )     are the half-width integrals of the two polarizations, and    K 0    is the calibration factor of the depolarization ratio. The SNR of the parallel-polarized signal is higher than that of the perpendicularly polarized signal. Moreover, the strength of the perpendicularly polarized signal is related to atmospheric conditions. In this study, the SNR of the parallel-polarized signal was used as the criterion for signal quality control.




2.2. Instrument Setup


An all-fiber dual-channel polarization lidar using the coherent technique was established to measure the depolarization ratio of atmospheric aerosols at 1550 nm, as shown in Figure 1. The DPCDL system mainly consisted of a transmitter, a receiver, and a signal processor. The transmitter contained a laser source with the structure of a master-oscillator power amplifier (MOPA), a polarizer, and an aspherical paraxial telescope. The seed laser separated a portion of the continuous-wave lasers as the local oscillator, and the remaining portion was modulated by the AOM before amplification. The shift frequency of the AOM was 80 MHz. The laser source exports a 300 µJ, 800 ns pulse with a repetition rate of 10 kHz. The thermal effect of the optical fibers in the MOPA module induced changes in the polarization state of the beam. Hence, a polarizer with the extinction ratio of 35 dB was mounted to the emitting channel of the telescope. Finally, the pulsed laser beam was directionally transmitted into the atmosphere after being collimated by a collimating mirror in the telescope.



A paraxial telescope containing an aspherical lens with an aperture of 80 mm was used [27]. The paraxial telescope in the DPCDL was designed to isolate the emission and reception of the light beams and to facilitate the deployment of the polarizer in the laser transmission channel. To improve the reception efficiency of the backscattered signal and to minimize the blind range in the near field, the telescope was designed with a double-D shape, and the emitting telescope was mounted in front of the receiving telescope.



The performance of the receiving module depended on the extinction ratio of the fiber polarization splitter (FPBS), which was usually greater than 20 dB. This ensured an error of approximately 1% for the FPBS. The separated backscattered light of the two polarization states was coupled to the slow axis of the polarization-maintaining fiber and, finally, was connected through the FC/APC interface to ensure the matching of the polarization state of the local oscillator and signal light [28]. Moreover, a fiber polarizer was mounted to ensure that the polarization state of the local oscillator was close to the linear polarization state. Finally, the two mixed signals are individually coupled into the signal processor through polarization-maintaining fiber couplers.



The signal processor consisted of two balanced detectors, two bandpass filters, and an acquisition card. Moreover, balanced detectors and the bandpass filters were selected so that the same types were in each channel. The balanced detectors converted the mixed optical signals with the two polarizations into electrical signals and amplified them. A passive bandpass filter was selected to suppress high-frequency and low-frequency noise while completely passing through the Mie spectrum signal. Digital quantization of the analog signal was achieved with an analog–digital converter with a sampling rate of 250 MHz; the FFT and accumulation of the data were completed with a field-programmable gate array (FPGA). For each lidar pulse, the pulse spectral density (PSD) of the lidar signal was calculated in real time by the FPGA, and the PSDs were then averaged over 16,000 pulses. The system had a time resolution of 2.4 s and a distance resolution of 120 m. The key specifications of the DPCDL are listed in Table 1.





3. Experiments and Measurements


3.1. Experiments


3.1.1. Calibration of the Depolarization Ratio


Due to the differences in gain and responsiveness of the balance detectors used in the dual-polarization channels, the depolarization ratio measured with the DPCDL needed to be calibrated. A calibration procedure was designed such that a polarization-maintaining fiber splitter was used to replace the FPBS and split the backscattered signal evenly, which ensured that the signals of the dual-polarization channel were consistent. This design ensured the consistency of the signals of the dual-polarization channel and allowed for continuous long-term acquisition. The polarization states of the two output channels of the fiber splitter remained consistent. The highest extinction ratio of the fiber splitter was 22 dB. The beam-splitting ratio of the beam splitter was verified to be below 1.5%, which was acceptable. A three-hour experiment was conducted. The SNR served as the quality control criterion for the experimental data. For a coherent lidar system, the SNR is expressed as [25]


  S N R =     P ( r )    η  HQ     h ν  B w     



(4)




where    η  HQ     is the coherent quantum efficiency,  h  is the Planck constant, and  ν  and    B w    are the frequency of light and the bandwidth of the detector. The 19 dB SNR of the parallel-polarized signal was used for the quality control of the signal. This ensured the effectiveness of the dual-channel signals. So, the experimental data with SNRs higher than 19 dB were averaged, and the mean value was set as the calibration factor. Figure 2 shows the calibration factor over time, with its mean value of 1.13 and standard deviation of 0.017. The calibration factor mainly fluctuated in the small range of 1.05 to 1.17.




3.1.2. Evaluation of the Performance Evaluation of the DPCDL


The DPCDL system utilized a laser source with an extinction ratio of 35 dB; theoretically, the error in the depolarization ratio measured with the DPCDL was lower than 0.001. However, the polarization state of the laser may change in many ways in an actual lidar. During the laser generation process, the polarization characteristics of lasers are related to the temperature of the optical resonance cavity [29]. The polarization state of the light transmitted along a fiber can change due to external stress, and it may also rotate when a fiber is in a curved state [30]. Moreover, when mode coupling occurs, there is an evolution of the polarization state in birefringent single-mode fibers [31]. The metal coating of a telescope’s surface typically changes the polarization of a backscattered signal, which seriously affects the measurement of the depolarization ratio of an aerosol [32]. Therefore, an evaluation of the systematic error is necessary. The mean value and the standard deviation (STD) were used as the evaluation criteria for the assessment of the DPCDL. Moreover, the random error during the observations was calculated. The Allan deviation was introduced to evaluate the impact of the accumulation time on the measured error. In addition, a formula was used to predict the modeled random error [33], which was compared with the random error in the observations.



In the DPCDL, the systematic error was related to the ability of the polarizer to control the direction of light vibration, the polarization splitting ability of the FPBS, differences in the dual-polarization channels, the noise of the acquisition card, etc. So, the uncertainty of a polarization lidar is also related to such aspects. The total systematic error is best estimated by estimating the error space of the complete system, so an experiment was conducted to measure it. Based on the DPCDL system, a low-energy pulse from the seed module was emitted from one telescope with a polarizer and directly received by another telescope before being coupled into the receiver of the DPCDL. This experiment considered the changes in the polarization state of a beam during transmission in the DPCDL without the atmospheric scattering effect. So, the experimental data represented the systematic error. Figure 3 shows that the mean value and STD of the systematic error were 0.0024 and 0.0009 with a 1-min averaging window. Finally, the DPCDL performed well and was capable of achieving high-precision measurement of the depolarization ratios of aerosols.



In addition to the systematic error, the random error was estimated. The measurement error was related to the integration time of cumulative smoothing and the SNR of the signals. The integration time is an important parameter in the cumulative smoothing method. The Allan deviation was used to evaluate the impact of the integration time on the random error. An experiment conducted on March 20th, 2023, was used as a measurement case. Due to the precipitation beforehand, the aerosol load in the atmosphere was low. Hence, the aerosol depolarization ratios were small. Therefore, these conditions could be used to evaluate the random error of the DPCDL. The Allan deviation is also related to the SNR, so signals with a low SNR of 19 dB and a high SNR of 27 dB were selected. A time plot of the measured integral power of the noise spectrum at the low SNR and high SNR with an averaging window of 1 min can be found in Appendix A. Figure 4 shows the Allan deviations with the low SNR and high SNR. The slopes of the Allan deviation on a logarithmic scale were close to −1/2. It was illustrated that the random error with an integration time of 1 min was larger than the systematic error with a 1-min averaging window. To ensure the accuracy of the depolarization ratio, the SNR threshold used for quality control was set to 19 dB. The Allan deviation with the low SNR of 19 dB was significantly larger than that with the high SNR of 27 dB. During the data processing, the cumulative smoothing window is generally set to 1 min. Moreover, when the integration time was 1 min, the Allan deviation at the low SNR was 0.0104 and the Allan deviation at the high SNR was 0.0031. As the integration time increased or the SNR increased, the Allan deviation gradually decreased.



To evaluate the impact of the SNR on the measurements, the relative random error (RRE) was introduced. To describe a random variable  X , the RRE is expressed as [33]


  R R E ( X ) =    σ X    〈 X 〉    



(5)




where  X  is a random variable, and    σ X    and   〈 X 〉   are the standard deviation and the mean value of  X , respectively. The errors of the dual-polarization half-width integrals from Equation (3) were within the random error budget. However, the calibration factor of the depolarization ratio was regarded as a constant. The random error can be approximatively expressed as [33]


   E r  =  K 0      R R  E     P ⊥  ( R )    2  + R R  E     P  / /   ( R )    2     N  pulse        



(6)




where    N  pulse     is the number of laser pulses. The laser frequency was 10 kHz. Figure 5a–d show the modeled random errors for the 20th, 21st, 28th, and 29th of March. They were compared with the random errors in the observations, which were consistent. The random errors in the observations were proven to be reasonable and accurate. The random errors were mainly distributed below 0.03, and they were below 0.01 at high SNRs. The DOCDL was able to achieve high-precision observation of the aerosol depolarization ratio.





3.2. Comparison of Continuous Observations in Two Measurement Cases


To demonstrate the performance of the DPCDL, a comparison of a co-located DPCDL and micro-pulse lidar with a wavelength of 532 nm was conducted. It was reported that different detection wavelengths induce different depolarization spectra [34]. The DPCDL and MPL had different sensitivities; thus, their depolarization ratios were different. It should be emphasized that the depolarization ratios measured with the DPCDL and MPL exhibited high consistency, which verified the authenticity of the DPCDL’s measurements.



The direct power detection method for the dual-polarization components was adopted for the MPL. Spatial optical devices and single-photon detectors were used. The laser source emitted a 500 µJ, 13 ns pulse with a repetition rate of 4 kHz at a wavelength of 532 nm. The temporal and spatial resolutions of the MPL were 15 min and 15 m, respectively. To calibrate the depolarization ratio of the MPL, the concept of “∆90°-calibration” was applied; then, the depolarization ratio was calculated [35,36]. Two sets with a half-wave plate at angles of (0°, 45°) and (22.5°, −22.5°) were used for the calibration, which was confirmed to be effective in atmospheric science experiments.



Two comparative experiments were conducted at the Ocean University of China (36.15°N, 120.51°E). The vertical distributions of the depolarization ratios were simultaneously detected with the co-located instruments, namely, the DPCDL and the MPL.



The first experimental results for the observations of atmospheric aerosol are shown in Figure 6 and Figure 7. The vertical depolarization ratios measured with the DPCDL are presented in Figure 6a with a temporal resolution of 2.4 s and a spatial resolution of 120 m. The vertical depolarization ratios observed with the MPL are shown in Figure 6b with a temporal resolution of 15 min and a spatial resolution of 15 m. The high values of the depolarization ratio between 16:00 LST and 18:00 LST on the 11th of March indicate the presence of non-spherical aerosols in the atmosphere, which may have been caused by severe air pollution. The atmosphere may have contained a small amount of dust. On the contrary, the low values of the depolarization ratio revealed the lack of non-spherical particles in the atmosphere. Aerosols with low depolarization ratios are mainly water-soluble. It can be seen in these two figures that the depolarization ratios of aerosols containing dust were significantly higher than those of water-soluble aerosols. Figure 7a shows a scatter diagram of the depolarization ratios at 1550 nm and 532 nm with a statistical size of 2876. One can see that the depolarization ratio values from the DPCDL were mostly below 0.3 during the observation period, while the depolarization ratio values from the MPL were mostly below 0.2. It is shown that the results from the DPCDL and MPL agreed well, with a correlation coefficient of 0.73 and a slope of 0.42. Figure 7b presents the average depolarization ratio profiles from the DPCDL and MPL between 16:00 LST and 18:00 LST on the 11th of March, 2023. The first-observation line plots of the depolarization ratios measured with the DPCDL and MPL at 400 m, 600 m, and 800 m can be found in Appendix B. It was found that the depolarization ratios from the DPCDL and MPL had consistent tendencies.



The results of the second experimental observation of dust layers are shown in Figure 8 and Figure 9. The vertical distributions of the depolarization ratios observed with the DPCDL and MPL are shown in Figure 8a and Figure 8b, respectively. The results from the two systems were consistent. Figure 9a shows a scatter diagram with a statistical size of 1064. It was shown that the depolarization ratios from the DPCDL and MPL agreed well, with a correlation coefficient of 0.77 and a slope of 0.93. Figure 9b presents the mean values of the depolarization ratio profiles observed with the DPCDL and MPL between 06:15 LST and 17:00 LST on the 15th of March, 2023. The line plots of the second observation of depolarization ratios with the DPCDL and MPL at 400 m, 600 m, and 800 m can be found in Appendix B. The tendencies of the depolarization ratios in these two systems were consistent.



The meteorological conditions during the two observations were different. The observation results from the two co-located systems showed dual-wavelength depolarization ratios of aerosols with small and large particle sizes. It was obvious that the depolarization ratio for the large particle size in the second observation experiment was significantly higher than that for the small particle size in the first observation experiment. The results in Figure 6a and Figure 8a are highly consistent to those of Wang [19]. The dual-wavelength depolarization ratios of aerosols with different particle sizes exhibited different patterns [21]. In the case of aerosols with a small particle size, the depolarization ratio values at 1550 nm were higher than those at 532 nm. In the case of aerosols with a large particle size, the depolarization ratios at 1550 nm and 532 nm were roughly equal. The patterns could provide us with more information on classifying aerosol types.





4. Discussion


The DPCDL is a polarization lidar system based on the coherence technique. The paraxial telescope design in the DPCDL greatly eliminates the interference of light undergoing specular reflection, which ensures the stability of the system. The all-fiber structure of the DPCDL is convenient for its miniaturization and integration, and it ensures its stability in the event of external environmental changes. Furthermore, the DPCDL utilizes two balanced detectors for photoelectric conversion, which allows it to avoid the problem of high cost found in traditional 1550 nm MPLs based on high-performance single-photon detectors. Finally, the DPCDL has the potential to achieve the simultaneous observation of wind speed and the aerosol depolarization ratio; as a result, the depolarization ratio and wind speed data that are obtained can be used to analyze the sources of non-spherical pollutant particles and predict their diffusion paths. This work will be carried out in the future.



1550 nm lidars can ensure the safety of the human eye and have strong penetration, making them widely used in the field of aerosol detection. More and more research is being conducted on polarization lidars working at 1550 nm. The depolarization ratio at 1550 nm is an important parameter that reflects the shape of aerosols, and it is commonly used in research on aerosol classification and aerosol–cloud interactions. This research on the 1550 nm DPCDL is of great significance.



However, since a linearly polarized light source is applied, the SNR of the perpendicular-polarization channel is usually low, which limits the observation accuracy and observation distance. Compared with linearly polarized laser sources, a circularly polarized light may have more obvious advantages, and more work is required to demonstrate this. The use of circularly polarized light sources will be implemented in subsequent work.




5. Conclusions


To obtain the depolarization ratio at a wavelength of 1550 nm, an all-fiber dual-polarization coherent Doppler lidar with a wavelength of 1550 nm was designed in this study. The stability of the system was proven in performance evaluation experiments. The system successfully achieved the measurement of the depolarization ratio at 1550 nm. The depolarization ratios of aerosols such as haze and dust were detected, and the results were in line with expectations. Furthermore, two continuous observation campaigns involving different aerosols, including a clean continental atmosphere, haze, and dust, were performed. When observing aerosols with different particle sizes, the depolarization ratios at two wavelengths exhibited different relationships. These relationships provide a foundation for further work on the classification of aerosols.



Based on the coherent detection technique, the depolarization ratios of atmospheric aerosols were measured at a wavelength of 1550 nm. The systematic error and random error were estimated for use in a performance evaluation, and the results showed that the performance was good. Compared to a single-channel polarized coherent Doppler lidar, the DPCDL has the potential to synchronously observe the atmospheric wind speed and depolarization ratio. The double-channel design helps to increase the SNR of the wind speed signal and the detection range, allowing it to better adapt to weather changes. The atmospheric polarization information that was obtained can help in more accurately inverting the characteristics of atmospheric aerosols, such as their extinction coefficient and backscatter coefficient. The DPCDL has the advantages of a high stability, the possibility of measurement in the day and night, and a low price. Finally, the DPCDL can be employed in conjunction with other devices to measure optical parameters, such as the color ratio. Above all, the DPCDL has great application prospects in the field of atmospheric detection.
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Appendix A


Figure A1 shows a time plot of measured integral power of the noise spectrum at a low SNR and a high SNR with an averaging window of 1 min. It was found that the fluctuation of the integral power of the noise spectrum with a low SNR was higher than that with a high SNR.
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Figure A1. Time plot of the DPCDL’s integral power of the noise spectrum with a 1 min averaging window. 






Figure A1. Time plot of the DPCDL’s integral power of the noise spectrum with a 1 min averaging window.
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Appendix B


Figure A2 shows the first-observation line plots of the depolarization ratios obtained with the DPCDL and MPL at 400 m, 600 m, and 800 m. Figure A3 shows the second-observation line plots of the depolarization ratios obtained with the DPCDL and MPL at 400 m, 600 m, and 800 m. The depolarization ratios obtained with the DPCDL and MPL demonstrated consistency.
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Figure A2. The first-observation line plots of the depolarization ratios obtained with the DPCDL and MPL at 400 m, 600 m, and 800 m: (a) The line plot at 400 m. (b) The line plot at 600 m. (c) The line plot at 800 m. 
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Figure A3. The second-observation line plots of the depolarization ratios obtained with the DPCDL and MPL at 400 m, 600 m, and 800 m: (a) The line plot at 400 m. (b) The line plot at 600 m. (c) The line plot at 800 m. 
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Figure 1. Optical layout of the all-fiber dual-polarization coherent Doppler lidar. RF cable, radio-frequency cable; AOM, acousto-optic modulator; LO, local oscillator; FBS, fiber beam splitter; FPBS, fiber polarization beam splitter; BD, balanced detector; ADC, analog–digital converter; FFT, fast Fourier transform; FPGA, field-programmable gate array. 
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Figure 2. Channel calibration data with a mean of 1.13 and a standard deviation of 0.017. 
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Figure 3. Systematic error of the DPCDL: systematic error with a mean value of 0.0024 and a standard deviation of 0.0009. There was a fluctuation below 0.0048 with a 1 min averaging window. 
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Figure 4. Allan deviation of the measurements that were recorded with a low SNR of 19 dB and a high SNR of 27 dB on the 20th of March. The Allan deviation gradually decreased with the increase in the integration time, and the Allan deviation with the low SNR was higher than that with the high SNR. The Allan deviations with a 1 min averaging window at the low SNR and the high SNR were 0.0104 and 0.0031, respectively. 
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Figure 5. The modeled random error and the random error of observations on (a) March 20, (b) March 21, (c) March 28, and (d) March 29. 
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Figure 6. The first 31-h observations with the co-located DPCDL and MPL: (a) The time series of the depolarization ratios from the DPCDL with a time resolution of 2.4 s. (b) The time series of the depolarization ratios from the MPL with a time resolution of 15 min. 
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Figure 7. The first 31-h observations with the co-located DPCDL and MPL: (a) A scatter diagram of the depolarization ratio measurements of the DPCDL and MPL with a correlation coefficient of 0.73 and a slope of 0.42. (b) The depolarization ratio profile from the DPCDL and MPL. The data from the period of 16:00 to 18:00 on the 11th of March are used. 
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Figure 8. The second 11-h observations with the co-located DPCDL and MPL: (a) The time series of the depolarization ratios measured with the DPCDL. (b) The time series of the depolarization ratios measured with the MPL. 
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Figure 9. The second 11-h observations with the co-located DPCDL and MPL: (a) A scatter diagram of the depolarization ratio measurements with the DPCDL and MPL, with a correlation coefficient of 0.77 and a slope of 0.93. (b) The depolarization ratio profiles from the DPCDL and MPL. The data from the period of 06:15 to 17:00 on the 15th of March are used. 
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Table 1. The main specifications of the DPCDL.






Table 1. The main specifications of the DPCDL.





	

	
Parameter

	
Value or type






	
Laser source

	
Laser type

	
MOPA fiber laser




	
Operation wavelength

	
1550 nm




	
Pulse energy

	
300 μJ




	
Linewidth

	
15 kHz




	
Emission frequency

	
10 kHz




	
Intermediate frequency

	
80 MHz




	
Pulse width

	
800 ns




	
Output polarization

	
Linearly polarized




	
Polarization extinction ratio

	
35 dB




	
Local oscillator power

	
2 mW




	
Telescope

	
Telescope type

	
paraxial




	
Telescope diameter

	
80 mm




	
FPBS

	
The extinction ratio

	
>20 dB




	
Detector

	
Detector type

	
Balanced detector




	
Detector bandwidth

	
200 MHz




	
ADC

	
ADC sampling rate

	
250 MHz

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
Allan deviation

-1
10 ~——20/3/23-Low SNR at 230m=19dB
—20/3/23-High SNR at 500m=27dB,
- ~1i2slope
1072
Level-1min
Allan deviation of low SNR=0.0104
Allan deviation of high SNR=0.0031
107
10° 10 10? 10

Tau (s)





media/file4.png
Depolarization ratio at different heights

(a) | ' ——DPCDL at 400m
0.3 ——MPL at 400m

0.2
0.1
|
3-11 12:00 18:00 00:00 06:00 12:00
2
s 03 (b) ——DPCDL at 600m
= —MPL at 600m
2 0.2
2]
5
« 0.1
p—
(=
& | | | | |
o 3-11 12:00 18:00 00:00 06:00 12:00
0.3 —(c) [ ——DPCDL at 800m

= MPL at 800m

3-1112:00 18:00 00:00 06:00 12:00
Time





media/file18.png
Depolarization ratio

Height (m)

Height (m)
N
B

400

250 .
03-11 12:00 03-12 00:00 03-12 12:00

Time (LST)





media/file21.jpg
1000
800

600

400
250
1000

800
600
400

Depolarization ratio

0315 12:00
Time (L

o
LT |
03
02
o
.
g3

MPL
02
I“.
— 1,
0315 17:00





media/file3.jpg
Depolarization ratio

Depolarization ratio at different heights

B

T

o o

T

D

1w






media/file22.png
Height (m)

Height (m)

1000
800
600

400
250

1000
P)

800
600

400

250
03-15 06:00

Depolarization ratio

0.4
DPCDL
0.3
0.2
0.1
'l I | | B | 0
0.3
MPL
0.2
0.1
QR
03-1512:00 03-1517:00

Time (LST)





media/file19.jpg
o
o

005

01 015 02 028
1550nm depolarization ratio

03 038

1 1000

®)

o0
s
s
08 700
3
Zan
s
m
02 o
)
3

01

- 1550nm|
A 5320m

T

I
HiHHHHH

lj]i[l

01s 02 o
Depolarization ratio





media/file7.jpg
- |

Q& ...

| rercndicta ptai

Acq






media/file10.png
L]
ok
(-

.
Y
=

[a—y
L]
sk

Calibration factor
[(\®]

[a—y
*
ey

| — Calibration factor

Mean=1.13 —The mean of calibration factor

STD=0.017
M l MN Im , . LIMW‘ . : 1 r ] _
AT

| | | | | l
12:00 12:30 13:00 13:30 14:00 14:30 15:00
Time (LST)






media/file14.png
Allan deviation

1071 ¢

==20/3/23-Low SNR at 230m=19dB

Level=1 min /

| Allan deviation of low SNR=0.0104 '

Allan deviation of high SNR=0.0031 .

=—20/3/23-High SNR at 500m=27dB

/i/ —1/2 slope

| L L o i

1073
10°

10!

102 103
Tau (s)





media/file11.jpg
Ll T T T — & ver at 1 min
s Mt -n.":':.:r..w..,]
o

£ oo |
E 0002

Zoom
om0
-oanr -

00 9as M0 dows w0 a5 2080 s 2
Time (LST)






media/file6.png
Depolarization ratio

Depolarization ratio at different heights

03 @ | | | —DPCDL at 400m
—— — —MPL at 400m
0.2 I \
0.1 |
| | | | |
3-15 06:00 09:00 12:00 15:00 17:00
(b) | | | —DPCDL at 600m
0.3~ —MPL at 600m
V S \-’
027 \
0.1 |
| | | | |
3-15 06:00 09:00 12:00 15:00 17:00
(©) | | | —DPCDL at 800m
03 o —MPL at 800m
e ——— — — \_/
0.2 2<7k -\_\—\\/:
0.1 Ll | | | | _
3-15 06:00 09:00 12:00 15:00 17:00





media/file15.jpg
Random error vs.distance

0.008 (o) T = 32kmodelied error
. . D]
3 Zooms
H \
H o fancoriecn
i i N = TN
e R e Y e
@ I @
gomal s BRI
K ~ 5 0006
oo o f
Zund V| e
H i H
Zoom ) o i
i . \ R
u bl S 3 | o LRI
e e R e e e T W

Helght (m) Helght (m)





nav.xhtml


  remotesensing-15-05336


  
    		
      remotesensing-15-05336
    


  




  





media/file16.png
0.025

0.02

0.015

0.01

Standard deviation

0.005

= = (= =]
= — — —
= ] = =
[\ = (=) -

Standard deviation

Random error vs.distance

(a) | | ' |= 3-20:modelled error
\ © 3-20:0bservation error
o (-] -] -
\
\
| _ i
: B\
- \ ol \ .
o [/ \
L 0y - | i
o\ ° ’o/
= | ° °I~°—° | | | e |
200 300 400 500 600 700 800 900
(Ic) | | = 3-28:modelled error
PN o 3-28:observation error
AN
| o » \ i
° /
/ 1
\ ° \
- \ , -
\ - ol
o I ° ‘
= \ l -
o\ N e = » ‘
1 1 ° °I ° ° °I 1 | I°
200 300 400 500 600 700 800 900

Height (m)

0.008

= =
= —
=] g
= =)

Standard deviation
S
[—]
[\®)

0.008

= (=]
— (—4
] =
= (=)

Standard deviation
4
>
N

Random error vs.distance

—('b)\ | | | = 3-21:modelled error
o o 3-21:observatio