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We report a precision realization of photonic thermometry using dual-comb spectroscopy to interrogate a π-phase-shifted fiber Bragg grating. We achieve read-out stability of 7.5 mK at 1 s and resolve temperature changes of similar magnitude—sufficient for most industrial applications. Our dual-comb approach enables rapid sensing of dynamic temperature, and our scalable and reconfigurable electro-optic generation scheme enables a broad sensing range without laser tuning. Reproducibility on the International Temperature Scale of 1990 is tested, and ultimately limited by the frequency reference and check-thermometer stability. Our demonstration opens the door for a universal interrogator deployable to multiple photonic devices in parallel to potentially unravel complex multi-physical quantity measurements.


The past two decades have witnessed tremendous growth in the field of photonic devices [1–4]. In turn, these devices now enable new sensing motifs—from bio-sensing to gravity and magnetic field sensing to thermodynamic metrology. However, as the underlying technology has matured, sensor interrogation has emerged as a key bottleneck to wider adoption [1]. For photonic thermometry in particular, optical approaches to sensor read-out have been forced to choose between one of two distinct capabilities:  high precision or broad coverage. Precision measurements, like those performed in metrology laboratories, often rely on complex techniques for tight laser locking [5–7] while industrial sensing, which demands broader coverage, prefers user-friendly solutions like swept-wavelength laser spectroscopy [4,8–10]. These examples of disparate applications highlight that the choice of interrogation technique takes on an outsized importance when designing functional photonic thermometry sensors. 
To bridge the complexity gap between tight laser locking and swept-wavelength laser scanning, dual-comb spectroscopy [11] stands as a viable approach to photonic thermometry. As a point of reference, Li et al. [12] has summarized the current state-of-the-art in photonic thermometry with fiber-optic sensors [12–17], reporting sensitivity ≈10 pm K−1, (1.25 GHz K−1 at a wavelength of 1550 nm) resolution ≤1 mK and a dynamic range >10 K. Towards an alternative read-out scheme, dual-comb spectroscopy using two mode-locked lasers and an adaptive phase-correction algorithm to interrogate a π-phase-shifted fiber Bragg grating (πFBG) has been reported [18]. Using sophisticated post-processing, the authors achieved a resolution of 24 mK at 1 s (0.1 pm after 1000 averages at a refresh rate of 180 Hz). While electro-optic comb generators [19] have been applied to strain sensing (e.g., [20–22], underexplored is their application to precision photonic thermometry.
Here we explore a general solution for photonic thermometry. We use an all-fiber dual-comb source to probe a narrow-band πFBG resonance with high spectral and temporal resolution and without laser tuning or moving parts. We generate power-leveled electro-optic frequency combs via intensity and phase modulation [23], beginning from a continuous-wave laser. The result is a scalable and reconfigurable interrogator for rapid sensing with high Q-factor photonic devices. We demonstrate temperature measurements near 303 K and 273 K, respectively, with GHz K−1 sensitivity, sub-10 mK stability at 1 s, and high precision over an initial 7 K wide window. We also show dynamic temperature sensing with time resolution <1 s, limited by our oscilloscope hardware.
The set-up for dual-comb photonic thermometry is illustrated in Fig. 1(a). The power output from a continuous-wave external-cavity diode laser (ECDL, wavelength near 1550 nm) was split, with 25 % going to a wavelength meter (WVM, ±15 MHz absolute accuracy) and 75 % going to dual-comb generation. The electro-optic (EO) comb sources each used one intensity modulator (IM) and one phase modulator (PM). The IMs acted to carve a portion of the phase chirp imparted by the PMs driven at high modulation depth of βm =  = 5.25 (where  is the phase shift, PM Vπ = 3.8 V at an drive radiofrequency, RF, of f = 1 GHz and Pin = +36 dBm was the RF input power). An acousto-optic (AO) modulator driven at Δf0 = +55 MHz was added to one of the comb generators to shift the dual-comb interferogram away from baseband. All RF signals were referenced to a single 10-MHz clock signal.
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Fig. 1. Dual-comb photonic thermometry. (a) Experimental set-up. Abbreviations:  ECDL, external cavity diode laser; WVM, wavelength meter; ISO, optical isolator; AOM, acousto-optic modulator; EO, electro-optic; IM, intensity modulator; PM, phase modulator; OC, optical circulator; πFBG, π-phase-shifted fiber Bragg grating; APD, avalanche photodiode. (b) Optical spectrum analyzer traces for combs generated by various repetition rates (bold lines) compared to simulations (fine sticks). Blue, frep = 1.92 GHz; red, frep = 0.92 GHz; green, frep = 0.32 GHz. (c) Schematic of a πFBG with period Λ and length L. (d) Normalized reflection spectrum for the πFBG immersed in the gallium (Ga) melting-point cell at T90 = 302.9146 K. (e) Allan deviation (σ) for the fitted πFBG center frequency (ν0) vs. laboratory time (τ). Three trials (solid lines) scatter about the  model (dashed line) at τ > 10 s, attributed to the limited number of acquisitions per trial. (f) Data reduction flow diagram. Abbreviations:  IGM, interferogram; FFT, fast Fourier transform.
After recombination in fiber, the dual comb source was transmitted to port-1 of an optical circulator (OC) and then to the photonic thermometer connected at port-2—a πFBG immersed in a bath. Reflection from the photonic thermometer was collected at port-3 and detected by an avalanche photodiode (APD, 1 μW average optical power). The APD output was low-pass filtered and interferograms recorded on a 14-bit oscilloscope at a sampling rate of 8×108 s−1. For spectral normalization of the reflection signal, the OC was bypassed and a reference interferogram recorded.
Example power spectra from an EO comb source are shown in Fig. 1(b), recorded by an optical spectrum analyzer with 4 GHz resolution. Corresponding simulations [24] show fine sticks which represent comb teeth. Our EO comb sources comprised 40 teeth within a 5 dB power-leveled range. Here we show that this modest comb generation is sufficient to interrogate a high Q-factor photonic device—and that our chosen approach is scalable and relevant for measurement applications where both precision and breadth are required. We note that others have generated self-reference optical frequency combs beginning from similar pulse carving modulation schemes [25,26], but with the addition of nonlinear broadening stages and filter cavities to overcome phase noise issues [24].
Here we use EO comb sources to interrogate a photonic device (πFBG, see Fig. 1(c)) and perform precision temperature sensing. A normalized intensity reflection spectrum recorded with the πFBG immersed in a Ga melting-point cell is shown in Fig. 1(d). Each data point is calculated from the intensity of a unique dual-comb source tooth pair ratioed against a reference spectrum recorded sequentially, and the optical detuning axis reconstructed from the programed RF modulation frequencies that drive the EO comb modulators (i.e., the comb repetition rates, frep, and offset frequency, Δf0). Here, EO comb source 1 had a repetition rate of frep,1 = 320.183 MHz, and the difference in repetition rate Δfrep = frep,2 – frep,1 = +1 MHz.
In Fig. 1(d), we fit the reflection spectrum recorded at 1 ms of interrogation time using a Lorentzian function for the πFBG feature and a quadratic function for the baseline. The fitted half-width at half-maximum for the πFBG resonance is Γ0 = 440 MHz, yielding an optical quality factor of Q = 220 000 at 1550 nm. Such a high Q-factor photonic thermometer underscores the need for flexible dual-comb generators using programmable values of frep < 1 GHz.
As one of the defining points on the International Temperature Scale of 1990 (ITS-90), the Ga melting point cell has a stable temperature of T90 = 302.9146 K (T90 = 29.7646 °C) [27]. Here we use the Ga melting point to evaluate dual-comb spectrometer stability for temperature read-out. Shown in Fig. 1(e) is a series of Allan deviation measurements for the fitted center frequency (ν0) of the πFBG reflection feature. The series shows averaging behavior consistent with the  model for at least 10 s of laboratory time (τ), before traces scatter. From the data in Fig. 1(e), we report stability for ν0 at 1 s to be σ(1 s) = 9 MHz which corresponds to a temperature read-out stability at 1 s of 7.5 mK (see Fig. 2 for conversion factor, β). In silicon devices with a larger thermo-optical coefficient, this would translate into read-out stability of ≈750 μK [1,8].
The relative stability of the dual-comb interferometer is likely a source of drift on the time scale of Fig. 1(e), and real-time schemes that utilize phase-locked loops or software-based corrections to push through this limit are known [28–30]. Deployment of these interventions would immediately enhance long-term stability.
A flow diagram summarizing read-out data reduction is shown in Fig. 1(f). Each interferogram (IGM) was subjected to fast Fourier transform (FFT). Then, intensities for each tooth were retrieved using a peak-picking algorithm and normalized by the intensities extracted from a sequentially recorded reference IGM, following FFT. Optical detuning (Δν) was calculated using frep and absolute frequency was assigned by resampling the wavelength meter (λ meter) time series. Finally, the πFBG resonance ν0 was fitted and the values converted to T90 using our conversion factor, β.
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Fig. 2. Precision photonic thermometry. (a) Measured πFBG ν0 as a function of field metrology well temperature (FMW, gold circles) established with reference to the Ga melting point. A linear fit (top; black dotted line) yields a πFBG temperature-tuning coefficient of β = −1.207 GHz K−1. Scatter in the fitted residuals (bottom; O−C, observed-minus-calculated) is consistent with the accuracy of the wavelength meter (bottom; gray rectangle, ±15 MHz). The larger error bar for the Ga melting-point data (Ga MP, gray triangles) illustrates experimental reproducibility. (b) mK precision for small changes near T = 273.15 K. The model (top; black dotted line) slope is equal to the fitted value from (a). Scatter in the residuals (bottom; O−C) is consistent with the field metrology well stability (±10 mK) and calibrated platinum resistance thermometer (PRT) accuracy (±10 mK).
The optical bandwidth of our comb sources enabled πFBG ν0 read-out over several K without the need for laser tuning or laser stabilization at each temperature step. Plotted in Fig. 2(a) are the measured ν0 fitted when the πFBG temperature was tuned from T90 ≈ 299 K to T90 ≈ 306 K using a programmable field metrology well (FMW, gold circles). Each data point is taken from the average of 1000 fitted values of ν0. The temperature scale was linked to ITS-90 through repeated πFBG measurements in the Ga melting point cell (Ga MP, gray triangle) and subsequent calibration of the co-located platinum resistance thermometer (PRT). The πFBG thermal tuning coefficient was fitted on T90 to a value of β = −1.207 GHz K−1.
The residuals from the linear fit plotted in the bottom of Fig. 2(a) provide a further estimate of precision for our prototype dual EO comb photonic thermometer. Without read-out calibration, we show that ν0 for the πFBG resonance is reproducibly retrieved and consistent with the linear trend, limited by the absolute uncertainty of the wavelength meter (±15 MHz, gray shaded region). The standard deviation of the residuals is also 15 MHz (or 0.12 pm), which, using our fitted value for β, yields an estimated T90-uncertainty of 13 mK. The larger error bar plotted for the Ga melting-point data (gray triangle) is the standard deviation of four repeated measurements recorded over several days and illustrates experimental reproducibility (whereas error bars plotted for the field metrology well data show only the standard deviation of the ensembles). In the metrology laboratory, the wavelength meter limit could be overcome by linking the continuous-wave laser to a precision optical reference like a stabilized optical cavity, molecular absorption feature, or self-referenced optical frequency comb.
In. Fig. 2(b), we test the instrument precision for small (mK) changes in temperature, again using the field metrology well and a calibrated PRT. Plotted in blue-filled red circles are the fitted values of ν0 as a function of PRT temperatures near 273.15 K. When the data points were compared to the linear model with β = −1.207 GHz K−1, the standard deviation of the residuals shown in the bottom of Fig. 2(b) yielded an estimated precision of 7.4 MHz. The scatter is similar to the stability for τ > 100 s estimated from the Allan deviation series in Fig. 1(e) to be ≤3 MHz. Further, the scatter is likely influenced by the calibrated PRT accuracy of ±10 mK and may reflect the intrinsic limitations of the chosen check thermometer. Other sources of error may include instabilities in the field metrology well near the 273.15 K set point arising from its non-ideal environment—high relative humidity and an ambient laboratory temperature near 300 K. Indeed, the manufacturer-specified stability of the field metrology well is also ±10 mK over the full range, suggesting that our measurements are limited by a combination of equipment often used in metrology laboratories. Overall, the stability (Fig. 1(e)), range (Fig. 2(a)), and precision (Fig. 2(b)) tests of our dual-comb photonic thermometry system are consistent.
Data in Fig. 3 illustrate sub-s time resolution for our dual-comb, πFBG sensor. Fig. 3(a) shows a waterfall plot of the πFBG reflection spectrum near resonance. As the measurement proceeds over 200 s, the πFBG resonance moves to lower optical detuning (i.e., a lower absolute optical frequency). The fitted values of ν0 retrieved from the spectra were converted to T by β and are plotted as a light blue trace in Fig. 3(b). Also plotted in the gray trace is the programmed field metrology well temperature ramp. As the πFBG temperature is increased from T ≈ 277.65 K to T ≈ 278.15 K (T ≈ 4.5 °C to T ≈ 5.0 °C), we readily resolve the πFBG resonance shifting—with metrology well inertia and servo effects visible.
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Fig. 3. Dynamic photonic thermometry. (a) Waterfall plot of the πFBG reflection spectrum vs. τ. (b) Time-resolved value of T (light blue, via ν0 and β) and programmed FMW ramp (gray). (c) Measured half-width at half-maximum (Γ0) for the πFBG resonance vs. τ (light blue).
[bookmark: _Hlk126065217]For the nearly 1000 data points plotted in the light blue curve in Fig. 3(b), the integration time per data point was 1 ms (1000 interferograms, Δfrep = 1 MHz) and the point-by-point acquisition rate was 4.7 Hz (i.e., the 200 s measurement window is 99.5 % dead time). This highly inefficient result is hardware-limited and dictated by a compromise between using sizeable oscilloscope acquisition memory (from 8×105 samples per acquisition) while maintaining reasonable USB data transfer and personal computer writing rates for each acquisition (4.7 Hz, observed). With a higher functioning and internal oscilloscope card, we could explore approaches to eliminating deadtime. This could include acquisition software that leverages larger oscilloscope storage in combination with real-time averaging capabilities and data streaming or applying hardware-based solutions to achieving higher mutual coherence and thus enabling deeper on-board averaging (e.g. [28–30]).
Figure 3(c) also shows the fitted πFBG resonance half-width at half-maximum (Γ0) during the temperature ramp. It is constant as a function of τ at a value of Γ0 = 440 MHz ± 20 MHz, meaning that the Q-factor is virtually unaffected by the dynamic temperature.
Broad deployment of photonic thermometers requires an interrogation system that can support GHz K−1 sensitivity over a broad temperature range, with high accuracy, time resolution and long-term stability. We report here that dual electro-optic comb spectroscopy provides an encouraging mix of measurement accuracy, time resolution, information content and scalability. In the application presented, we describe a system for interrogating a photonic device with a Q-factor of 220 000 over a 7 K temperature range with a readout stability of 7.5 mK at 1 s. Performance shows that our laser read-out can meet the technical specifications for most industrial and precision calibration applications [1]. Further, as our current precision is limited by equipment that is standard in photonic thermometry research labs, we show that dual-comb spectroscopy is immediately relevant for precision temperature metrology. The T90 uncertainty observed in this study is 13 mK and is due, in large part, to the uncertainty of the wavelength meter.
Despite the limitations—discussed here along with proposed solutions—our read-out stability at 1 s was 3.2 times better than prior dual-comb thermometry performed with adaptive averaging [18]. Our demonstration compares favorably with the state-of-the-art [12], having achieved comparable sensitivity (1.207 GHz K−1 vs. 1.25 GHz K−1), resolution (7.5 mK vs. ≤1 mK) and dynamic range (7 K vs. >10 K). Furthermore, it is possible to explore dual electro-optic comb generation and read-out for rapid muti-sensor interrogation.
Electro-optic comb sources can be produced on-chip [31,32], and can provide access to information-rich spectra that can be used to extract the real and imaginary components of the refractive index profile—depending on the dual-comb interferometer configuration [11]. Combined with physics-based models of photonic sensors this could be utilized to build advanced machine learning models such as deep neural networks or hidden Markov models that incorporate bandgap physics, material chemistry knowledge and coupled mode theory to create self-calibrating algorithms to compensate for long-term drift in the baseline refractive by incorporating information extracted from the spectral signatures [33]. Importantly, these models can then be applied in a manner such that read-outs from multi-sensor networks can be rationally interpreted in systems where traceability and transparency are of primary concern [1]. 
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