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The performance of a mid-infrared laser heterodyne radiometer (MIR-LHR) based on a micro-electro-mechanical system (MEMS) mirror is demonstrated in ground-based solar occultation mode. A MEMS mirror is employed as an alternative modulator to the traditional mechanical chopper. High-resolution (∼0.0024 cm−1) transmission spectrum near 3.93 μm was obtained for atmospheric observation of N2O absorption. Operation of the MIR-LHR with laser-induced shot-noise limited performance was analyzed and experimentally achieved. The laser heterodyne spectrum obtained is consistent with Fourier-transform infrared (FT-IR) spectrometer and atmospheric transmission modeling. Compared to the traditional chopper, the MEMS mirror is smaller, lighter and lower power consumption which makes the system more stable and compact. The reported MIR-LHR in this article has great potential in aircraft instruments and satellite payloads.
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INTRODUCTION
Long-term continuous observations of greenhouse gases (GHGs) in the atmospheric column are urgently needed to address global climate change and to improve scientific understanding of climate change [1]. At present, several approaches have been proposed and played unique roles in the monitoring of GHGs concentrations, such as satellite remote sensing, LIDAR, and sounding balloons, these approaches are suitable for different fields [2–5]. The detection range of satellite is wide, but the temporal and spatial resolution is low. The detection accuracy of LIDAR is high, however the detection range is limited. The sounding balloon can simultaneously detect a variety of atmospheric parameters and the detection height is up to 30 km, however the cost is high and the path is not uncertain. Laser spectroscopy has been widely used in trace gas detection [6–9]. Ground-based high-resolution Fourier-transform infrared (FT-IR) spectrometers are used to real-time obtain solar spectra and then retrieve vertical concentration profiles of the target GHGs, and the results can also be used for cross-validation of satellite observations [10, 11].
Laser heterodyne radiometer (LHR), which extracts absorption information from a broadband light source (such as the Sun or interstellar medium) by beating it with a narrow-band local oscillator (LO) in a high speed detector, has been widely applied for remote sensing of earth atmosphere and astronomy since the 1970s. Compared to the FT-IR measurement, LHR offers unique advantages including high spectral resolution, fast response time, small size and high sensitivity. Weidmann et al. and Shen et al. established mid-infrared (MIR) LHR systems to measure a variety of GHGs, such as CH4, CO2, H2O, O3 and N2O in the atmospheric column [12, 13]. Wilson et al. and Wang et al. developed all-fiber coupled near-infrared (NIR) LHRs for the measurements of CH4 and CO2 absorption in the atmospheric column [14, 15]. Robinson et al. demonstrated a hollow waveguide-based miniaturized quantum cascade laser (QCL) heterodyne spectro-radiometer, meanwhile offers an efficient path to miniaturization of the MIR-LHR [16]. In general, sunlight modulation in a LHR system is performed to improve the measurement sensitivity. A mechanical chopper was usually used to realize such modulation. Wang et al. and Wilson et al. implemented a fiber optical switch to modulate the sunlight which made the LHR more compact and robust [17]. However, the fiber optical switch is only available for application in the near-infrared at the moment.
In this paper, we introduce a micro-electro-mechanical system (MEMS) mirror to modulate the sunlight in a MIR-LHR, which provides many options for the design and development of MIR-LHR. The developed system shows good performance in terms of its spectral resolution and stability. The developed MEMS modulator-based MIR-LHR was validated through measurement of N2O absorption in the atmospheric column in ground-based solar occultation mode.
EXPERIMENTAL DETAILS
The MIR-LHR developed in the present work is schematically presented in Figure 1. A distributed feedback interband cascade laser (DFB-ICL) operating around 3.93 μm at room temperature is used as a LO. It is continuously tunable in frequency from 2,535 cm−1 to 2,543 cm−1 with the optical output power of more than 15 mW. sunlight containing atmospheric absorption information is captured with a home-made high-precision solar tracker. Solar motion is tracked by photoelectric tracking and proportion-integral-derivative (PID) control with an accuracy of seven arc seconds.
[image: Figure 1]FIGURE 1 | Schematic of the developed MIR-LHR. BS: beam splitter; BP: band-pass; RF: radio frequency; DAQ: data acquisition card; LIA: lock-in amplifier; L: lens; OAPM: off-axis parabolic mirror.
A MEMS mirror (Hamamatsu, S12237–03P) is used to replace a conventional mechanical chopper to modulate the sunlight. As shown in Figure 2, the MEMS mirror is composed of a mirror chip and a magnet that generates a magnetic field. Electrical current passing through the coil produces a Lorentz force under the magnetic field based on Fleming’s left-hand rule. This Lorentz force rotates the mirror and the angle of the rotation is proportional to the current injected in the coil. This Lorentz force causes the mirror to rotate at an angle proportional to the current injected into the coil. The surface of the MEMS mirror is coated with aluminum to ensure high reflectance in the MIR spectral region. The modulation of sunlight is realized by the deflection of MEMS mirror. The MEMS mirror features a large optical reflection angle, high mirror reflectance and low power consumption.
[image: Figure 2]FIGURE 2 | Operation principle of the MEMS mirror.
The electrical and optical characteristics of the used MEMS mirror are shown in Table 1. In order to minimize the optical noise caused by reflection from other parts of the MEMS mirror, the solar beam size must be smaller than the mirror size (2.6 mm in diameter). According to the divergence angle of the sunlight (∼9.2 mrad), a pair of OAPMs (OAPM1and OAPM2) is used to focus and collimate the sunlight to ensure sufficient signal power for the MIR-LHR. The distance between OAPM1 (f1 = 152.4 mm) and OAPM2 (f2 = 101.6 mm) is 27.5 cm, and the MEMS mirror is placed at the focal point of OAPM1. The solar power injected into the LHR system is increased by a factor of ∼2.5 via collimation and focus of the OAPM pair.
TABLE 1 | Electrical and optical characteristics of the MEMS mirror.
[image: Table 1]As shown in Figure 2, the torsion bar serves as not only an axis of rotation but also a spring for restraining the mirror rotation. The mirror stops rotating and holds an angle when Lorentz force and elastic force of torsion bar spring are equal. The reflection angle and modulation frequency of the MEMS mirror can be adjusted by changing the amplitude and frequency of current in the coil, respectively. The theoretical optical reflection angle θc is expressed as follows [18, 19]:
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where Ac is the amplitude of the current flowing in the coil.
The actual optical reflection angle θs, affected by the temperature coefficient, can be expressed as:
[image: image]
where
[image: image]
where a(m, n) is the correction factor, m is the order, ϕ is the phase, and the influence of the phase in the phase-locked demodulation is negligible [20].
Since resonance occurs when the mirror exhibits square wave motion, it is important to set the period of the square wave as close as possible to the integer multiple of the resonant frequency’s reciprocal [21]. The characteristic resonant frequency of the used MEMS mirror is approximately 530 Hz in the operating temperature range of 25 ± 10°C.
The sunlight collected by the solar tracker is shaped and modulated by the MEMS modulator module, the modulation frequency and duty cycle of the MEMS mirror can be adjusted through its drive current (The duty cycle used in this study is fixed at 50%). The beam splitter is adopted as a mixing device to combine the modulated solar beam with the LO light beam from the ICL. The combined beams are filtered by an optical filter (with a FWHM (full width at half maximum) of 100 nm centered at 3.94 μm) and focused on the photomixer (Detector 1: PV-2TE-4, VIGO System S. A.). A small fraction of the ICL beam reflected through BS is used for frequency calibration, a germanium etalon (with a free spectral range of ∼0.0246 cm−1) followed by Detector two is applied for relative frequency metrology. The intermediate frequency (IF) signal at radio frequency (RF) from the AC output of the photomixer is filtered with a band-pass filter and converted into a DC signal by a Schottky diode (HEROTEK, DHM080BB). The IF signal is then amplified by a low-noise preamplifier (SR560, Stanford Research Systems) with a gain of 60 dB. The amplified IF signal is demodulated using a LIA (Standford, SRS850) at the modulation frequency of the MEMS mirror and is then acquired by a DAQ card (USB-6210, NI Inc.) at a sampling rate of 500 kHz via a LabVIEW-based program. The DC output of the photomixer for monitoring the ICL power is acquired by the DAQ card.
INSTRUMENT PERFORMANCE
In order to obtain the best signal-to-noise ratio (SNR), modulating frequency of the MEMS mirror was investigated. Figure 3 shows the square wave responses of sunlight modulated by the MEMS mirror at different frequencies. The high-frequency oscillation is suppressed when the drive frequency fs is 5.3 Hz Figure 3A, and the corresponding period (∼0.188,679 s) is close to the integer multiple of the characteristic resonant frequency’s reciprocal (∼0.00188,679 s). When the drive frequency fs is 8 Hz Figure 3B, the oscillation occurs, as shown in the inset of Figure 3B, and it takes time to stabilize the given optical reflection angle depending on the drive current Is. Therefore, the modulation frequency of 5.3 Hz, which can reduce the influence of the oscillation of the MEMS mirror on the modulation, was selected for the further MIR-LHR measurements.
[image: Figure 3]FIGURE 3 | Square wave responses at (A) 5.3 Hz; (B) 8 Hz, the inset: high-frequency oscillation features.
Due to the narrow linewidth of the ICL [∼megahertz (MHz)], the spectral resolution of the LHR is usually determined by the electronic bandwidth of the band-pass filter. Subsequently, an appropriate band-pass filter was selected by analyzing the spectrum of heterodyne signal and background noise via a RF signal analyzer (Agilent Technologies, N9000A), as shown in Figure 4, As can be seen, several noise peaks appear in the regions from 10 to 40 MHz and 80–120 MHz, respectively (Figure 4 in blue), which may significantly impact the LHR performance. Therefore, a filter with a pass-band of 45–81 MHz, which has low noise, was applied for LHR measurement. The selected pass-band results in a double-sideband spectral resolution of 72 MHz (0.0024 cm−1).
[image: Figure 4]FIGURE 4 | Spectral analysis of heterodyne signal (blue curve); band-pass signal (red curve) and background signal (black curve).
As LO power is usually much larger than the incident sunlight power, the sunlight power induced noise can be rendered negligible in practical application, and the main dominant sources in a LHR receiver are detection noise, laser-induced noise, sunlight-induced noise [22]. The sunlight-induced noise can be rendered negligible because LO power is usually much larger than sunlight power. In order to obtain the optimal LO power range (as a linear function of the LO injection current) of the LHR system, it is necessary to analyze noise sources at different LO injection current. The total noise densities Ntotal from the RF output of the VIGO detector within a RF filter pass-band of 45–81 MHz were measured at different LO photocurrents using the signal analyzer, as plotted in Figure 5 (black square). The total noise density Ntotal (nV/Hz1/2) of a LHR system can be expressed by [22, 23]:
[image: image]
and
[image: image]
where NDet was directly measured at the RF output of the VIGO detector without light incidence including the background noise, the Johnson noise, and the dark noise. NLIN is the total laser-induced noise density, including laser-induced shot-noise NLSN and laser relative intensity noise NRIN.
[image: Figure 5]FIGURE 5 | Plots of measured system total noise density, laser-induced noise density, detection noise density, laser-induced shot noise density, and laser relative intensity noise density versus LO injection current, respectively.
Given the detection noise NDet of 297 nV/Hz1/2 (Figure 5, gray triangle) measured without LO light and the resolution bandwidth (RBW) is 1 MHz. The laser-induced noise density NLIN (Figure 5, red circle) is obtained by subtracting the detection noise NDet from the measured total noise density Ntotal based on Eq 4. The laser-induced shot-noise density NLSN (Figure 5, green triangle) was calculated by [24]:
[image: image]
with Rti = 2200 V/A the transimpedance of the photomixer and Idc is the LO injection current as a linear function of LO power. The laser relative intensity noise NRIN is obtained by subtracting the laser-induced shot-noise density NLSN from the laser-induced noise density NLIN based on Eq 5. As shown in Figure 5, at LO injection current Idc < 63 mA, the laser relative intensity noise NRIN is larger than the laser-induced shot-noise density NLSN. And at LO njection current >63 mA, the laser relative intensity noise NRIN is approximately equal to the laser-induced shot-noise density NLSN, and they are both larger than the detection noise NDet. At LO injection current Idc > 50 mA, NLSN is larger than NDet. Meanwhile, the maximum current tuning range of the LO (ICL) laser is 0–100 mA. Therefore, the optimal LO injection current Idc of the LHR system should be in the range of 63–100 mA.
FIELD RESULTS
LHR measurements have been performed in Hefei (31.9°N/117.166°E, 40 m above sea level) in China at 15:00 on 10 November 2021. The LO frequency was tuned from 2,537.552 cm−1 to 2,539.828 cm−1 via the current tuning in point-by-point mode with a current step of 0.1 mA, to detect two N2O absorption lines at 2,538.343 cm−1 and 2,539.355 cm−1, respectively. The LHR signals at MEMS modulation frequencies of 5.3 Hz (red curve) and 8 Hz (blue curve) are shown in Figure 6, where the LHR signal at 5.3 Hz modulation frequency exhibits higher SNR. Figure 6 shows a calibration curve of the laser wavelength as a function of the laser current at temperature of 16°C.
[image: Figure 6]FIGURE 6 |  Raw heterodyne signals at 5.3 Hz (red curve) and 8 Hz (blue curve) modulation frequencies, LO wavelength as a function of the injection current.
The absorption spectrum of N2O in the atmospheric column measured by the MIR-LHR system is shown in Figure 7A, accompanied a FT-IR spectrum Figure 7B measured with a Bruker IFS 125HR Fourier-transform spectrometer (FTS) (resolution: 0.02 cm−1) recorded at the same location and same time. A calculated spectrum from the atmospheric transmission modeling is given as well in Figure 7C.
[image: Figure 7]FIGURE 7 | (A) LHR spectrum, (B) FT-IR spectrum, and (C) atmospheric transmission modelling spectrum of N2O in the atmospheric column.
As expected, the LHR spectrum based on the MEMS mirror modulator is basically consistent with the two reference spectra. Since the laboratory is located in the middle of the round island, affected by the interference of geographical position, water vapor absorption and absorption path (solar zenith angle), the line-shape and absorption depth of the LHR spectrum are slightly different from the two reference spectra [25]. Compared with FT-IR spectrum, LHR spectrum shows a higher SNR. Moreover, compared with traditional choppers, the MEMS modulator allows for a more compact, stable and versatile MIR-LHR because of its small size (32.3 × 32.3 × 20 mm3 vs 90 × 120 × 70 mm3), light weight (0.1 vs 2 kg) and low power consumption (0.2 vs 20 W). It is worthwhile to note that the MEMS mirror can achieve simultaneous measurement of multi-channel and multi-band laser heterodyne spectra those cannot be achieved by traditional choppers, which expands the application of MIR-LHR in the field of atmospheric detection.
CONCLUSION
In conclusion, a MIR-LHR system using a MEMS mirror modulator was developed. The modulation frequencies of MEMS modulator-based MIR-LHR were experimentally investigated. The contributions of main noise sources in the LHR system were quantitatively analyzed. N2O absorption in the atmospheric column was measured by the developed MIR-LHR system in the ground-based solar occultation mode. The measured LHR spectrum was consistent with the FT-IR spectrum and the atmospheric transmission modeling. Lighter, smaller and lower power consumption MEMS mirror has greatly improved the volume and stability of MIR-LHR, which makes MIR-LHR very suitable, not only for ground-based but also for aircraft- and satellite-based measurements.
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