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We have demonstrated a novel scheme for distributed optical fiber sensing based on the use of a dual frequency comb, which enables the development of a high-resolution (in the cm range) distributed sensor with significantly relaxed electronic requirements compared with previous schemes. This approach offers a promising solution for real time structure monitoring in a variety of fields, including transportation, manufacturing or mechatronics. In this work, we review the principle of operation of the technique, recent advances to improve its performance and different experimental tests.
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INTRODUCTION
Distributed optical fiber sensors (DOFS) have gained a great deal of attention for their appealing advantages as the high number of available sensing points with minimal intrusiveness, their lightweight and simplicity (Lu et al., 2019; Lindsey et al., 2019). In particular, DOFS based on phase sensitive OTDR (ΦOTDR) have demonstrated their ability to perform real time monitoring of structures with sampling frequencies reaching the acoustic range (i.e., up to the kHz regime) (Wang et al., 2016; Zhang et al., 2016). However, they are typically limited to spatial resolutions of several meters, making them only cost-efficient in long-range (>1 km) applications. Finer spatial resolution has been attempted by the modulation of the probe pulse, e.g., using linear frequency modulation (Lu et al., 2017) or phase-shift keying (PSK) modulation formats (Martins et al., 2016), in combination with matched filters digitally applied on the coherently detected traced. By use of these strategies, centimeter-scale resolutions have been attained, at the cost of severely increasing the photodetection and acquisition bandwidths up to several GHz (e.g., 5 GHz are required for resolutions of 2 cm). This fact not only increases the system cost, but also implies heavy computational load due to the massive amount of data acquired.
Recently, a novel interrogation technique for ΦOTDR has been formalized and demonstrated. It is based on the use of a dual frequency comb (DFC) as the ones typically employed in spectroscopy (Coddington et al., 2016). A DFC consists in a pair of nearly identical, mutually coherent frequency combs having a slight mismatch in the comb line space. In the newly developed interrogation methodology, one comb is launched into the fiber under test and the Rayleigh backscattered trace is beaten with the second comb, which is used as a local oscillator (LO). Upon photodetection, the mismatch in the comb line spacing induces a multi-heterodyne process, downconverting the optical traces to the radio-frequency (RF) domain. This interrogation process is tremendously efficient in terms of detection and acquisition bandwidths, since optical probe combs with bandwidths relatively wide (e.g., several GHz), corresponding to fine spectral resolutions (e.g., in the cm scale), are compressed down to the MHz regime in detection. This spectral compression is equivalent to an expansion of the detected traces in time domain. For this reason, the technique has been called time-expanded (TE-)ΦOTDR (Soriano-Amat et al., 2021b). The high spatial resolution attained, along with the capabilities of performing real time operation even in relatively long fibers (hundreds of meters) with a simple and potentially cost-effective setup, position this sensing method in a unique place, as its performance is not overlapped by any other distributed optical fiber sensing technology. In this way, TE-ΦOTDR arises as an excellent solution for structural health monitoring of moderate-size structures such as vehicles, buildings, wing turbines, etc.
This Review article is organized as follows: In Theoretical Trade-Offs of TE-ΦOTDR, we revise the performance limits of TE-ΦOTDR, providing details on the reported techniques to beat the trade-offs imposed by the use of a dual comb. Namely, a codification technique to improve the sensitivity is described in Coding Strategies; and the use of a quasi-integer ratio dual comb to beat the trade-off between range, resolution and sampling frequency is described in Quasi-Integer Ratio Operation. Experimental Results sums up the works including experimental results that validate the different techniques explained in Theoretical Trade-Offs of TE-ΦOTDR. Finally, Discussion offers a general discussion comparing the performance of TE-ΦOTDR with previous optical fiber interrogation techniques.
THEORETICAL TRADE-OFFS OF TE-ΦOTDR
As previously introduced, TE-ΦOTDR involves the use of a frequency comb to probe the fiber under test and another comb employed as a LO.
The probe arm of the system works exactly as in a traditional ΦOTDR, maintaining all their trade-offs. Namely, a train of highly coherent optical pulses is launched into the fiber under test. The repetition rate of the pulse train ([image: image]) limits the range of the sensor, since the trace generated by one pulse must reach the front end of the fiber before sending another pulse. In particular, the maximum range is [image: image], with [image: image] the speed of light in a vacuum and [image: image] the effective refractive index of the fiber. The pulse width of the pulses ([image: image]) limits the sensor resolution ([image: image]) (defined as the minimum distance between two resolvable points) in the case of transform-limited pulses (where [image: image], with [image: image] the optical bandwidth), i.e., [image: image].
The optical traces backscattered in the fiber interfere with the LO comb in the photodetector. The process is equivalent to an asynchronous optical sampling (ASOPS) (Bartels et al., 2007), where the response of the fiber is sampled by the probe comb, and the resulting signal is asynchronously sampled by the LO comb. Upon interference of the pair of optical combs in the photodetector, beating notes between all the comb lines appear in the electrical domain, leading to two RF combs per optical line spacing. To avoid aliasing in this process, it is important that the number of lines is bounded ([image: image]) and that the maximum offset between pairs of teeth is [image: image]. For this reason, when working with DFCs, the comb spectral envelope must be well limited, ideally being rectangular-like. That means that, in the transform limited case, the optical probe pulses are sinc-like shaped. The sinc sidelobes generally degrade the effective spatial resolution of the sensor in the presence of neighboring perturbations. From the different RF combs that appears in the electrical domain, the first one, located between DC and [image: image] (also known as first Nyquist zone, see Figure 1A), contains the beating notes between neighboring lines of the optical dual comb. The line space of this comb is equal to the line space offset of the dual comb, [image: image], and its bandwidth is [image: image], being the ratio [image: image] defined as the compression factor ([image: image]). By filtering the comb located in the first Nyquist zone, we obtain the optical traces expanded from [image: image] to [image: image] in time domain (Figure 1A). It has been demonstrated that the expansion process affects the traces SNR similarly to an averaging process, i. e., the resulting traces has an improvement of SNR of [image: image] (Soriano-Amat et al., 2021b).
[image: Figure 1]FIGURE 1 | (A) Principle of operation of TE-ΦOTDR. Upon interference of the backscattered and local oscillator (LO) optical combs, pairs of RF combs appear within each line space interval in the electrical domain. By filtering the comb located in the first Nyquist zone, we obtain in time domain a time-expanded trace providing information on the fiber response. LPF: Low pass filter. Comb parameters are defined in the manuscript. (B) Experimental setup of a TE-ΦOTDR scheme. Acronyms: CWL: continuous wave laser; OC: optical coupler; LO: local oscillator; MZM: Mach-Zehnder modulator; AWG: arbitrary waveform generator; EDFA: erbium-doped fiber amplifier; TBPF: Tunable band pass filter; Circ: circulator; HP-EDFA: high-power EDFA; DWDM: dense wavelength division multiplexer; FUT: fiber under test; BPD: balanced photodetector; LPF: low-pass filter; Osc: Oscilloscope.
To date, in the bibliography related to TE-ΦOTDR, the DFC has been generated by an electro-optic (EO) setup (Figure 1B). In particular, the combs have been computationally designed and subsequently generated by a 2-channel arbitrary waveform generator (AWG). The electrical combs drive two Mach-Zehnder modulators (MZM) which modulate a highly coherent continuous wave (CW). This configuration provides high flexibility to generate the combs, in terms of bandwidth, line space, and offset between the two comb line spaces. However, the use of an AWG increases the system cost. Alternative means for the electrical comb generation are to be tested aimed at simplifying the generation scheme, such as the use of field programmable gate arrays (FPGAs) (Fdil et al., 2019).
In the remainder of this section, we will review several strategies employed in TE-ΦOTDR for beating the trade-offs in SNR and sensing range and/or sampling frequency.
Coding Strategies
An optical frequency comb with a flat spectral phase corresponds to a train of pulses in time domain, where the comb line space fixes the pulse repetition rate and the pulse shape corresponds to the inverse Fourier transform of the comb spectral envelope. In TE-ΦOTDR, the number of comb lines, [image: image], imposes the effective number of sensing points provided by the fiber. Namely, [image: image]. Hence, a high number of comb lines is a desired goal for distributed sensing. This implies that the time-domain transform-limited pulse train has very low duty cycle, i.e., very narrow pulses with a very long period. For the probe signal to have sufficiently high energy, it is necessary that the pulses have a high peak power. However, high-peak-power pulses could induce nonlinearities in the drivers and EO modulators, or along the fiber under test. To increase the SNR of the traces while avoiding the onset of nonlinear effects along the circuit, several coding strategies have been tested.
First, the phase of each spectral comb line was modulated with a random value between 0 and [image: image] (Soriano-Amat et al., 2021b). The phases of the probe comb and LO comb were encoded using the same phase profile. By using this strategy, the time domain pulses transform into a speckle-like shape covering the full period. Thus, the peak-to-average power ratio (PAPR) of the probe and LO signals can be significantly reduced with respect to the transform-limited case [in almost two orders of magnitude in (Soriano-Amat et al., 2021b)]. The PAPR reduction provides a proportional increase in the SNR of the obtained traces. The advantage of using the same phase profile in both the probe and LO combs is that, upon detection, the RF comb at the first Nyquist zone is automatically decoded, with no need for using digital matched filters after detection. Hence, the time-expanded response of the optical fiber is directly obtained by simply filtering in that low-frequency comb.
To further increase the SNR of the traces, a more sophisticated coding strategy has been also tested in (Soriano-Amat et al., 2021c). In particular, the spectral phase of rectangular-envelope frequency combs is modulated with a quadratic profile. The quadratic coefficient is selected so that the pulses suffer a frequency-to-time mapping (Torres-Company et al., 2011) and hence, their envelope gets rectangular-like with a width similar to the pulse train period. In this way, the modulus of the time-domain signal becomes nearly continuous wave, reducing the PAPR to nearly the optimal situation (PAPR = 1). In practice, PAPR = 1 is not attained, due to the residual tails of the resulting time domain pulses. Nevertheless, a PAPR of 1.58 has been reached in the experimental demonstration reported in (Soriano-Amat et al., 2021c). In that work, the SNR of the traces increased in 8 dB with respect to the case where random spectral phase was employed, and a theoretical improvement of 25 dB was estimated with respect to the transform-limited case.
Quasi-Integer Ratio Operation
The use of DFCs imposes a stringent limitation in sensing range and/or sensing sampling frequency, [image: image], in TE-ΦOTDR configurations. The reason is that, to avoid aliasing in the down-conversion process, the offset between comb line spaces has to be limited to [image: image] (as described in Theoretical Trade-Offs of TE-ΦOTDR). By writing this expression in terms of the sensor performance, we have that
[image: image]
Hence, if a high number of sensing points is pursued (e.g., 10,000 points), the sensing bandwidth is necessarily reduced (e.g., 25 Hz, considering 2 cm resolution). On the other hand, fine resolution and high sampling frequency (e.g., 2 cm resolution and 500 Hz) is only reachable in short fibres (e.g., <45 m).
This severe condition can be relaxed if another concept from the dual comb spectroscopy field is implemented, namely, the use of a quasi-integer dual comb (Hébert et al., 2014). This concept has been briefly investigated in (Soriano-Amat et al., 2021b) for extending the range of operation of TE-ΦOTDR. The modification to the original TE-ΦOTDR method consists in using two frequency combs with repetition rates that are quasi-integer multiples. For example, if the line space of probing comb was [image: image], the linespace of the LO comb would be [image: image]. Here, in each Nyquist zone, a comb with [image: image] lines appears, and the complete probing comb can be reconstructed by filtering in a band equal to [image: image] and reorganizing the lines. A degree of freedom is thus added to the previously proposed method, since in this case, it must be accomplished that [image: image], which permits increasing the range and/or the sampling frequency for a particular target resolution. This relaxation in the trade-off imposed by the dual comb comes at the cost of an [image: image] -fold increase in the detection and digitization bandwidth, and a rise of some processing complexity (still low in comparison with normal coding strategies).
EXPERIMENTAL RESULTS
Even through TE-ΦOTDR is very recent, in the literature it is possible to find several interesting experimental demonstrations of the capabilities of the technique. Namely, there are experimental tests of strain measurements, temperature monitoring, and eminently practical measurements such as monitoring of deformations in the wing of an unmanned aerial vehicle (UAV). In Figure 2, we show some of the experimental results obtained from the technique. In particular, in Figure 2A, periodical temperature variations with a resolution of 2 cm and sampling rate of 20 Hz over a fiber of about 200 m have been detected and reported in (Soriano-Amat et al., 2021b). For this experimental demonstration, a random spectral phase modulation was employed in the dual comb. The obtained traces had an SNR of about 20 dB. Such a high SNR is owed to the coding strategy and the SNR enhancement attained by the time-expansion of the traces (the [image: image] in this case was 12,500). Later in (Soriano-Amat et al., 2021c), the SNR improvement given by the use of a specially designed quadratic spectral phase was evaluated. An SNR improvement of 8 dB was attained by following this strategy, as compared with the random spectral coding. In that work, strain measurements with resolution of 2 cm, and sampling rate of 2 kHz were performed over a shorter fiber range of 3.56 m. Results are shown in Figure 2B. The technique has been evaluated for monitoring the bonding, torsion and vibration of a model of wing of an UAV in (Soriano-Amat et al., 2021a). For this purpose, an appropriate topology of fiber cable was glued on the wing (shown in the inset of Figure 2C) in order to measure any 2D perturbation. The strain map obtained from the torsion of the wing is plotted in Figure 2C. Finally, an example of QIR operation was tested in (Soriano-Amat et al., 2021b), using a value of [image: image]. This has enabled to measure strain perturbations with a resolution of 4 cm, sampling rate of 40 Hz over a fiber range of 1 km (totaling 25,000 sensing points). The strain map obtained in this case is shown in Figure 2D. The SNR of the trace in this case is 9.3 dB due to the fact that the [image: image] is reduced [image: image]fold and the employed phase coding was not completely random. Instead, blocks of [image: image] consecutive lines had the same phase to avoid the need for post-processing in detection.
[image: Figure 2]FIGURE 2 | Experimental results obtained from the TE-ΦOTDR technique: (A) Detection of temperature variations with resolution of 2 cm, sampling frequency of 20 Hz and range of 200 m. The inset shows the spatial-domain shape of the detected perturbation, which corresponds to the convolution of a square-shaped perturbation profile and the 2 cm resolution. (B) Measurement of strain perturbation with resolution of 2 cm, sampling frequency of 2 kHz and range of 10 m, using a specially designed quadratic spectral phase modulation. (C) Torsion of a model of wing of an unmanned aerial vehicle. The fiber cable was glued on the wing using the topology shown in the inset of figure. (D) Measurement of a periodic strain perturbation with resolution of 4 cm, sampling frequency of 40 Hz and range of 1 km, using the quasi-integer ratio dual comb configuration. Inset at the right shows the spatial-domain detected profile and inset at the bottom shows the fast Fourier transform (FFT) measured at the marked position of the strain map.
DISCUSSION
TE-ΦOTDR is a very recent interrogation method for Rayleigh-based DOFS. Even so, it has been demonstrated that TE-ΦOTDR offers sensing performance not achieved by any other distributed optical sensing technique. Compared with other time-domain Rayleigh based sensors (i.e., ΦOTDR), it provides high spatial resolution with extraordinarily relaxed requirements in terms of detection and acquisition bandwidths and no need for post processing algorithms such as matched filters or others. However, implementations to date translate the EO complexity to the comb generation stage. Even if possibilities for cheap comb generators exist in the market (e.g., based on the use of FPGAs), their application in a TE-ΦOTDR scheme is still missing. On the other hand, compared with frequency domain Rayleigh-based sensors, the attainable spatial resolution is comparable, but TE-ΦOTDR permits real time monitoring over longer ranges with higher sampling rate, especially if QIR dual combs are employed. The interested reader can find a table comparing the performance of relative optical fiber sensing techniques in (Soriano-Amat et al., 2021b). Note that an extensive review of optical fiber sensing techniques was out-of-scope of this work.
TE-ΦOTDR arises as an ideal distributed sensing technique in those cases in which real time monitoring of a high number of sensing points (e.g., in the 104 range) and fine spatial resolution (centimeter scale) are required. Examples of such applications are the structure health monitoring of transportation vehicles, buildings, manufacturing technology and any kind of moderate-size structures.
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