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Physiological networks, as observed in the human organism, involve multi-component systems with feedback loops that contribute to self-regulation. Physiological phenomena accompanied by time-delay effects may lead to oscillatory and even chaotic dynamics in their behaviors. Analogous dynamics are found in semiconductor lasers subjected to delayed optical feedback, where the dynamics typically include a time-delay signature. In many applications of semiconductor lasers, the suppression of the time-delay signature is essential, and hence several approaches have been adopted for that purpose. In this paper, experimental results are presented wherein photonic filters utilized in order to suppress time-delay signatures in semiconductor lasers subjected to delayed optical feedback effects. Two types of semiconductor lasers are used: discrete-mode semiconductor lasers and vertical-cavity surface-emitting lasers (VCSELs). It is shown that with the use of photonic filters, a complete suppression of the time-delay signature may be affected in discrete-mode semiconductor lasers, but a remnant of the signature persists in VCSELs. These results contribute to the broader understanding of time-delay effects in complex systems. The exploration of photonic filters as a means to suppress time-delay signatures opens avenues for potential applications in diverse fields, extending the interdisciplinary nature of this study.
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1 INTRODUCTION
In the human organism, multi-component physiological systems, each with its own regulatory mechanism, continuously interact to coordinate their functions in an integrated network (Ivanov 2021). This leads to complex nonlinear dynamics, and many examples of such self-organized pattern formation in physiological networks have been elucidated (Berner et al., 2022; Sawicki et al., 2022). Lasers have been used as a paradigm of complex nonlinear dynamics occurring in a wide variety of much more complex biological and physiological systems since the pioneering work by Graham and Haken (1970) and Haken (1975) and in particular, for time-delayed feedback control, refer to Schöll et al. (2010). In physiological networks, feedback loops act simultaneously in self-regulated physiological systems (Healy et al., 2021; More et al., 2023).
The study of time-delay effects has been identified as an aid to characterizing physiological systems and their regulatory mechanisms. It is found, for example, that oscillations and chaos can be established in blood flow due to time-delay effects (Holstein-Rathlou, 1993). Analogous oscillatory and chaotic behaviors have been studied in considerable theoretical and experimental detail in semiconductor lasers subjected to delayed optical feedback (Soriano et al., 2013). Because of their ease of operation, semiconductor lasers offer a convenient testbed for exploring the diverse dynamical behavior which may arise when the laser is subjected to optical feedback (Kane and Alan Shore, 2005; Ohtsubo, 2013). There is a considerable variety of semiconductor lasers, and their response to such time-delayed optical feedback is dependent on the detailed characteristics of the lasers. In turn, such varieties of behaviors may be instructive for the exploration of dynamical behaviors arising in physiological systems in which time-delay effects play a significant role in determining physiological phenomena.
In general, when time delays are the drivers of dynamics, there is a characteristic signature of those delays contained within the system dynamics. The finite time of signal propagation between nodes of a network may manifest itself as a time-delay signature. Such a signature is often undesirable, and hence effort has been made to suppress the time-delay signature. Thus, for example, in the case of chaotic semiconductor lasers being used for secure communications (Argyris et al., 2005), the persistence of a time-delay signature may compromise the security of data transmission (Rontani et al., 2009). In this context, substantial efforts have been dedicated to erase time-delay signatures (Shahverdiev and Shore, 2009; Nguimdo et al., 2011; Li et al., 2012; Li et al., 2012; Hong, 2013; Wang et al., 2013; Zhong et al., 2013; Hong, Spencer, and Shore, 2014; Xiang et al., 2014; Li and Chan, 2015; Hong et al., 2016; Mu et al., 2016; Wang et al., 2017; Zhang et al., 2017; Jiang et al., 2018; Li et al., 2018; Zhang et al., 2018; Zhao et al., 2019; Ma et al., 2020; Zhang et al., 2020; Cui et al., 2022). These efforts encompass various methods, including modulated optoelectronic feedback, distributed feedback from a fiber Bragg grating, phase-modulated feedback, chaos optical injection, mutual injection, and cascaded injection, and the influence of factors, like fiber scattering and dispersion. Most of these investigations have focused on vertical-cavity surface-emitting lasers (VCSELs) or distributed feedback (DFB) semiconductor lasers.
However, recent research has uncovered the unique characteristics of chaos generated in discrete-mode (DM) semiconductor lasers, demonstrating the possibility of achieving flat broadband chaos through optical feedback under optimized conditions (Chang et al., 2020). However, the study of the time-delay signature of chaos generated in optically injected DM lasers remains unexplored. DM lasers are a distinct type of Fabry–Pérot (FP) lasers that etch a small number of features along the ridge waveguide, modifying the cavity spectrum to amplify a single cavity mode while suppressing the others, ensuring single-mode operation (Osborne et al., 2007). DM lasers offer several advantages, including cost-effectiveness, resilience to optical feedback, stable single-mode emission, a broad operational temperature range, and high bandwidth. In this paper, a novel approach to eliminating time-delay signatures using photonic filters in a DM laser is explored. To facilitate comparison, the same experimental configuration is applied to a VCSEL. The findings of this study underscore the exceptional efficacy of photonic filters in suppressing time-delay signatures in DM lasers, whereas in the case of VCSELs, complete signature suppression remains elusive.
2 EXPERIMENTAL SETUP
The schematic experimental setup is shown in Figure 1. In this experiment, two distinct types of laser diodes (LDs) are employed. First, we utilize a DM laser (EP1550-DM-01-FA) from Eblana Photonics. Second, we employ VCSELs of RayCan RC330001-FFA type. Both LDs are driven by a low-noise current source (Thorlabs LDC201 CU) and maintained at room temperature by a highly precise temperature controller (Lightwave LDT-5412), with a lasing wavelength of approximately 1,550 nm.
[image: Figure 1]FIGURE 1 | Experimental setup.
For the conventional feedback setup, the feedback loop is formed by an optical circulator (OC), fiber couplers (FC1 and FC2), a semiconductor optical amplifier (SOA), a variable optical attenuator (VA), and a polarization controller (PC). Within this feedback loop, SOA serves to amplify the feedback power, VA is used to adjust the feedback power, and PC regulates the polarization of the feedback beam to ensure maximum efficiency on the dynamics of the lasers.
In the photonic filter feedback setup, a variable fiber coupler (VFC: Newport F-CPL-1550_N-FA FC3) is integrated into the feedback loop, as indicated by the dashed frame. The photonic filter feedback configuration is established by connecting ports 2 and 4 of the VFC. This arrangement is commonly referred to as an infinite impulse response single-source microwave photonic filters (IIR SSMPFs) or fiber ring resonators, and its specification details have been comprehensively discussed in Capmany, Ortega, and Pastor (2006).
In the detection section, 10% of the optical power is split using FC1 and directed toward an optical spectrum analyzer (OSA: Agilent 86141B with a resolution of 0.06 nm) for optical spectrum measurements. Simultaneously, FC2 separates 50% of the power from the feedback loop and directs it to a third fiber coupler (FC3). FC3 further divides the optical power evenly and routes it to two photodetectors: a 12 GHz photodetector (PD1: New Focus 1544-B) and a 40 GHz photodetector (PD2: Thorlabs, RXM40AF). The outputs of PD1 and PD2 are recorded using an oscilloscope (OSC, Tektronix TDS7404) with a bandwidth of 4 GHz and an electrical spectrum analyzer (RF, R&S FSE-K20) with a bandwidth of 40 GHz, respectively. The oscilloscope operates at a sampling rate of 20 GS/s, with a total time duration of 2 µs.
In this paper, the optical feedback ratio is defined as the ratio of the feedback power to the output power of the free-running laser. The optical feedback power is the power of the feedback beam before it enters the laser. It is measured at port 1 of OC, taking into consideration the loss from port 1 to port 2 of the OC. In this experiment, we also investigate the effect of the coupling ratio of the VFC on the time-delay signature. The coupling ratio is defined as the percentage of the power transferred from port 1 to port 4 in the VFC, as shown in Figure 1.
3 TIME-DELAY SIGNATURE ANALYSIS METHODS
Numerous techniques are available for a qualitative assessment of the time-delay signature, such as mutual information (Rontani et al., 2009; Nguimdo et al., 2011; Li et al., 2012; Li and Chan, 2015; Wang et al., 2017; Zhang et al., 2017), autocorrelation coefficient (ACC) (Rontani et al., 2009; Shahverdiev and Shore, 2009; Li et al., 2012; Li et al., 2012; Hong, 2013; Wang et al., 2013; Zhong et al., 2013; Hong, Spencer, and Shore, 2014; Xiang et al., 2014; Li and Chan, 2015; Hong et al., 2016; Mu et al., 2016; Wang et al., 2017; Zhang et al., 2017; 2018; Jiang et al., 2018; Li et al., 2018; Zhao et al., 2019; Ma et al., 2020; Zhang et al., 2020; Cui et al., 2022), and permutation entropy (PE) (Hong, 2013; Zhong et al., 2013; Xiang et al., 2014; Mu et al., 2016; Cui et al., 2022). In this study, we utilize both ACC and PE methods to detect the time-delay signature. The ACC, denoted as C, is defined as follows:
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where I represents the output intensity of the laser, <⋅> denotes a time average, and Δt is the delay time. The value of C falls within the range of −1 to 1. A value of 1 signifies a complete positive correlation, while −1 indicates a full negative (anti) correlation. When the value is 0, it denotes a state of complete randomness, indicating no correlation whatsoever.
The PE method, initially introduced by Bandt and Pompe (2002), involves a time series {It, t = 1, 2, … , N}, which represents the measures of the N samples of the output intensities of the laser. Given the time series {It, t = 1,2, … , N}, subsets Sq, each containing M samples (M > 1) of the measured intensities, are formed with an embedding delay time τ = nTs, where n is an integer number and Ts is the reciprocal of the sampling rate. The ordinal patterns of subsets are expressed as Sq = [I(t), I (t+τ), …I (t+(M-1)τ)]. For practical purposes, Bandt and Pompe recommended choosing M within the range of 3–7. In this work, we have selected M to be 5. Each subset Sq can be organized as [I (t+(r1−1)τ)≤I (t+(r2−1)τ)≤…≤I (t+(rM−1)τ)]. Thus, each subset can be uniquely represented as an “ordinal pattern” π = (r1, r2, … , rM), which is one of the possible permutations of subset Sq with M dimensions. The permutation entropy is derived from the probability distribution p(π) as follows:
[image: image]
where the symbol # denotes “number.” The permutation entropy is then determined using the probability p(π) as follows:
[image: image]
4 RESULTS
4.1 Discrete-mode laser
The DM laser used in this experiment has a threshold current of 12.5 mA at room temperature and is biased at 80 mA. Initially, conventional optical feedback is introduced by disconnecting ports 2 and 4 of the VFC.
Figure 2 shows the time traces (top row), autocorrelation coefficient curves (middle row), and PE curves (bottom row) of the output of the DM laser subjected to optical feedback. The left, middle, and right columns are for the feedback ratios of −14.5 dB, −10.5 dB, and −1.5 dB, respectively. In Figure 2A, the red line represents the DM laser’s time trace without optical feedback. From the time traces in Figure 2, it can be seen that the laser exhibits random fluctuations in all three feedback ratios, indicating chaos dynamics. To identify the time-delay signatures, their corresponding autocorrelation coefficient C, as a function of the delay time, is calculated and shown in the middle row of Figure 2. At a feedback ratio of −14.6 dB (Figure 2D), a significant peak at approximately 116.8 ns, corresponding to the feedback round trip time (τ1), is observed. This peak, referred to as a time-delay signature, is quantified using the peak value of the autocorrelation coefficient at around the feedback round trip time (Cp). In Figure 2D, the time-delay signature is approximately 0.82. As the feedback ratio increases to −10.5 dB, the time-delay signature decreases to approximately 0.39, as shown in Figure 2E. Further increasing the feedback ratio to −1.5 dB results in a reduced time-delay signature of approximately 0.24, as shown in Figure 2F.
[image: Figure 2]FIGURE 2 | Time traces, ACC curves and PE curves of the output of the DM laser subjected to optical feedback. (A–C) are time traces with the feedback ratios of −14.5 dB, −10.5 dB, and −1.5 dB, respectively. (D–F) are autocorrelation coefficient curves with the feedback ratios of −14.5 dB, −10.5 dB, and −1.5 dB, respectively. (G–I) are PE curves with the feedback ratios of −14.5 dB, −10.5 dB, and −1.5 dB, respectively. The red line in (A) is the free-running DM laser output.
We also utilize PE to investigate the time-delay signature, as shown in the bottom row of Figure 2. Figures 2G–I show many troughs that are attributable to harmonics and sub-harmonics of the feedback round trip time. Notably, the deepest troughs, occurring at approximately τ1 ≈ 116.8 ns, are less pronounced in the PE analysis than the autocorrelation coefficient analysis (middle row of Figure 2). Therefore, we focus on the autocorrelation coefficient for the remaining investigation.
The peak value of the autocorrelation coefficient at the feedback round trip time as a function of the feedback ratio is calculated and presented in Figure 3. The result indicates that the time-delay signature decreases as the feedback ratio increases when the feedback ratio is less than approximately −7 dB. Beyond this threshold, the time-delay signature begins to rise as the feedback ratio increases, peaking around a feedback ratio of −3.5 dB. Subsequently, with further increases in the feedback ratio, the time-delay signature diminishes once more. Notably, the minimum time-delay signature of 0.24 is achieved at the maximum feedback ratio of −1.5 dB. This is corroborated by the autocorrelation coefficient curve displayed in Figure 2F, which distinctly identifies the time-delay signature at 116.8 ns.
[image: Figure 3]FIGURE 3 | Time-delay signature as a function of the feedback ratio for the conventional feedback.
Moving to photonic filter feedback, we connect ports 2 and 4 of the VFC. Initially, the coupling ratio is set at 50%, equally splitting the powers between ports 3 and 4. Figure 4, shows the time traces (upper row) and autocorrelation coefficient curves (bottom row) for the DM laser with photonic filter feedback. The feedback ratios for the left, middle, and right columns in Figure 4 match those in Figure 2: −14.5 dB, −10.5 dB, and −1.5 dB, respectively. The red line in Figure 4A corresponds to the free-running DM laser’s output.
[image: Figure 4]FIGURE 4 | Time traces, ACC curves and PE curves of the output of the DM laser with photonic filter feedback with the coupling ratio of 50%. (A–C) are time traces with the feedback ratios of −14.5 dB, −10.5 dB, and −1.5 dB, respectively. (D–F) are autocorrelation coefficient curves with the feedback ratios of −14.5 dB, −10.5 dB, and −1.5 dB, respectively. The red line in (A) is the free-running DM laser output.
Similar to conventional feedback, the laser exhibits random fluctuations in all three feedback ratios, indicative of chaotic dynamics. The corresponding autocorrelation coefficient curves are displayed in the bottom row of Figure 4. It can be seen in Figure 4D that aside from the highest peak at approximately 116.8 ns, smaller peaks appear at approximately 20.5 ns, 127.05 ns, and 137.3 ns. These additional peaks are attributed to the time delay introduced by the ring cavity recirculation. Each recirculation within the ring cavity introduces a delay time (τ2) of approximately 10.25 ns. The highest peak has a value of approximately 0.68. In the case of −10.5 dB feedback ratio, as shown in Figure 4E, the maximum peak value decreases to approximately 0.37. When the feedback ratio increases to approximately −1.5 dB, as demonstrated in Figure 4F, no distinguishable peaks are observed. The time-delay signature has been completely concealed.
The maximum peak value of the autocorrelation coefficient at the feedback round trip times (τ1, τ1+τ2, τ1+2τ2, 2τ2, or other combinations) as a function of the feedback ratio is presented in Figure 5. The result demonstrates a consistent decrease in the time-delay signature as the feedback ratio increases. When the feedback ratio reaches approximately −2.0 dB, the time-delay signature value is approximately 0.03. Further increases in the feedback ratio yield minimal changes in the time-delay signature due to the absence of distinguishable peaks in the autocorrelation curves.
[image: Figure 5]FIGURE 5 | Time-delay signature as a function of the feedback ratio for the photonic filter feedback with the coupling ratio of 50%.
The influence of the coupling ratio of the photonic filter on the time-delay signature is also explored. In Figure 6, curve A represents the scenario with conventional feedback, while the remaining curves correspond to setups involving photonic optical feedback, each with different coupling ratios. It is evident that at lower feedback ratios, photonic filter feedback does not show any advantage in suppressing the time-delay signature compared to conventional feedback. However, as the optical feedback intensity increases, the addition of photonic filter feedback proves advantageous in suppressing the time-delay signature, particularly when the coupling ratio approaches 50%.
[image: Figure 6]FIGURE 6 | Time-delay signature as a function of the feedback ratio in the DM laser with optical feedback. Curve A represents conventional optical feedback. Curves B, C, D, E, F, and G represent photonic filter feedback with the coupling ratio of 7%, 13%, 26%, 50%, 72%, and 94%, respectively.
4.2 VCSELs
To investigate whether the concealment of the time-delay signature is solely attributable to photonic filter feedback, we conducted a similar experiment using VCSEL. The threshold current of VCSEL used in this experiment is 1.8 mA at the room temperature and is biased at 4 mA. Figure 7 displays the time-delay signature as a function of the feedback ratio in VCSEL with various coupling ratios. Notably, the addition of photonic filter feedback at coupling ratios of 50% or 72% effectively suppressed the time-delay signature across all feedback ratios, which is similar to the results observed in DFB lasers (Cui et al., 2022). However, for coupling ratios below 13%, the time-delay signature exhibits little deviation from conventional optical feedback, in contrast to DM lasers, where time-delay signature suppression with a photonic filter feedback is primarily observed at higher feedback ratios. Remarkably, even a lower coupling ratio of 7% still significantly contributes to time-delay signature suppression in DM lasers at higher feedback ratios. The optimal coupling ratio for time-delay signature suppression in VCSEL is determined to be 72%. The minimum time-delay signature achieved in VCSEL is approximately 0.12 at a feedback ratio of approximately 1.0 dB with the coupling ratio of 72%, which is higher than the minimum time-delay signature of 0.03 observed in the DM laser.
[image: Figure 7]FIGURE 7 | Time-delay signature as a function of the feedback ratio in VCSEL with various coupling ratios.
Figure 8 shows the autocorrelation coefficient curve obtained under the influence of photonic filter feedback with an optimal coupling ratio and optical feedback ratio in VCSEL. This curve exhibits three distinct peaks, with delay times of approximately 10.25 ns, 112.45 ns, and 122.7 ns, corresponding to τ2, τ1, and τ1+τ2, respectively. This observation indicates that the presence of photonic filter feedback in VCSEL is unable to entirely eliminate the time-delay signature.
[image: Figure 8]FIGURE 8 | Autocorrelation coefficient curve of the output of VCSEL with photonic filter feedback with the coupling ratio of 72% and the feedback ratio of 1.0 dB.
5 CONCLUSION
In the context of physiological systems, which exhibit complex nonlinear dynamics and self-organized pattern formation, the study of analogous dynamics in semiconductor lasers subjected to delayed optical feedback provides valuable insights. Building on the pioneering work and the extensive literature on the subject, lasers have served as a paradigm for understanding complex nonlinear dynamics in biological and physiological systems. In this study, we conducted experimental investigations into the time-delay signature of semiconductor lasers under conventional feedback and photonic filter feedback conditions. Specifically, two types of semiconductor lasers, namely, DM lasers and VCSELs, are comprehensively examined. Our findings highlight the substantial advantages of photonic filter feedback in time-delay signature suppression, particularly evident in the case of DM lasers. At the optimal coupling and optical feedback ratios, we achieved remarkable time-delay signature reduction, with the time-delay signature minimized to as low as 0.03, effectively concealed within the background noise. For DM lasers, the benefits of photonic filter feedback in time-delay signature suppression manifest primarily at higher feedback ratios. Conversely, in the case of VCSELs, photonic filter feedback proves advantageous across a wider spectrum of feedback ratios, particularly in the coupling ratio range of approximately 50%–72%. Nevertheless, it is worth noting that in VCSELs, while photonic filter feedback induces significant time-delay signature suppression with an appropriate coupling ratio, a residual time-delay signature remains discernible. The reason the photonic filter can suppress the time-delay signature is that the photonic filter feedback is equivalent to optical feedback from multiple external cavities with different lengths, and due to the multiple Vernier effect, the time-delay signature is suppressed. The disparity between DM lasers and VCSELs can be attributed to their respective laser structures. DM lasers feature multiple etching features along the ridge waveguide, which alter the characteristics of the laser spectrum. This modification, in turn, mitigates the occurrence of recurring features induced by an optical feedback. Combining the multiple Vernier effect with the modified laser spectrum totally conceals the time-delay signature in the discrete-mode laser with photonic filter feedback. However, the effectiveness of photonic filter feedback for time-delay signature suppression is diminished in VCSELs because they lack the same special spectrum characteristics as discrete-mode lasers. Without the specific spectrum provided by the multiple etching features along the ridge waveguide, the photonic filter cannot totally suppress the time-delay signature in VCSELs.
This research serves not only to enhance our comprehension of time-delay signature control in semiconductor lasers but also holds significance in the context of physiological phenomena. Given the parallels between semiconductor laser dynamics and physiological processes marked by time-delay effects, the insights gained from this study can contribute to the better understanding and management of physiological phenomena, opening new avenues for research and applications in the realm of controlling and regulating complex physiological systems.
DATA AVAILABILITY STATEMENT 
The raw data supporting the conclusion of this article will be made available by the authors without undue reservation.
AUTHOR CONTRIBUTIONS
YH: conceptualization, data curation, formal analysis, investigation, methodology, resources, software, validation, visualization, writing–original draft, and writing–review and editing. ZZ: data curation, formal analysis, funding acquisition, project administration, visualization, and writing–review and editing. KS: data curation, writing–original draft, and writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported in part by the National Natural Science Foundation of China under grants 62205040 and 62265016 and in part by the Research and Innovation Team Cultivation Program of Chongqing University of Technology under grant 2023TDZ007.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Argyris, A., Syvridis, D., Larger, L., Annovazzi-Lodi, V., Colet, P., Fischer, I., et al. (2005). Chaos-based communications at high bit rates using commercial fibre-optic links. Nature 438 (7066), 343–346. doi:10.1038/nature04275
 Bandt, C., and Pompe, B. (2002). Permutation entropy: a natural complexity measure for time series. Phys. Rev. Lett. 88 (17), 174102. doi:10.1103/PhysRevLett.88.174102
 Berner, R., Sawicki, J., Thiele, M., Löser, T., and Schöll, E. (2022). Critical parameters in dynamic network modeling of sepsis. Front. Netw. Physiol. 2, 904480. doi:10.3389/fnetp.2022.904480
 Capmany, J., Ortega, B., and Pastor, D. (2006). A tutorial on microwave photonic filters. J. Light. Technol. 24 (1), 201–229. doi:10.1109/JLT.2005.860478
 Chang, D., Zhong, Z., Tang, J., Spencer, P. S., and Hong, Y. (2020). Flat broadband chaos generation in a discrete-mode laser subject to optical feedback. Opt. Express 28 (26), 39076–39083. doi:10.1364/OE.413674
 Cui, B., Xia, G., Tang, X., Wang, F., Jiang, Z., Zheng, Y., et al. (2022). Generation of chaotic signals with concealed time-delay signature based on a semiconductor laser under multi-path optical feedback. IEEE Photonics J. 14 (1), 1–5. doi:10.1109/JPHOT.2021.3133659
 Graham, R., and Haken, H. (1970). Laserlight - first example of a second-order phase transition far away from thermal equilibrium. Z. Phys. 237, 31–46. doi:10.1007/bf01400474
 Haken, H. (1975). Analogy between higher instabilities in fluids and lasers. Phys. Lett. 53A, 77–78. doi:10.1016/0375-9601(75)90353-9
 Healy, K. L., Morris, A. R., and Liu, A. C. (2021). Circadian synchrony: sleep, nutrition, and physical activity. Front. Netw. Physiol. 1, 732243. doi:10.3389/fnetp.2021.732243
 Holstein-Rathlou, N. H. (1993). Oscillations and chaos in renal blood flow control. J. Am. Soc. Nephrol. 4 (6), 1275–1287. doi:10.1681/ASN.V461275
 Hong, Y. (2013). Experimental study of time-delay signature of chaos in mutually coupled vertical-cavity surface-emitting lasers subject to polarization optical injection. Opt. Express 21 (15), 17894–17903. doi:10.1364/OE.21.017894
 Hong, Y., Quirce, A., Wang, B., Ji, S., Panajotov, K., and Spencer, P. S. (2016). Concealment of chaos time-delay signature in three-cascaded vertical-cavity surface-emitting lasers. IEEE J. Quantum Electron. 52 (8), 1. doi:10.1109/JQE.2016.2587099
 Hong, Y., Spencer, P. S., and Alan Shore, K. (2014). Wideband chaos with time-delay concealment in vertical-cavity surface-emitting lasers with optical feedback and injection. IEEE J. Quantum Electron. 50 (4), 236–242. doi:10.1109/JQE.2014.2304745
 Ivanov, P.Ch (2021). The new field of network physiology: building the human physiolome. Front. Netw. Physiol. 1, 711778. doi:10.3389/fnetp.2021.711778
 Jiang, N., Zhao, A., Liu, S., Xue, C., Wang, B., and Qiu, K. (2018). Generation of broadband chaos with perfect time delay signature suppression by using self-phase-modulated feedback and a microsphere resonator. Opt. Lett. 43 (21), 5359–5362. doi:10.1364/OL.43.005359
 Kane, D. M., and Alan Shore, K. (2005). Unlocking dynamical diversity: optical feedback effects on semiconductor lasers. Chichester ; Hoboken, NJ: Wiley. 
 Li, N., Pan, W., Xiang, S., Yan, L., Luo, B., and Zou, X. (2012a). Loss of time delay signature in broadband cascade-coupled semiconductor lasers. IEEE Photonics Technol. Lett. 24 (23), 2187–2190. doi:10.1109/LPT.2012.2225101
 Li, S.-S., and Chan, S.-C. (2015). Chaotic time-delay signature suppression in a semiconductor laser with frequency-detuned grating feedback. IEEE J. Sel. Top. Quantum Electron. 21 (6), 1800812. doi:10.1109/JSTQE.2015.2427521
 Li, S.-S., Liu, Q., and Chan, S.-C. (2012b). Distributed feedbacks for time-delay signature suppression of chaos generated from a semiconductor laser. IEEE Photonics J. 4 (5), 1930–1935. doi:10.1109/JPHOT.2012.2220759
 Li, S.-S., Xiao-Zhou, L., and Chan, S.-C. (2018). Chaotic time-delay signature suppression with bandwidth broadening by fiber propagation. Opt. Lett. 43 (19), 4751–4754. doi:10.1364/OL.43.004751
 Ma, Y., Xiang, S., Guo, X., Song, Z., Wen, A., and Yue, H. (2020). Time-delay signature concealment of chaos and ultrafast decision making in mutually coupled semiconductor lasers with a phase-modulated sagnac loop. Opt. Express 28 (2), 1665–1678. doi:10.1364/OE.384378
 More, H. L., Braam, B., and Cupples, W. A. (2023). Reduced tubuloglomerular feedback activity and absence of its synchronization in a connexin40 knockout rat. Front. Netw. Physiol. 3, 1208303. doi:10.3389/fnetp.2023.1208303
 Mu, P., Pan, W., Yan, L., Luo, B., Li, N., and Xu, M. (2016). Experimental evidence of time-delay concealment in a DFB laser with dual-chaotic optical injections. IEEE Photonics Technol. Lett. 28 (2), 131–134. doi:10.1109/LPT.2015.2487519
 Nguimdo, R., Modeste, R., Colet, P., Larger, L., and Pesquera, L. (2011). Digital key for chaos communication performing time delay concealment. Phys. Rev. Lett. 107 (3), 034103. doi:10.1103/PhysRevLett.107.034103
 Ohtsubo, J. (2013). “Semiconductor lasers: stability, instability and chaos,” in Springer series in optical Sciences (Berlin, Heidelberg: Springer Berlin Heidelberg). doi:10.1007/978-3-642-30147-6
 Osborne, S., O’Brien, S., Buckley, K., Fehse, R., Amann, A., Patchell, J., et al. (2007). Design of single-mode and two-color fabry--pérot lasers with patterned refractive index. IEEE J. Sel. Top. Quantum Electron. 13 (5), 1157–1163. doi:10.1109/JSTQE.2007.903851
 Rontani, D., Locquet, A., Sciamanna, M., Citrin, D. S., and Ortin, S. (2009). Time-delay identification in a chaotic semiconductor laser with optical feedback: a dynamical point of view. IEEE J. Quantum Electron. 45 (7), 879–1891. doi:10.1109/JQE.2009.2013116
 Sawicki, J., Berner, R., Löser, T., and Schöll, E. (2022). Modeling tumor disease and sepsis by networks of adaptively coupled phase oscillators. Front. Netw. Physiol. 1, 730385. doi:10.3389/fnetp.2021.730385
 Schöll, E., Hövel, P., Flunkert, V., and Dahlem, M. A. (2010). “Time-delayed feedback control: from simple models to lasers and neural systems,” in Complex time-delay systems: theory and applications ed . Editor F. Atay (Berlin, Heidelberg: Springer), 85–150. 
 Shahverdiev, E. M., and Shore, K. A. (2009). Erasure of time-delay signatures in the output of an opto-electronic feedback laser with modulated delays and chaos synchronisation. IET Optoelectron. 3 (6), 326–330. doi:10.1049/iet-opt.2009.0028
 Soriano, M. C., García-Ojalvo, J., Mirasso, C. R., and Fischer, I. (2013). Complex photonics: dynamics and applications of delay-coupled semiconductors lasers. Rev. Mod. Phys. 85 (1), 421–470. doi:10.1103/RevModPhys.85.421
 Wang, A., Yang, Y., Wang, B., Zhang, B., Li, L., and Wang, Y. (2013). Generation of wideband chaos with suppressed time-delay signature by delayed self-interference. Opt. Express 21 (7), 8701–8710. doi:10.1364/OE.21.008701
 Wang, D., Wang, L., Tong, Z., Gao, H., Wang, Y., Chen, X., et al. (2017). Time delay signature elimination of chaos in a semiconductor laser by dispersive feedback from a chirped FBG. Opt. Express 25 (10), 10911–10924. doi:10.1364/OE.25.010911
 Xiang, S., Pan, W., Zhang, L., Wen, A., Shang, L., Zhang, H., et al. (2014). Phase-modulated dual-path feedback for time delay signature suppression from intensity and phase chaos in semiconductor laser. Opt. Commun. 324, 38–46. doi:10.1016/j.optcom.2014.03.017
 Zhang, J., Feng, C., Zhang, M., Liu, Y., and Zhang, Y. (2017). Suppression of time delay signature based on brillouin backscattering of chaotic laser. IEEE Photonics J. 9 (2), 1–8. doi:10.1109/JPHOT.2017.2690680
 Zhang, J., Li, M., Wang, A., Zhang, M., Ji, Y., and Wang, Y. (2018). Time-delay-signature-suppressed broadband chaos generated by scattering feedback and optical injection. Appl. Opt. 57 (22), 6314–6317. doi:10.1364/AO.57.006314
 Zhang, R., Zhou, P., Yang, Y., Qi, F., Mu, P., and Li, N. (2020). Enhancing time-delay suppression in a semiconductor laser with chaotic optical injection via parameter mismatch. Opt. Express 28 (5), 7197–7206. doi:10.1364/OE.389831
 Zhao, A., Jiang, N., Liu, S., Xue, C., and Qiu, K. (2019). Wideband time delay signature-suppressed chaos generation using self-phase-modulated feedback semiconductor laser cascaded with dispersive component. J. Light. Technol. 37 (19), 5132–5139. doi:10.1109/jlt.2019.2929539
 Zhong, Z.-Q., Wu, Z.-M., Wu, J.-G., and Xia, G.-Q. (2013). Time-delay signature suppression of polarization-resolved chaos outputs from two mutually coupled VCSELs. IEEE Photonics J. 5 (2), 1500409. doi:10.1109/JPHOT.2013.2252160
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Hong, Zhong and Shore. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fnetp-03-1330375-g005.gif
19

081
o8}
o o4
02}

U S E S 20
Femiack Palo 8





OPS/images/fnetp-03-1330375-g006.gif
foxrerarp ey
Fesdback Rato (08)





OPS/images/fnetp-03-1330375-g003.gif
19

o8]
05|
S ol

02/

00}
YT 5 A E 0
Feadback Ratio (0B)





OPS/images/fnetp-03-1330375-g004.gif





OPS/images/math_qu1.gif
AUfGe + A0 - AT+ Ay I - A2

c(an =

[+ a0 - < e+ BP0





OPS/images/fnetp-03-1330375-g007.gif
T E S A 2 0 7 4
Feedback Ratic (aB)





OPS/images/fnetp-03-1330375-g008.gif
05}
7 W & % W

Delay Tims (he)






OPS/xhtml/nav.xhtml
Contents

		Cover

		Time-delay signature suppression in delayed-feedback semiconductor lasers as a paradigm for feedback control in complex physiological networks		1 Introduction

		2 Experimental setup

		3 Time-delay signature analysis methods

		4 Results		4.1 Discrete-mode laser

		4.2 VCSELs





		5 Conclusion

		Data availability statement 

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Network Physiology

Time-delay signature
suppression in delayed-
feedback semiconductor lasers

as a paradigm for feedback
control in complex

physiological networks





OPS/images/fnetp-03-1330375-g001.gif
P2

Fa2
Fe3






OPS/images/fnetp-03-1330375-g002.gif





OPS/images/math_qu3.gif





OPS/images/math_qu2.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
in Network Physiology





