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Abstract

:

We report an absolute interferometer configured with a 1 GHz microwave source photonically synthesized from a fiber mode-locked laser of a 100 MHz pulse repetition rate. Special attention is paid to the identification of the repeatable systematic error with its subsequent suppression by means of passive compensation as well as active correction. Experimental results show that passive compensation permits the measurement error to be less than 7.8 μm (1 σ) over a 2 m range, which further reduces to 3.5 μm (1 σ) by active correction as it is limited ultimately by the phase-resolving power of the phasemeter employed in this study. With precise absolute distance ranging capability, the proposed scheme of the photonic microwave interferometer is expected to replace conventional incremental-type interferometers in diverse long-distance measurement applications, particularly for large machine axis control, precision geodetic surveying and inter-satellite ranging in space.
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1. Introduction


Distance interferometry employing lasers has long been used for precision ranging and positioning in diverse industrial applications [1,2]. Continuous-wave monochromatic sources such as He–Ne gas lasers or semiconductor diode lasers are preferably used to attain sub-wavelength resolutions by performing phase-measuring interferometry based on homodyne or heterodyne principles [3,4]. Such continuous-wave laser interferometry basically leads to incremental displacement measurement, whereas absolute positioning interferometry requires incorporating additional source functionality such as intensity modulation [5], frequency sweeping [6], and multiple wavelengths [7]. In general, most industrial applications favor absolute positioning interferometry, but its measurement accuracy when attained with continuous-wave lasers is limited by the practical difficulties encountered in extending the source functionalities. As a result, incremental displacement interferometry using continuous-wave lasers is still widely used, with absolute positioning being achieved by the digital accumulation of instantaneous distance increments. At the same time, the zero-datum of absolute positioning has to be set up arbitrary by installing a fiducial reference in advance.



With the aim of providing a new light source for absolute positioning interferometry, mode-locked pulse lasers are being investigated to provide more efficient functionalities beyond continuous-wave lasers [8,9,10]. As a result, by making the most of the unique spectral and temporal characteristics of mode-locked lasers, various novel methods for absolute positioning have so far been demonstrated; they are conveniently referred to as synthetic wavelength interferometry [11,12], spectral-resolved interferometry [13,14], dual-comb interferometry [15,16], optical cross-correlation [17,18] and multi-wavelength interferometry [19,20]. Each method has its own capability of utilizing mode-locked lasers as an alternative source for absolute positioning, and particularly the method of synthetic wavelength interferometry draws attention as it utilizes microwaves that are photonically synthesized directly from the pulse repetition rate of a mode-locked laser. Compared with conventional microwaves that are electrically generated by means of intensity or frequency modulation, the photonic microwaves offer superior stability in frequency and intensity so as to implement long-distance ranging with high precision. Accordingly, efforts are being made to apply photonic microwaves to large-scale industrial metrology [21] and space missions such as multiple satellite formation flying [22,23].



In this investigation, we describe a 1 GHz microwave distance interferometer based on the 10th inter-mode harmonic of a 100 MHz pulse repetition rate of a fiber mode-locked laser. A comprehensive analysis is made for correction of the systematic error through pre-calibration with respect to a commercial incremental He–Ne laser interferometer. The photonic microwave created in this study is able to offer an accurate length ruler with a 0.3 m wavelength stabilized to the Rb clock, with a fractional instability of 10−11 at 1 s averaging. The repeatable systematic measurement error attributable to the optical and radio frequency (RF) electrical disturbance embedded in the interferometer system is identified and corrected by passive and active suppression schemes. Experimental results reveal that absolute positioning can be achieved within a residual error of 3.5 μm (1 σ) over a 2.0 m distance, which corresponds to a phase resolution of ~0.0084°, which is in fact comparable to the phase resolving power of the phasemeter configured in this study using a lock-in amplifier.




2. Photonic Microwave Distance Interferometer


2.1. Interferometer Configuration


Figure 1 describes the distance interferometer devised in this investigation. The light source is an Er-doped fiber mode-locked laser emitting 120 fs short pulses at a repetition rate (fr) of 100 MHz. When the laser pulses are observed using a photodetector over a time period, the resulting electrical signal exhibits an RF comb structure in the frequency domain. As illustrated in Figure 1a, the resulting RF comb is in fact a down-converted version of the optical comb of the mode-locked source. Each RF comb mode element represents an integer-multiple harmonic frequency of the pulse repetition rate fr, which can be isolated from other modes through an electrical bandpass filter. An N-th harmonic frequency has the wavelength (ΛN), expressed as    Λ N  =  c  N  f r     , with c being the speed of light in a vacuum. Lower harmonic frequencies, i.e., longer wavelengths, are preferable as the interferometer source to enlarge the non-ambiguity range of distance measurement, whereas higher harmonic frequencies offer finer measurement resolutions.



The source beam is launched into free space and divided into the reference beam (green) and measurement beam (blue) with a 50:50 beam splitter as shown in Figure 1b. Both the reference beam and measurement beam are converted into electrical signals and mixed with a local oscillator signal (1 GHz–100 kHz) stabilized to the Rb atomic clock by phase-locked loop (PLL) control as shown in Figure 1c. The reference beam directly goes to a reference photodetector, while the measurement beam reaches a measurement photodetector after reflecting from a target mirror installed on a motorized stage with a 2.5 m travel range. In this study, the 10th harmonic of 1 GHz is selected to be used as the microwave source. The phase delay (θN) of the 1 GHz source microwave signal is measured by down-shifting to a 100 kHz signal using an electrical local oscillator set to operate near 1 GHz. The target distance (L) is then determined as:


  L =    Λ N    2  n  air      (   m N  +  θ N   )   



(1)




where nair denotes the refractive index of air and mN is an integer. The phase delay θN between the measurement and measurement paths is measured with respect to the particular photonic wavelength ΛN. Finally, the super-heterodyned electrical signals of 100 kHz are processed through a lock-in amplifier that is used as a phase meter to determine the interferometric phase delay θN. The phase measurement resolution is found to be 0.01° with an accuracy of 0.02°, from which the measurement precision is estimated to be 4.2 μm.




2.2. Measurement Repeatability


The measurement repeatability was evaluated at a fixed target distance of about 1 m. Figure 2a shows a typical time-trace of distance measurement with an update rate of 10 Hz (blue) and 0.1 Hz (yellow), respectively. Over a time period of 1000 s, the measured distance fluctuates within a few tens of micrometers as clearly seen in the measurement histogram, appearing to be a Gaussian shape. For quantitative evaluation of the measurement repeatability, the Allan deviation of the time-trace measurement was calculated as shown in Figure 2b, from which the measurement repeatability is estimated to be 9.5 and 2.5 μm at an averaging of 0.1 s and 10 s, respectively. It is important to note that the best measurement repeatability achievable near 10 s averaging is practically limited by the detection resolution of the used phasemeter of lock-in amplifier type, not by the photonic microwave signal stability of the mode-locked laser source.





3. Systematic Error Correction


3.1. Systematic Error Analysis


We performed distance measurements repeatedly over a range of 0.5 to 2.5 m back and forth with 10 mm steps as illustrated in Figure 3. Each position value is represented by an average of 60 consecutive measurements taken over a period of 6 s. The averaged distance was compared with its counterpart value obtained simultaneously with a commercial incremental-type He–Ne laser interferometer, of which the discrepancy was plotted in Figure 3a. At each distance, with respect to the He–Ne laser interferometry, the measurement error of our interferometer was evaluated by processing eight individual data sets. The measurement error appears to be a sum of two separable terms; one is the non-repeatable random error and the other is the repeatable systematic error. In principle, the random error determines the measurement precision ultimately achievable, whereas the systematic error can be eliminated through correction at each position. Further, as depicted in Figure 3b, it is also important to note that the repeatability of the systematic error can be either periodic (orange line) or non-periodic (purple line).



In general, it is known that the periodic systematic error is caused by the signal leakage occurring in the interferometer optics or electronics, with the period appearing to be identical to the wavelength of the microwave signal used in distance measurement [24]. On the other hand, the non-periodic systematic error arises from the amplitude-to-phase error conversion due to the light intensity fluctuation as well as the imperfect RF electronics of nonlinear behaviors [25,26]. For the 1 GHz microwave wavelength employed in this study, the periodic error is found to have an amplitude of 22.6 μm with an actual period of 0.15 m. The periodic error is attributable to the cyclic cross talk of the measurement signal with unwanted signals. Yielding no position-dependency, the periodic error is generated by the RF circuit noise, as well as the partially-reflected laser beam from the interferometer optics for beam splitting and recombination. The effect of cross talk on the measurement error can be modelled as [24]:


  cos  (    2 π f  c  2 L  )  +  ε  crosstalk   cos  (   θ  crosstalk    )  = cos  (    2 π f  c  2 L +  θ  p  eriodic   error     ( L )   )   



(2)




where f is the carrier frequency (here 1 GHz), c is the speed of light, L is the target distance, εcrosstalk is the cross talk ratio to the measurement signal, θcrosstalk is the constant phase of the cross talk components and θperiodic error (L) is the periodic error induced by cross talk as a function of the target distance L. In our case, the cross talk ratio εcrosstalk is found to be 0.1%, as illustrated in Figure 3c.



The non-periodic systematic error shown in Figure 3a is found to be ±300 μm, with a position dependency with a strong correlation with the optical power actually received by the photodetector, as shown in Figure 3d. This confirms that the non-periodic error is attributable to the amplitude-to-phase conversion caused by the photodiode and RF components. However, the microwave phase is not reciprocal for increasing and decreasing the direction of the received optical power.




3.2. Passive Correction by Post-Processing


Figure 4 shows the passive correction results of the systematic error, of which the mean line before correction is shown in Figure 3a. The residual error after correction is found to be ±7.8 μm (1 σ) over a 2 m range. The accuracy of the phasemeter used in the calibration is 0.02°, which corresponds to 8.4 μm. This implies that our passive correction almost reached the ultimate limitation imposed by the phasemeter. For more comprehensive analysis, the residual error after correction was Fourier transformed as shown in Figure 4b. The result revealed that the periodic error of an amplitude of 22.6 μm is completely suppressed, whereas the residual error after correction is mainly dominated by the non-periodic error.




3.3. Active Correction by Compensating Optical Power


Figure 5 shows the result of active correction of the systematic error. The optical power received by the interferometer photodetectors in the measurement and reference arms varies while the target is translated on the motorized stage. The optical power fluctuation is detected within the lock-in amplifier as illustrated Figure 5a, and stabilized by controlling the gain of the RF amplifier installed in the measurement arm circuit. As a consequence, the amplitude of the measurement signal into the lock-in amplifier is kept constant with a maximum deviation of 0.014% as depicted in Figure 5b. As discussed in the previous section, because the non-periodic error is dominantly influenced by the amplitude-to-phase conversion in RF components, the optical power stabilization is able to actively eliminate the non-periodic error. As a result, the systematic error is observed only in the form of cyclic error without the non-periodic error over a 2-m travel range, as shown in Figure 5c. The residual cyclic error can be corrected by post-processing so that the total measurement error remains within the level of ±3.5 μm (1 σ).





4. Conclusions


We have demonstrated a photonic scheme of an absolute distance interferometer using a 1 GHz microwave synthesized by the 10th harmonic of the pulse repetition rate of a fiber mode-locked laser. The photonic microwave offers an accurate length ruler with a 0.3 m wavelength stabilized to the Rb clock with a fractional instability of 10−11 at 1 s averaging. However, the measured interferometric phase is disturbed by optical and RF electrical components comprising the interferometer system, which were identified by measurements and subsequently corrected by passive and active schemes of systematic error suppression. Experimental results revealed that the systematic error can be corrected to a residual level of 7.8 μm in terms of the standard deviation (1 σ), which is a phase measurement error of ~0.0084°, comparable to the resolution of the lock-in amplifier used in phase measurement. It is expected that the measurement error can be enhanced to a sub-micron level by selecting a higher microwave frequency, along with high frequency RF components that will be available in the near future. It is also important to note that the scheme of photonic microwave interferometry can be a promising candidate for practical use of the frequency comb-based distance measurement with traceability to the time/frequency standard, which can be applied to high-precision machine axis control as well as long distance measurement space missions such as geodetic survey and inter-satellite ranging.
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Figure 1. Photonic microwave distance interferometer. (a) Optical spectrum of a mode-locked laser and its radio frequency (RF) synthetic wavelengths. (b) Optical configuration for absolute distance measurement. (c) RF electrical circuit for interferometric phase detection. BM: balanced mixer, BS: beam splitter, c: speed of light in air, CC: corner cube, HPF: high pass filter, L: lens, LPF: low pass filter, PC: personal computer, PD: photodetector, ref: reference, mea: measurement, Δf: beat frequency, fr: pulse repetition rate, Nfr: N-th harmonics of fr, Λ: synthetic wavelength, θ: interferometric phase. 
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Figure 2. Measurement repeatability. (a) Measurement fluctuation of a 1-m fixed distance traced over 1000 s along with its histogram. (b) Allan deviation from 0.1 to 100 s averaging. 






Figure 2. Measurement repeatability. (a) Measurement fluctuation of a 1-m fixed distance traced over 1000 s along with its histogram. (b) Allan deviation from 0.1 to 100 s averaging.



[image: Applsci 10 07649 g002]







[image: Applsci 10 07649 g003 550] 





Figure 3. Systematic measurement error. (a) Experimental data of measurement errors over a range from 0.5 to 2.5 m. (b) Periodic error vs. and non-periodic error. (c) Cyclic error amplitude vs. unwanted signal ratio (d) Photodiode output amplitude (proportional to the received optical power) in comparison to the non-cyclic error. 
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Figure 4. Passive systematic error correction. (a) Mean systematic error (blue) and residual error after passive correction—1 σ line (green) and 2 σ line (orange). (b) Fourier transformed result of the mean error (blue) and corrected error (orange). FFT means a Fourier transformed result. 
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Figure 5. Active systematic error correction. (a) Phase measurement circuit with feedback control for signal power compensation. (b) The result of optical power stabilization. (c) Position error after power compensation (blue) and its corrected error (green). BM: balanced mixer, HPF: high pass filter, LPF: low pass filter, PD: photodetector, RF: radio frequency, ref: reference, mea: measurement, fr: pulse repetition rate, PI: proportional integral, STD: standard deviation. 
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