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The development of integrated photonic systems, both on-chip and fiber-based, has transformed quantum photonics by replacing bulky, fragile free-space optical setups with compact, efficient, and robust circuits. Photonic platforms incorporating fiber-connected sources of correlated and entangled photon pairs offer practical advantages, such as operation at room temperature, efficient integration with telecom infrastructure, and compatibility with mature and efficient semiconductor fabrication processes for cost-effective and large-scale optical circuits. The stability and scalability of integrated quantum photonics platforms have facilitated the generation and processing of quantum information in the temporal domain within a single spatial mode. Time-bin encoded states, known for their robustness against decoherence and compatibility with existing fiber-optic infrastructure, have shown to be an efficient paradigm for advanced applications like quantum secure communication, information processing, spectroscopy, imaging, and sensing. This review examines recent advancements in fiber- and chip-based platforms for generating non-classical states and their applications as quantum state processors in the time domain. We discuss the generation of pulsed quantum frequency combs using microring resonators and intra-cavity mode-locked laser schemes, enabling co- and cross-polarized quantum photonic states. Additionally, the versatility of these resonator chips for entanglement generation is emphasized, including two- and multi-photon time-bin entangled schemes. We highlight the development of time-bin entanglement analyzers in fiber architectures, featuring ultrahigh stability and post-selection-free capabilities, which enable precise and efficient characterization of two- and higher-dimensional time-bin entanglement. We also review scalable on-chip schemes for quantum key distribution, demonstrating low quantum bit error rates and compatibility with higher-dimensional quantum communication protocols. Further, methods for enhancing temporal resolution in detection schemes, crucial for time-bin encoding, are presented, such as the time-stretch sampling technique using electro-optic modulation. These innovations, relying on readily available, telecom-based fiber-optic components, provide practical, scalable, and cost-effective solutions for advancing quantum photonic technologies. Looking forward, time-bin encoding is expected to play a pivotal role in the advancement of quantum repeaters, distributed quantum networks, and hybrid light-matter systems, advancing the realization of globally scalable quantum technologies.
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1 INTRODUCTION
There is a growing demand for practical and scalable architectures to deploy quantum photonic technologies (Moody et al., 2022) for applications such as quantum secure communication (Krenn et al., 2016a; Lu et al., 2019; Cozzolino et al., 2019; Kimble, 2008), metrology (Giovannetti et al., 2011; Matthews et al., 2016; Slussarenko et al., 2017), computing (Flamini et al., 2018; Arrazola et al., 2021; Harrow and Montanaro, 2017; Bromley et al., 2020; Knill et al., 2001), and sensing (Pirandola et al., 2018; Israel et al., 2014). The advent of integrated photonic platforms has opened the possibility for low-footprint, power-efficient, reliable, and stable solutions for quantum state preparation and processing (Bonneau et al., 2016; Caspani et al., 2017; Caspani et al., 2016; Pelucchi et al., 2021), while offering reduced propagation losses (Blumenthal, 2020) and improved scalability (Walmsley, 2015; Shadbolt et al., 2012; Jin et al., 2014). Losses present a significant challenge in quantum photonic devices, as they cannot be compensated through amplification like in classical systems. The no-cloning theorem (Wootters and Zurek, 1982) prohibits the deterministic amplification of quantum states, making it essential to minimize losses across all optical components. This is particularly crucial for applications such as quantum information processing (Varnava et al., 2008) and Bell inequality tests (Eberhard, 1993), which are inherently sensitive to losses. To address this, quantum photonic devices require low-loss interfaces that leverage the advantages of both fiber and integrated platforms, enabled by high chip-to-fiber coupling efficiencies (He et al., 2019; Son et al., 2018; Musiał et al., 2020; Elshaari et al., 2020). These efficiencies are achieved through meticulously engineered tapered waveguides (Kasaya et al., 1993; Noda et al., 1978; Alder et al., 2000) and grating couplers (Cheben et al., 2010; Cheben et al., 2015; Barwicz et al., 2015), which significantly enhance device throughput.
Integrated silicon-based platforms have demonstrated significant potential in enabling diverse on-chip quantum photonic functionalities, including spontaneous four-wave mixing for nonlinear frequency conversion (Liu et al., 2012; Li et al., 2016; Reimer et al., 2014; Roztocki et al., 2017; Reimer et al., 2015; Reimer et al., 2016; Kues et al., 2017; Reimer et al., 2019), low-loss waveguides for efficient photon routing (Wilmart et al., 2019; Wilmart et al., 2021; Wilmart et al., 2022; Ye et al., 2022; Frigg et al., 2019), and reconfigurable optical circuits for tailorable quantum states (Clementi et al., 2023; Taballione et al., 2021; Taballione et al., 2019). Leveraging the compatibility with complementary metal–oxide–semiconductor (CMOS) technologies, increasingly complex integrated photonics chips have been developed, incorporating on-chip tunable (reconfigurable) active elements for dynamic optical manipulations and optimized quantum state measurements (Shadbolt et al., 2012; Jin et al., 2014; Clementi et al., 2023; Taballione et al., 2021; Taballione et al., 2019; Metcalf et al., 2014). These advancements enable the miniaturization of table-top experiments into compact, chip-sized prototypes, paving the way for scalable quantum technologies.
Photonic schemes offer numerous advantages compared to other quantum systems based on, e.g., solid-state architectures such as superconducting qubits (Mooney et al., 2019), neutral atoms (Bernien et al., 2017; Henriet et al., 2020), and ion traps (Debnath et al., 2016; Niffenegger et al., 2020), which operates at cryogenic temperatures, while most photonic platforms rely on room temperature operation (Bourassa et al., 2021; Lu et al., 2021) for quantum state generation and processing. Photons, as carriers of information, are less prone to decoherence, allowing transmission over long distances, spanning hundreds (Yin et al., 2012; Krenn et al., 2016b; Boaron et al., 2018) to thousands (Yin et al., 2017; Liao et al., 2017) of kilometers. This makes them excellent candidates for satellite- (Yin et al., 2017; Liao et al., 2017) and fiber- (Boaron et al., 2018; Korzh et al., 2015; Ma et al., 2012) based quantum communication frameworks. Photons also exhibit several degrees of freedom (DoFs) such as polarization (Burlakov et al., 2001; Zhu et al., 2012; Chen et al., 2022), optical path (Rossi et al., 2009; Schaeff et al., 2012; Wang et al., 2018), orbital angular momentum (Mair et al., 2001; Jennewein et al., 2000), time (Reimer et al., 2016; Reimer et al., 2019; Brendel et al., 1999; Ali-Khan et al., 2007; Yu et al., 2024) and frequency (Kues et al., 2017; Imany et al., 2018; Olislager et al., 2010), all of which can be harnessed to generate diverse types of quantum states including single and correlated photon states (Reimer et al., 2014; Roztocki et al., 2017; Reimer et al., 2015), as well as complex photonic systems such as entangled and cluster states (Reimer et al., 2016; Kues et al., 2017; Reimer et al., 2019). Photonic DoFs further enable access to higher-dimensional quantum states–qudits–which yield several advantages compared to qubits in terms of increased information storage, processing capacity, and noise tolerance (Wang et al., 2020; Miller et al., 2018; Huang et al., 2022; Zhang et al., 2022), all of which improves as the photons’ dimensionality (number of levels) is scaled up (Collins et al., 2002; Sciara et al., 2019). Furthermore, the complexity of qudit-based photonic schemes is significantly lower than their qubit-based counterparts, as the need for multi-qubit operations are replaced by parallel processing of information facilitated by the high dimensionality of qudits. Overall, the features associated with photonic qudits have shown to provide immediate advantages in enhancing the efficiency of quantum communication and greater accuracy in quantum computation schemes (Shor, 1994; Kitaev, 1995). Additionally, they enable reduced circuit depths–measured by the number of sequential gate operations–thereby optimizing quantum computation schemes (Chi et al., 2022).
Various parametric photonic sources have been engineered to generate qubit and qudit states via spontaneous parametric down-conversion (SPDC, a second-order nonlinear process (Harris et al., 1967; Magde and Mahr, 1967)) and spontaneous four-wave mixing (SFWM, a third-order nonlinear process (Sharping et al., 2001; Wang et al., 2001; Takesue and Inoue, 2004)). Both processes yield biphoton quantum states, namely signal and idler, when a nonlinear medium is exposed to a pump excitation field. This review focuses on photon sources based on dielectric and CMOS platforms implemented in waveguides and microring resonators (MRRs) which are capable of generating broadband quantum states in the telecom wavelength range, an optical regime characterized by minimal transmission losses in standard single-mode fibers. Waveguides yield a continuous spectra, whereas MRRs provide equally spaced frequency lines, forming a quantum frequency comb (QFC) (Pasquazi et al., 2018). These platforms can be engineered to operate in a single spatial mode compatible with standard fiber-optic components (Caspani et al., 2016), making them well-suited for practical, out-of-the-lab applications. They provide exciting opportunities for higher-dimensional quantum state generation by leveraging multiple time and frequency modes, addressing scalability and complexity challenges in quantum photonic technologies. These schemes also offer reliable means of processing light using commercially available devices and enable transmission over long distances via fiber-based and free-space architectures (Reimer et al., 2016; Kues et al., 2017; Ikuta and Takesue, 2018). Furthermore, MRR platforms enable the generation of nearly pure (single frequency mode) photonic states (Helt et al., 2010), a spectral response tailored through the quality factor of the resonator, providing fundamental resources for multi-source interference schemes, e.g., for quantum computation (Knill et al., 2001). This is unlike waveguide-based architectures, where pure states are typically generated via strong spectral filtering (Zeilinger et al., 1997), leading to a significant loss of photons, in turn lowering the efficiency. However, achieving truly pure biphoton states in MRRs requires the pump resonance quality factor to be lower than that of the biphoton states (Vernon et al., 2017), a condition that is unmet in conventional MRR designs (Helt et al., 2010; Silverstone et al., 2015; Grassani et al., 2016). As a result, the spectral purity of MRR-based sources is generally limited to 93%, requiring further engineering to modify the coupling conditions between the waveguide and the resonator for both the pump and biphoton fields (Vernon et al., 2017).
The use of pulsed excitation in photonic sources plays a central role for quantum communication and information processing applications, as this technique restricts the generation probability of quantum photonic states to discrete time windows (Brendel et al., 1999). This approach, known as time-bin encoding, provides several notable advantages. It is inherently robust to polarization fluctuations, a common issue in optical fibers, especially over long distances. Additionally, chromatic dispersion, which causes temporal spreading of photon wave packets due to wavelength-dependent velocities, can be passively compensated using linear optical elements (Zbinden et al., 2001). Time-bin encoding also enhances noise mitigation through temporal gating (Ribordy et al., 1998), enabling systems to effectively distinguish desired signals from noise and improve signal-to-noise ratios. Its compatibility with existing optical fiber infrastructures makes it ideal for long-distance quantum communication, including quantum key distribution (QKD) (Fitzke et al., 2022; Islam et al., 2017) and teleportation (Sun et al., 2016; Valivarthi et al., 2016; Shen et al., 2023). Pulsed excitation is a fundamental requirement for entanglement preparation in discrete temporal domains–time-bin entanglement (Brendel et al., 1999; Marcikic et al., 2002) – where the generated photonic state exists in a superposition of two or more time modes. This technique has also been employed for generating discrete frequency-entangled states in the telecom domain, allowing for their easy characterization through frequency mixing operations using electro-optic modulation (Kues et al., 2017).
Time-bin encoding, while highly robust against decoherence in optical fibers, faces several challenges. Measurements in the temporal domain rely on interferometric setups that demand ultrahigh phase stability (Cho and Noh, 2009; Pulford et al., 2005; Toliver et al., 2015; Martin and Jiang, 2010), as even minor environmental fluctuations can disrupt coherence and reduce quantum state fidelity. Although integration with on-chip platforms offers a promising solution, achieving precise time delays and phase control within compact designs remains a significant challenge (Xiong et al., 2015; Zhang et al., 2018; Thiel et al., 2024). Scaling to multi-photon or higher-dimensional systems introduces further challenges (Yu et al., 2024; Yu et al., 2025), such as maintaining coherence across multiple time bins, managing crosstalk between adjacent bins, and the need for large and complex circuit architectures. Additionally, time-bin encoding in quantum repeater architectures is sensitive to losses during photon transmission or storage, necessitating highly efficient collection mechanisms (Appel et al., 2022). Reliable performance also depends on high-resolution single-photon detectors with minimal timing jitter, as detection inefficiencies can degrade measurement accuracy (Bouchard et al., 2023). Lastly, validating complex time-bin encoded states, especially in higher-dimensional systems, often demands resource-intensive methods such as quantum state tomography or witness operators, adding experimental complexity (Sciara et al., 2019). Nonetheless, advancements in stabilization techniques, detector technologies, and integrated photonics are driving progress toward overcoming these limitations.
This paper reviews the use of two parametric photon sources for time-bin encoding, high index doped silica glass MRRs for photon pair generation via SFWM and periodically poled lithium niobate (PPLN) waveguides for SPDC. These complementary platforms have enabled diverse quantum state generation methods for time-bin encoding. The MRR platform supported pulsed quantum frequency combs for the generation of co- and cross-polarized correlated states, as well as multi-photon time-bin entangled and cluster states with higher-dimensional time-frequency entanglement. To characterize these states accurately, ultrastable fiber-based time-bin analyzers, supported by a bi-chromatic reference signal, were utilized to maintain stability and resolve phase ambiguities inherent in interferometric schemes. The PPLN platform, on the other hand, was used alongside a fiber-based coupled-loop architecture to create a synthetic photonic lattice in the temporal domain, i.e., a temporal photonic lattice. This configuration allowed for the resource-efficient generation of two- and four-dimensional time-bin entangled states, with dynamic control over photon propagation through an optical coupler, establishing a quantum walk architecture. Additionally, the use of on-chip higher-dimensional time-bin analyzers for the generation, processing, and application of time-bin entanglement is discussed, with a particular focus on quantum key distribution. Finally, we review a detection scheme that improved the resolution of time-correlated single-photon counting systems by employing a time-stretch sampling technique via electro-optic modulation, enabling precise temporal measurements. Together, these setups, built with readily available fiber-optic components and commercial photonic sources, represent significant advancements toward practical, scalable and cost-effective quantum photonic technologies for a wide range of applications in the temporal domain.
2 PARAMETRIC PHOTON SOURCES
Engineered photonic sources are essential for generating quantum-correlated and entangled states through parametric processes. The resulting photon pairs obey two fundamental laws: energy and momentum conservation. For SPDC (SFWM), these laws are represented as [image: image] ([image: image]) and [image: image] ([image: image]), respectively, where [image: image] denotes the angular frequency, [image: image] is the wave vector, and the subscripts [image: image], [image: image], and [image: image] correspond to the pump, signal, and idler fields. Momentum conservation, achieved through phase matching, is crucial as it ensures efficient nonlinear frequency conversion between the interacting fields and determines the properties of the photon pairs, including emission angles, polarization, and wavelength. SPDC occurs in non-centrosymmetric materials exhibiting second-order nonlinearity ([image: image]), while SFWM occurs in centrosymmetric materials governed by third-order nonlinearity ([image: image]). Various parametric sources have been realized in dielectrics (Kwiat et al., 1999; Kultavewuti et al., 2017; Shukla and Ghosh, 2020; Sansoni et al., 2017; Montaut et al., 2017; Vallés et al., 2013; Finco et al., 2024), semiconductors (Appas et al., 2021; Sultanov et al., 2022; Zeng et al., 2024), as well as CMOS integrated (Takesue et al., 2008; Takesue et al., 2007; Lv et al., 2013; Zhang et al., 2024) and fiber (Goldschmidt et al., 2008; Smith et al., 2009; Chen C. et al., 2021) based platforms.
In parametric processes, biphotons are emitted coherently at distinct times within the pump coherence period, creating ambiguity in the exact emission time of each pair. This temporal uncertainty, coupled with strict energy constraints that maintain strong spectral correlations, naturally produces energy-time entangled photon pairs (Franson, 1989). The biphoton emission from parametric processes can be described as a superposition of photon number states, where there is a certain probability of generating one or more photon pairs. This means that while single photon-pair generation is most common, there is always a chance of producing multiple photon pairs during each pump excitation. These multi-photon events can introduce noise and degrade the quality of entanglement (Marcikic et al., 2002). To minimize this issue, the probability of generating photon pairs is kept low, with an average of no more than 0.1 signal/idler pairs per pump pulse (or per temporal window over which photons are detected).
Parametric processes are commonly classified into three types: type-0 and type-I, where the signal and idler photons share the same polarization, and type-II, where the photons have orthogonal polarizations. Type-II schemes offer significant advantages for collecting photon pairs in degenerate (where the signal and idler photons have the same energy) configurations, as the photons can be separated by polarization, unlike type-0/I schemes, which rely on 3-dB couplers to split degenerate photons (Tanzilli et al., 2002). Hence, type-0/I schemes are often preferred for generating non-degenerate (where the signal and idler photons have different energies) photon pairs (Friberg et al., 1985). In terms of efficiency, type-0/I processes in established materials like lithium niobate and potassium titanyl phosphate are more effective than type-II processes due to their high nonlinear coefficients. However, recent advances in platforms like aluminum gallium arsenide have demonstrated strong type-II nonlinearities (Appas et al., 2021), making them promising candidates for CMOS-compatible integrated photonic circuits that can inherently generate polarization entanglement. The variety of phase matching options available with parametric photonic sources provides flexibility in designing photon pair sources, allowing optimization based on the specific requirements of quantum experiments or applications.
2.1 Pulsed operation of parametric sources
Pulsed excitation is essential for encoding quantum states and preparing entanglement within discrete temporal domains, time-bin entanglement (Brendel et al., 1999; Marcikic et al., 2002). There are three main methods to develop pulsed excitation schemes. The first method relies on using an unbalanced interferometer to split an incoming laser pulse into multiple pulses with a well-defined time delay. Here, the coherence length of the incoming laser pulse is much greater than the delay between the two pulses, ensuring phase stability. The amplitudes in this case need to be balanced out, which is why active tuning of the splitting components in the interferometer is a crucial requirement. When realized in fiber-optic and free-space platforms, this pumping scheme is typically used to generate lower-dimensional time-bin entanglement, i.e., 2, 3, or 4-dimensions. However, with mature chip-based technologies, the dimensionality of such a pumping scheme have been greatly enhanced, now providing 8-dimensional time-bin entanglement using a cascade of three unbalanced Mach-Zehnder interferometers (Yu et al., 2025). The second excitation scheme utilizes a carved continuous-wave (CW) laser output, achieved through electro-optic modulation, to produce coherent pulses (Islam et al., 2017). This approach simplifies the overall setup by eliminating the need for interferometers in pump preparation, while also enabling efficient integration of pump sources into a compact and integrated design (Shams-Ansari et al., 2022). The third excitation method exploits a sequential pumping scheme (Stucki et al., 2005; De Riedmatten et al., 2004; Zhang et al., 2008), where a train of evenly spaced pulses emitted from a mode-locked laser is used, thus maintaining phase coherence between the pulses (see Figure 1a). This setup generates a more complex quantum state across multiple time bins, extending the concept of time-bin entanglement to higher dimensionalities. It allows for the generation of sequentially entangled photon pairs at much higher clock rates, in the GHz regimes (Zhang et al., 2008). Unlike the other schemes, photon correlations are observed in all time bins, except the first and last bins. An alternative and less commonly used pumping scheme for generating time-bin entanglement utilizes the coherence revival property of multimode continuous-wave laser sources (Kwon et al., 2009). This property allows multimode lasers to exhibit coherent behavior at specific intervals when the longitudinal modes periodically align, determined by the length of the laser cavity. In this scheme, time-bin entangled states are produced with a temporal separation that corresponds to an integer multiple of the coherence revival time of the laser.
[image: Figure 1]FIGURE 1 | Experimental schemes for pulsed excitation of parametric optical sources. (a) Setup includes a bulky mode-locked laser for sequentially pumping a nonlinear optical source to produce photon pair states. PBC, polarizing beam-splitter; PC, Pockels cell; SPD, single-photon detector. Reprinted with permission from Ref (Kaneda et al., 2015). © Optical Society of America. (b) Setup used for the generation of quantum frequency combs using an intra-cavity mode-locked scheme, realized without the use of an external laser. Reprinted with permission from Ref. (Roztocki et al., 2017).
In the case of MRRs, pulsed excitation can lead to the emission of high-quality, spectrally pure, pulsed QFCs, which contribute as valuable resources for multi-photon interference experiments (Silverstone et al., 2015; Faruque et al., 2018; Zhu et al., 2020; Heuck et al., 2019) as well as for implementations of quantum computation, teleportation, and secure communication protocols (Llewellyn et al., 2020; Scott et al., 2019; Bawankar and Singh, 2021; Yao et al., 2018). However, when considering practical and scalable systems, pulsed excitation schemes are often unsuitable due to their reliance on bulky, expensive, and complex external laser sources. To enable the transition of integrated photonic sources like MRRs from laboratory-based environments to real-world scenarios, it is crucial to realize versatile, stable, and low-power approaches for pulsed pumping operations. Addressing this challenge, this review presents a pulsed excitation technique known as the intra-cavity mode-locked scheme, for generating correlated photon pairs using MRRs, eliminating the need for an external laser. The developed scheme offers a scalable means to improve photon generation rates without compromising the device signal-to-noise ratio by leveraging standard components only from the telecommunications and integrated photonics domains.
2.2 Generation of pulsed quantum frequency combs
The experimental setup for the intra-cavity mode-locked architecture is depicted in Figure 1b. The excitation of a MRR to generate pulsed QFCs was accomplished using a nested fiber-loop configuration. The external fiber cavity consisted of an optical gain component, an erbium-doped fiber amplifier, and an active amplitude modulation element to enable pulsed pumping. This approach, known as the intra-cavity mode-locked scheme, allowed for the oscillation of multiple external fiber cavity modes within the resonance bandwidth of the MRR, depending on the fiber-loop length (Roztocki et al., 2017). By applying a modulation signal matching the frequency of the external mode spacing, a phase-locked configuration with a repetition rate corresponding to the modulation frequency was achieved. Notably, this implementation represents the first instance of generating pulsed QFCs without relying on an external laser-based pump source, offering an affordable and practical framework for developing fiber-integrated chip-based quantum photonic resources.
The performance of the mode-locked scheme as a reliable platform for quantum state preparation was evaluated through non-classical measurements performed on the generated photon pairs. Of interest is the operational metric coincidences-to-accidentals ratio (CAR), which quantifies the signal-to-noise ratio in quantum sources. In pulsed schemes, the CAR is determined by taking into account the number of signal/idler coincidence events recorded for the same pump excitation pulse (CC) and the events from different excitation pulses (AC). The coincidences-to-accidentals ratio is given by [image: image], and is highly influenced by the excitation conditions, such as pump power, and the level of noise in the system. A high CAR value of 110 was achieved, highlighting the potential of the mode-locked scheme to reliably generate quantum photonic states while maintaining a simple and energy-efficient implementation. A notable feature of the presented scheme is its flexibility in QFC generation rates obtained by tailoring the modulation frequency, and consequently, the repetition rate of the scheme. This was achieved by simply driving the active amplitude modulation element with harmonic frequencies of the external cavity mode spacing, requiring no modifications to the setup layout. As an additional advantage, the harmonic pulsing of the scheme retained the CAR values (as the energy per pulse remained constant), while enhancing the photon pair generation rates. These results clearly demonstrated the scalability and versatility of the intra-cavity mode-locked scheme, making it suitable for practical architectures and facilitating the commercialization of quantum light sources.
The intra-cavity mode-locked scheme, in conjunction with an external CW laser, was also utilized to generate cross-polarized states (through a type-II SFWM process) (Reimer et al., 2015), where the individual signal/idler modes could be separated via a polarization optical beam splitter. The hybrid bi-chromatic pumping architecture was tailored to independently excite each of the two polarization modes (transverse electric, TE, and transverse magnetic, TM) of the MRR, where cross-polarized photon pairs were generated only when both orthogonally-polarized pump fields triggered SFWM processes. This method ensured that stimulated emissions were suppressed as the resultant frequency bands (which need to be symmetric with respect to the two pump frequencies) did not overlap with the transmission bands of the MRR resonances. Here, a quadratic scaling in the coincidence events (characteristic of SFWM processes) was observed only when the powers of both pump fields were simultaneously increased. The spectral purity and single-photon operation of the platform was evaluated through unconditioned and conditioned second-order autocorrelation function (g(2)) measurements with a Hanbury Brown and Twiss setup (Brown and Twiss, 1956). A high spectral purity value, close to the ideal value of 1, was recorded, indicating the quality of the photonic scheme to generate single-mode quantum states in the frequency domain, a crucial resource for quantum interference experiments (Silverstone et al., 2015; Faruque et al., 2018; Zhu et al., 2020; Heuck et al., 2019). A conditioned g(2)(0) value of 0.26 was also measured, well below the threshold value of 0.5 (Leifgen et al., 2014), signifying non-classical operation of the source. These measured performance metrics underscore the feasibility and practicality of generating cross-polarized photon states using standard telecom-based fiber-optic components and a silicon-based MRR source. Further enhancements to the platform design can be envisioned by incorporating chip-integrated optical elements for spectral filtering and polarization-dependent routing, such as dense wavelength-division multiplexers and polarization optical beam splitters, respectively, for efficient processing of the generated cross-polarized photon states.
3 ENTANGLEMENT
Various quantum photonic applications have been prompted by entanglement, non-classical correlations in multi-partite quantum systems where the state or wavefunction of each particle cannot be described independently without considering the state of the others. Entanglement also serves as a potential resource for scalable and cost-effective quantum technologies (Arrazola et al., 2021; Chen and Segev, 2021), particularly when implemented using integrated architectures. Bell (i.e., maximally-entangled) states (Zhang et al., 2019; Kim et al., 2001) have been successfully prepared and processed using on-chip (Clementi et al., 2023; Bawankar and Singh, 2021; Yao et al., 2018) and fiber-based (Zhu et al., 2012; Chen et al., 2022) platforms. Bell states have also become indispensable for other quantum communication protocols, including quantum state teleportation (Yin et al., 2012; Kim et al., 2001; Pirandola et al., 2015; Luo et al., 2019; Wang and Yan, 2016) and super-dense coding (Barreiro et al., 2008). Unlike single-photon based approaches (Liao et al., 2017; Wang et al., 2013), platforms based on Bell states enable the realization of device-independent communication networks, eliminating the requirement for trusted quantum sources in QKD systems (Slater et al., 2014). Moreover, when combined with the advantages of qudit states, higher-dimensional entanglement-based quantum communication schemes exhibit greater noise resilience compared to standard qubit-based architectures with equivalent dimensionalities (Cozzolino et al., 2019; Ecker et al., 2019).
Entanglement also plays a crucial role in quantum computation tasks, particularly for the implementation of measurement-based (or one-way) quantum computers, which rely on the use of cluster states as a computational resource (Briegel and Raussendorf, 2001; Zhou et al., 2003; Walther et al., 2005a; Raussendorf and Briegel, 2001). Cluster states are a unique class of multi-partite entangled states that exhibit maximal connectedness, which implies that by performing projection measurements on any pair of the cluster state, the remaining qubits/qudits collapse into maximally entangled states pairwise. Furthermore, these states show high persistency of entanglement, meaning, a larger number of projection measurements is required to disentangle cluster states compared to other entangled states having the same number of parties. These properties are at the basis of the computational approach of so-called one-way quantum computers (Raussendorf and Briegel, 2001). Cluster states are used to encode information, which is subsequently read out through projection measurements on individual photon states composing the cluster after specific processing steps. This implies that, despite the complexity involved in generating high-fidelity cluster states, the computing operations (i.e., projections) are relatively easy to implement.
3.1 Pulsed energy-time entanglement–Time-bin entanglement
Time-bin entanglement is a discrete form of energy-time entanglement, where the involved states are defined by distinct, non-overlapping time intervals, allowing for precise control and robustness in applications including quantum key distribution (Chapman et al., 2022; Vagniluca et al., 2020), cryptography (Tittel et al., 2000), teleportation (Sun et al., 2016; Anderson et al., 2020), and computing (Humphreys et al., 2013). In qubit-based architectures, time-bin entanglement is produced by exciting a photon source with two consecutive laser pulses. To ensure a stable phase relationship between the pulses, the coherence length of the pump laser must be significantly longer than the time interval between them. Each laser pulse initiates a nonlinear optical process, SPDC or SFWM, with a certain probability of generating an entangled photon pair. When the system is driven with a very low excitation probability, on average, only one of the two pulses will generate a photon pair. This places the system in a superposition state, excited by either the early or the late pulse. Each photon pair can then be represented as time-bin qubits, where the early temporal mode is denoted by [image: image] and the late mode by [image: image]. A time-bin entangled qubit is expressed as [image: image], where [image: image] represents the relative phase between the two temporal modes. The quality of the entanglement is typically verified through quantum interference and quantum state tomography measurements.
The first realization of time-bin entangled states was demonstrated in (Brendel et al., 1999), using a lithium niobate crystal, to overcome decoherence in polarization-encoded quantum communication over long-distance fibers. A key element for time-bin entanglement is a 1-bit delayed interferometer, often implemented through unbalanced Michelson and Mach-Zehnder interferometers, used as a Franson interferometer (Franson, 1989). The difference between Franson interference in CW laser-pumped energy-time entanglement and pulsed laser-pumped time-bin entanglement is that while the former only requires two-fold coincidence counts, the latter requires a synchronous signal for accurate coincidence measurements. In time-bin entanglement, if only two-fold coincidence counts are recorded, the result is a three-peak histogram, where the first and last time slots correspond to photon pairs traveling through different interferometric paths. The central peak in this histogram includes four types of events: (i) two photons generated in the early bin taking the short paths, (ii) two photons generated in the late bin taking the long paths, (iii) two photons generated in the early bin taking the long paths, and (iv) two photons generated in the late bin taking the short paths. Only the third and fourth events are indistinguishable and can interfere, which results in a maximum interference visibility of 50% for two-photon coincidence measurements. The solution is to introduce a synchronous signal which allows for the splitting of the central peak of the two-photon coincidence histogram into three distinct time slots. The side time slots correspond to the first and second events, while the middle slot corresponds to the indistinguishable third and fourth events, thus raising the theoretical visibility of Franson interference to 100% (Marcikic et al., 2002). The detection probability of the interfered state is described by, [image: image], where [image: image] represents the interference visibility and [image: image] is the phase shift introduced by the interferometer, given by the sum of the signal and idler phases, [image: image]. By measuring the coincidence detection rate as a function of the phase shift ϕ, quantum interference can be observed. The interference visibility is directly related to the degree of entanglement between the photon pairs. High visibility indicates strong phase coherence and robust time-bin entanglement, while reduced visibility suggests the presence of decoherence or system noise, often caused by multi-photon emissions and parasitic processes in quantum systems.
Quantum state tomography (QST) for time-bin entangled qubits is performed using 1-bit delayed interferometers to carry out projection measurements, allowing the reconstruction of the full density matrix of entangled states (Takesue and Noguchi, 2009). To execute QST, various basis states need to be measured, including the time basis, which involves determining whether the photon is in the early or late temporal modes, and the energy basis, which involves measuring superposition states [image: image]​ and [image: image]. These basis measurements can be achieved through projection measurements by applying appropriate phase shifts between the interferometer arms. In total, a minimum of 16 projection measurements are required to reconstruct the complete [image: image] density matrix for a pair of time-bin entangled photons, where each photon is projected onto the states [image: image], [image: image], and [image: image]. Notably, all the necessary projections can be realized using just four combinations of the energy basis for the photon pairs: [image: image], [image: image], [image: image], and [image: image]. Once all the projection measurements are performed, the results are used to reconstruct the density matrix, typically through a maximum likelihood estimation method. This method is used so that the reconstructed density matrix is physical, meaning it is Hermitian, positive semi-definite, and has a unit trace.
3.2 Qubit-based time-bin entanglement analyzers
Franson interferometers (Franson, 1989) for time-bin entanglement analysis have been developed in free-space (Thiel et al., 2024; Jin et al., 2019), fiber (Brendel et al., 1999; Hunault et al., 2010; Ono et al., 2024; Kim et al., 2024; Marcikic et al., 2004; Tittel et al., 1998), and chip-based (Reimer et al., 2016; Ikuta and Takesue, 2018; Finco et al., 2024) architectures. Recently, a fully integrated photonic chip on a lithium niobate-on-insulator (LNOI) platform was demonstrated (Finco et al., 2024), combining entanglement generation and processing on a single chip (see Figure 2a). This device incorporated all essential optical elements, from the photon source to the time-bin analyzers, requiring only an external pump laser and single-photon detectors. In this setup, pulsed laser light was coupled into the chip via focused grating couplers to pump a periodically poled lithium niobate waveguide, which generated photon pairs through SPDC. The photons were separated and processed through separate on-chip Franson interferometers. In each interferometer, the short arm included a variable optical attenuator to balance propagation losses and enhance quantum interference visibility. These attenuators were implemented as Mach-Zehnder interferometers with thermo-optic phase shifters, while additional phase shifters in the delay line adjusted the signal and idler photon phases to enable accurate projection measurements. This design achieved a visibility of 78.1%, limited mainly by chromatic dispersion, with QST measurements showing a fidelity of 91.9%. This integration of time-bin entangled qubit generation and analysis on an LNOI chip is a first, taking advantage of LNOI’s low propagation loss, wide transparency range, and extensive electro-optic bandwidth, making it a promising platform for scalable quantum technologies.
[image: Figure 2]FIGURE 2 | Qubit-based time-bin analyzers. (a) The time-bin analyzer is realized on an on-chip lithium niobate on insulator platform. Reprinted with permission from Ref. (Finco et al., 2024). GC, grating coupler; PPLN, periodically-poled lithium niobate; VOA, variable optical attenuator; [image: image], projection phase; [image: image], signal; [image: image], idler; [image: image], pump; IR, infrared; vis, visible; [image: image], early time mode; [image: image], late time mode. (b) Fiber-based interferometer featuring a bi-chromatic pumping scheme for active stabilization. The frequencies [image: image] and [image: image] correspond to the two reference signals introduced into the interferometer, producing outputs [image: image] and [image: image], respectively, which depend on the applied phase [image: image]. Reprinted with permission from Ref. (Roztocki et al., 2021). (c) Time-bin entanglement scheme using the fiber-based interferometer shown in (b). [image: image], [image: image], and [image: image] are the phases applied to the pump, signal, and idler interferometers, respectively. [image: image] and [image: image] represents the time bins generated from the short and long arms of the interferometer, respectively. Reprinted with permission from Ref. (Reimer et al., 2016).
Commercially available interferometers have been effectively used to generate and characterize time-bin entanglement without active temperature control or feedback (Mueller et al., 2024). Their compact size (providing picosecond temporal separations) and temperature stability allow minimal phase drift, supporting reliable, high-visibility quantum interference in time-bin entanglement analysis. Using a frequency-multiplexed setup with eight time-bin entangled photon pairs, such configurations have achieved entanglement rates in the MHz regime with interference visibilities over 99%, marking a significant step toward practical, high-performance time-bin entanglement applications in quantum photonics.
3.2.1 Ultrastable fiber-based unbalanced Mach-Zehnder interferometer
Accurate measurements of quantum states rely on precise interferometric techniques, necessitating full control and stable operation of unbalanced Mach-Zehnder interferometers (UMZIs). Several approaches have been employed to improve the stability of interferometers (Cho and Noh, 2009; Pulford et al., 2005; Toliver et al., 2015; Martin and Jiang, 2010), with one common technique involving the use of a CW reference laser to extract the interferometric phase (Cho and Noh, 2009; Pulford et al., 2005). However, this approach introduced ambiguities during phase retrieval as the monitored intensity, used to verify the interferometric stability, did not possess a one-to-one mapping with the phase. This means, when the interferometric phase was scanned from 0 to 2π, the recorded intensities showed similar values for various phase settings, e.g., for [image: image] and [image: image]. To address this ambiguity, active tuning of the interferometric delay or the wavelength of the reference laser has been proposed (Roztocki et al., 2021). However, implementing such procedures introduces additional experimental challenges, particularly in cases where synchronization of multiple UMZIs is required for time-bin entanglement characterization. The development of stable and unambiguous phase retrieval techniques remains an ongoing research area, aiming to improve the accuracy and reliability of quantum state measurements in UMZIs.
In (Roztocki et al., 2021), an ultra-stable UMZI scheme was developed, where the ambiguity in phase retrieval was eliminated by using a novel UMZI stabilization approach featuring a bi-chromatic reference signal (see Figure 2b). A single CW laser signal was divided into two fields: one field was left unaltered (in-phase signal), while the other field underwent acousto-optical modulation, inducing an optical frequency shift (quadrature signal). The frequency shift was carefully chosen to introduce a π/2 phase component to the quadrature signal relative to the in-phase signal. By simultaneously monitoring the phase-dependent in-phase and quadrature signals after passing through the UMZI, the bi-chromatic reference signal enabled the accurate determination of interferometric phase values. In the experimental setup, a UMZI with a 4 ns-delay was utilized, resulting in a frequency shift of 188 MHz for the quadrature signal with respect to the in-phase signal. Since the simultaneous measurement of both signals was necessary and commercial spectral filters were unable to separate such closely-spaced frequencies, the quadrature signal was prepared in the orthogonal polarization mode. This allowed for the simultaneous monitoring of both reference signals using a polarization optical beam splitter and two photodiodes. The proposed scheme demonstrated long-term stability, with an Allan deviation of <1.3 × 10-3π rad over a measurement time ranging from 1 ms to 1.2 h. This signified the reliable and ultra-stable operation of the UMZI. Moreover, this approach can be realized with low-intensity light as well as pulsed reference signals (Roztocki et al., 2021), making it a versatile tool for quantum signal processing applications.
3.2.1.1 Generation and processing of multi-photon time-bin entangled qubits
Using the demonstrated ultra-stable UMZIs (Roztocki et al., 2021), time-bin entangled photon states generated from a MRR was prepared and processed (see Figure 2c). The quality of entanglement was verified by quantum interference and QST measurements, enabled via the processing of the signal/idler photon pairs using separate UMZIs with temporal imbalances identical to that of the pump. Two-level quantum interference measurements were performed on five resonance pairs, resulting in raw visibilities exceeding 82%, which on background subtraction revealed values surpassing 93%. These measured interference visibilities exceeded the threshold value of 71% defined by the two-level Bell inequality, confirming the presence of time-bin entanglement for all five signal-idler pairs. QST measurements yielded a fidelity of 96%, and after the entangled state was propagated through a 40-km fiber link, a high fidelity of 87% was measured, indicating that entanglement was preserved even after long distance transmission. This result demonstrated the robustness of the entangled state and its ability to withstand the challenges posed by fiber link transmission.
MRR architectures support operation over multiple modes, enabling the creation of multi-photon entangled states. By selecting two distinct signal-idler photon pairs (([image: image]) and ([image: image])), two-photon qubit states were generated as [image: image] and [image: image]. Post-selecting four-photon events, with one photon in each frequency channel, produced a four-photon time-bin entangled state,
[image: image]
where each term in the ket notation specifies the temporal modes occupied by the photons in the sequence [image: image], [image: image], [image: image], and [image: image]. Generation of this four-photon state required matching the coherence length of both photon pairs to the excitation field’s coherence time, which was inherently satisfied by the MRR’s uniform resonance bandwidths. Four-photon quantum interference measurements yielded a high raw visibility of 89% without compensating for background noise or losses, where high visibilities were achieved across various signal-idler frequencies. A fidelity of 64% was achieved through QST measurements, lowered by noise and measurement imperfections, still consistent with practical non-integrated sources.
3.2.2 Post-selection-free time-bin entanglement analyzers
As previously mentioned, when entangled states pass through 1-bit interferometers, photons are distributed across three time slots, but only the interfered time slot is utilized for entanglement analysis. This is because passive 3-dB beam splitters in unbalanced Mach-Zehnder interferometers separate half of the incoming photons into distinguishable time slots, limiting the quantum interference visibility to 50% and requiring temporal post-selection for optimal visibility. To address this, (Brendel et al., 1999) proposed the use of an active optical switch synchronized to guide the early photon along the long path and the late photon through the short path. The paths were then deterministically recombined with a passive beam splitter, fully utilizing photon detection statistics for interference measurements. Reference (Vedovato et al., 2018) demonstrated this approach by replacing the optical switch with a balanced beam splitter and a fast phase shifter synchronized with the pump, selectively routing photons along specific paths through specific phase settings and improving entanglement measurement efficiency (see Figure 3a).
[image: Figure 3]FIGURE 3 | Post-selection-free time-bin entanglement analyzers. (a) Experimental scheme featuring a balanced Mach-Zehnder interferometer, instead of an optical switch, for selectively routing the time-bin states for optimized quantum interferometric processing using the phase modulator [image: image]. The phase shifts [image: image] and [image: image] are applied to the local interferometers of Alice and Bob, with their interferometric outputs ([image: image]) recorded by detectors labeled [image: image] and [image: image], respectively. Reprinted with permission from Ref. (Vedovato et al., 2018). (b) Experimental scheme comprising a coupled-loop architecture for discrete-time quantum walk implementations, aimed at dynamically routing entangled photons. AOM, acousto-optic modulator; AFG, arbitrary function generator; SHG, second harmonic generation; SPDC, spontaneous parametric down-conversion; PD, photodiode; DWDM, dense wavelength division multiplexing; SNSPD, superconducting nanowire single-photon detector. Reprinted with permission from Ref. (Monika et al., 2024).
An integrated photonics chip was developed to certify time-bin entanglement using a Hug interferometer (Santagiustina et al., 2024), traditionally employed for energy-time entanglement verification (Rossi et al., 2008; Cabello et al., 2009; Lima et al., 2010; Cuevas et al., 2013; Carvacho et al., 2015). This setup represented a novel application of the Hug interferometer, which, in contrast to the traditional Franson interferometer, only required local post-selection on single-photon temporal distributions rather than on the joint temporal distribution of the entangled state. In the Hug scheme, a time-bin entangled photon pair is split and directed into the two inputs of the interferometer, yielding three distinct measurement outcomes. First, when the early photon’s short path aligns with the late photon’s long path, detections occur at the same observer, i.e., a single beam splitter output. These detections, appearing in separate time bins, showed no interference since they result from independent processes. Second, when the early and late photons travel along the short and long paths, respectively, no interference is detected. These detections occur at different observers, corresponding to events from different beam splitter outputs. Only the third outcome reveals two-photon interference, occurring when the early photon takes the long path and the late photon takes the short path, producing detections at both observers. To accurately certify entanglement, post-selection on each observer’s single-photon detection events was implemented to filter out non-interfering coincidences.
3.2.2.1 Temporal photonic lattice based post-selection-free time-bin analyzer
An alternative approach for post-selection-free measurements used temporal photonic lattices (TPLs) (Regensburger et al., 2012) based on discrete-time quantum walks (DTQWs) (Lovett et al., 2010; Jayakody et al., 2023). Here, the time-bin entangled states were generated from a PPLN waveguide (Monika et al., 2024). The complete system employed a fully fiber-based coupled-loop architecture (Schreiber et al., 2010), which enabled the preparation, manipulation, and measurement of time-bin entangled qubits (see Figure 3b). By leveraging the dynamic control of the quantum walk, the setup achieved quantum interference measurements without requiring post-selection, significantly improving detection efficiency. In the TPL framework, the state of a quantum walker (photon) can be described as: [image: image], where [image: image] is the probability amplitude of finding the walker in the mode [image: image]. Here, [image: image] corresponds to the synthetic position, defined by the time bin, and [image: image] ​denotes the coin state, representing the photon’s path through the short or long fiber loops. The evolution of the quantum walker was driven by a unitary operator that combines the action of a coin operator [image: image] (determining the photon’s path) and a shift operator [image: image] (updating the photon’s position in the synthetic temporal lattice). This unitary operator is given by [image: image], where,
[image: image]
The shift operator dictates that the walker moves forward ([image: image]) or backward ([image: image]) in synthetic space (time bins) depending on the coin state (whether the photon takes the long [image: image] or short [image: image] loops). This modeled the time delays introduced by different loop lengths in the fiber setup. The coin operator, which controls the photon’s path choice at each step (or round trips, [image: image], in coupled-loop architectures) of the quantum walk, can be defined as
[image: image]
where the angle [image: image] controls the probability of the photon either being transmitted to the adjacent loop or being reflected back into the same loop. This operator determined the experimental transmission and reflection coefficients of the dynamic coupler in the fiber loops, allowing the creation of superpositions of paths for the quantum walker. The coupler supports three configurations: full reflection ([image: image]; [image: image]), full transmission ([image: image]; [image: image]), and 50:50 beam splitting (Fourier [image: image]; [image: image]) operations. In the DTQW formalism, a time-bin entangled qubit state injected into the short loop can be represented as
[image: image]
where the synthetic positions are [image: image], [image: image], [image: image], [image: image], [image: image]
In a controlled DTQW scheme, post-selection-free quantum interference measurements were performed after two roundtrips of the photon pairs. During the first roundtrip, the coupler was set to transmit ([image: image]) the early photon pair (at synthetic position [image: image]) into the long loop and reflect ([image: image]) the late photon pair (at synthetic position [image: image]) into the short loop. The corresponding unitary operator was,
[image: image]
In the second round trip, the coupler was set to a 50:50 splitting ratio ([image: image]), enabling quantum interference. The unitary operation for this step can be written as,
[image: image]
where [image: image] is the identity over the position space. After two roundtrips, the evolved state was then given by [image: image]. This dynamic tuning eliminated the need for post-selection, significantly reducing photon loss and resulting in more than a three-fold increase in the detected two-photon events compared to an uncontrolled/traditional approach. This scheme resulted in a high quantum interference visibility of 96.8%, exceeding the threshold of 71% for Bell inequality violation (Collins et al., 2002).
Figure 4 illustrates the improved two-photon detection efficiency achieved with post-selection-free time-bin analyzers, compared to the traditional Franson interferometer (Franson, 1989) and the Hug configuration (Santagiustina et al., 2024). Franson-based analyzers (Figure 4b) experience significant photon loss, necessitating extensive post-selection on both single-photon and two-photon detections, see Figure 4e. The Hug configuration, shown in Figure 4c, offers better efficiency, limiting post-selection to local single-photon detections but still incurs a 50% loss (see Figure 4f). In contrast, post-selection-free analyzers fully utilize all coincidence events without the need for post-selection, see Figures 4d, g, simplifying experimental procedures, reducing measurement time, and enhancing scalability for quantum information processing.
[image: Figure 4]FIGURE 4 | Comparison of qubit-based time-bin entanglement analyzers, illustrating the simulated two-photon coincidence distribution across time bins and the impact on entanglement characterization efficiency. (a) Time-bin entangled state generated from a photon pair source, which is then transmitted through an interferometer (b-d) for entanglement verification. The Franson-based analyzer (b) distributes two-photon detections across a central time bin (25% of coincidences) and six side bins (12.5% each), as shown in (e). This results in a 75% coincidence loss and requires post-selection on the central time bin. The Hug configuration (c) improves efficiency by concentrating 50% of coincidences in the central bin and 25% in each of the two side bins as shown in (f). Although post-selection remains necessary, it is limited to local single-photon detections. A conceptual post-selection-free analyzer is shown in (d), which deterministically routes all photons into a single time bin, allowing complete utilization of coincidence events for entanglement characterization without post-selection (see (g)).
3.3 Higher-dimensional time-bin entanglement analyzers
Higher-dimensional time-bin entanglement analyzers are specialized devices designed to measure and process entangled states across multiple temporal modes, extending beyond the binary early-late time-bin encoding commonly used in quantum communication and quantum information protocols. These analyzers are typically implemented using cascaded unbalanced interferometers (Ikuta and Takesue, 2018; Yu et al., 2025), fiber-based interferometers (Thew et al., 2003; Fang et al., 2018) or coupled-loop architectures (Monika et al., 2024), with each stage introducing precise delays matched to specific time-bin separations (see Figures 5a–c). For example, a multi-arm interferometer, incorporating [image: image] optical delay lines and [image: image] optical phase shifters, enables efficient discrimination of a [image: image]-level quantum state’s temporal components, facilitating higher-dimensional Bell-type inequality measurements (Thew et al., 2003). Despite their potential, implementing higher-dimensional time-bin analyzers remains challenging, especially as dimensionality increases. Scalability requires precise control and stability, which become increasingly complex with added dimensions. Nevertheless, higher-dimensional time-bin analyzers offer substantial promise for advanced quantum applications, including higher-dimensional quantum key distribution, quantum error correction, and photonic quantum computing. These analyzers provide a versatile approach for processing quantum information with increased efficiency and security.
[image: Figure 5]FIGURE 5 | Higher-dimensional time-bin entanglement analyzers based on fiber-optics (a) and on-chip (b, c) platforms. CW laser, continuous-wave laser; PPLN w/g, periodically-poled lithium niobate waveguide; BS, beam-splitter; C, circulator; TA and TB, tritters (6-port symmetric couplers) with short (0), medium (1), and long (2) arms, incorporating phases [image: image] and [image: image], used in the measurement stages of Alice and Bob, respectively; tA and tB, time-of-arrival measurements for Alice and Bob, respectively (U)MZI, (unbalanced) Mach Zehnder interferometer; DEMUX, demultiplexer. Reprinted with permission from Ref. (Ikuta and Takesue, 2018; Yu et al., 2025; Thew et al., 2003).
3.3.1 TPL-based higher-dimensional time-bin entanglement analyzer
The temporal photonic lattice (Monika et al., 2024) demonstrated in Section 3.2.2.1 showed scalability to higher-dimensional time-bin entanglement preparation and processing without relying on resource-intensive multiple-arm interferometers. In this work, four-dimensional time-bin entangled photon pairs were generated using a fiber-loop system, bypassing the need for complex setups. In the DTQW framework, the resultant entangled state can be represented as,
[image: image]
To implement quantum interference measurements for two-photon four-level states, two controlled DTQW strategies were used–the inter-roundtrip and intra-roundtrip schemes. The inter-roundtrip scheme involved fixing the coupler configuration within the same roundtrip and tuning it dynamically between roundtrips, while the intra-roundtrip dynamically tuned the coupler both within and between roundtrips. In the inter-roundtrip scheme, the coupler was set to a 50:50 split ([image: image]) in the first two roundtrips, to full reflection ([image: image]) in the third roundtrip, and back to 50:50 ([image: image]) in the fourth roundtrip. After four roundtrips, the evolved state was then given by
[image: image]
where [image: image]. The photons were extracted from the short loop, and the central time bin was post-selected out of seven total bins (typically obtained from four-level entanglement). In the intra-coupler scheme, the central coupler was configured to transmit the first two time bins ([image: image] and [image: image]) into the long loop and reflect the other two ([image: image] and [image: image]) into the short loop. During the second roundtrip, the coupler reflected all four time bins within the loop they occupied in the previous step. In the last two roundtrips, the coupler was set to 50:50 to enable quantum interference. The evolved state can be then given by,
[image: image]
The intra-coupler scheme reduced the number of time bin outputs to three (rather than seven), enhancing interference visibility by increasing the likelihood of overlap within the central time bin. Quantum interference measurements showed that this scheme enhanced coincidence counts by nearly two-fold compared to the inter-roundtrip scheme. Visibility values of 91.5% and 89.6% were obtained for the respective schemes, exceeding the threshold value of 81.7% for violating the Collins–Gisin–Linden–Massar–Popescu (CGLMP) inequality (Collins et al., 2002).
The proposed measurement strategy using TPLs can be theoretically extended to perform quantum interference and optimize detection efficiency for any number of levels (time bins). This approach offers the potential to inspire new designs for TPL systems capable of generating, processing, and detecting entangled modes with arbitrarily high dimensions, while maintaining maximum efficiency. This scalability opens opportunities for advanced quantum information processing and applications that require higher-dimensional entanglement.
3.3.2 Chip-based higher-dimensional time-bin entanglement analyzer
Yu et al. (2025) introduced a scalable integrated photonic platform for generating and processing four- and eight-level time-bin entangled photon pairs. The platform’s core component was a cascade of programmable UMZIs integrated on a CMOS-compatible chip. These UMZIs provided precise control over input laser pulses, splitting them into coherent sequences to create time-bin entangled states via SFWM in a spiral waveguide (see Figure 5c). The system achieved time-bin spacings of 64 ps and 32 ps for four- and eight-level qudits, respectively, supporting processing rates on the order of 10s of GHz, consistent with modern optical communication systems. Notably, the platform maintained constant device loss irrespective of the quantum state dimensionality, an essential feature for scalable quantum systems. Although the UMZI cascade inherently supported scalability, maintaining phase coherence and minimizing losses at higher dimensions posed significant challenges. Despite these limitations, this work provided a robust and practical framework for higher-dimensional time-bin entanglement, offering a pathway toward high-rate quantum communications and highlighting its strong potential for integration into optical networks.
Despite the jitter time of single-photon detectors (∼52 ps) being higher than the spacing between the time bins, it was still possible to resolve the entangled time bins through external temporal gating (Crockett et al., 2022) (see details on this methodology in Section 4). This technique enabled the post-selection of the time-bin modes through electronic gating, yet at the cost of introducing additional losses. The integrated platform, combined with external phase modulation and other fiber components (e.g., spectral filtering), enabled high quantum interference visibility, with measured visibilities of 90.1% and 91.2% for the four- and eight-level entangled states, respectively. These values exceeded the respective thresholds of 81.7% and 89.6% required to violate the CGLMP inequality, confirming the presence of higher-dimensional entanglement and the reliability of the platform.
The platform also demonstrated high quantum information density, a measure of encoding efficiency in the time-frequency space, given by [image: image], where [image: image] is the quantum state dimensionality, [image: image] is the photon number, [image: image] and [image: image] are the time-bin and spectral bandwidths of the state. For the four- and eight-level biphoton states, the quantum information densities achieved were 0.156 and 0.625 per frequency channel with a bandwidth of 200 GHz, respectively, illustrating the platform’s potential for high-data-rate quantum communications. To demonstrate a practical application, a BBM92-like QKD protocol was implemented using the generated four-level time-bin entangled states. The setup directed signal and idler photons to separate detection systems for Alice and Bob, enabling measurements in both the time basis (individual time bins) and the phase basis (superpositions of time bins). The system achieved quantum bit error rates of 10.97% and 13.05% for the time and phase bases, respectively, well below the threshold of 18.93% tolerated by four-level QKD protocols. Over 5 hours of operation, the platform produced an average secret key rate of 2.04 kbit/s, with potential for significant enhancement by mitigating losses from the external gating process required for picosecond temporal detection. To further validate the system’s scalability and practicality, the BBM92 experiment was extended over a 60 km optical fiber link, achieving a raw visibility of 89.3% and a corresponding secret key rate of 37 bits/s. These results demonstrated the platform’s capability for higher-dimensional entanglement generation and quantum key distribution, emphasizing its potential for high-rate quantum secure communication in metropolitan-scale optical networks.
3.4 Extension of time-bin entanglement to complex quantum systems
Cluster states, a class of complex highly-entangled multi-partite systems, serve as essential resources for various applications including one-way quantum computing (Briegel and Raussendorf, 2001; Raussendorf and Briegel, 2001), communication (Schlingemann and Werner, 2001; Cleve et al., 1999; Hillery et al., 1999), and error correction (Schlingemann and Werner, 2001). However, existing experimental methods for generating photonics-based cluster states face limitations in terms of multi-photon generation rates, predominantly due to the probabilistic nature of the parametric processes commonly used for entanglement preparation and of the fusion gate operations needed to produce the cluster states (Walther et al., 2005a; Walther et al., 2005b; Kiesel et al., 2005; Prevedel et al., 2007). A practical solution lies in leveraging hyper-entanglement (Kwiat, 1997), which enables the realization of cluster states using a reduced number of photons. Hyper-entangled states are multi-partite quantum systems that exhibit simultaneous entanglement in two or more independent DoFs (Chen et al., 2007; Vallone et al., 2008; Ciampini et al., 2016) that are experimentally separable, and, hence, measurements performed on one DoF do not impact the other. Furthermore, the use of hyper-entanglement for cluster state generation results in a significant reduction in the size and complexity of the photonic scheme (Reimer et al., 2019). This enhances photon detection rates, which scale with the number of photons [image: image], where [image: image] represents the detection probability.
In (Reimer et al., 2019), four-partite three-level cluster states were generated by harnessing time-frequency hyper-entangled biphoton states. Time-bin entanglement was obtained by exciting a MRR with a sequence of three mode-locked pump pulses, while frequency-bin entanglement utilized three signal-idler resonances corresponding to the MRR’s free spectral range. A necessary condition for achieving time-frequency hyper-entanglement is that the product of the temporal and spectral mode separations exceeds the Einstein-Podolsky-Rosen limit of one, ensuring robust quantum correlations (Franson, 1989). Satisfying this condition enabled the realization of four-partite three-level hyper-entangled states in the time and frequency domains. To transform this hyper-entangled state into a cluster state, specific phase factors were applied to certain frequency components using a custom-designed controlled-phase (C-phase) gate. This gate employed fiber-optic elements, including an array of six fiber Bragg gratings (FBGs) that matched the resonances of the signal-idler photons and an electro-optic phase modulator (see Figure 6). The spectral modes of the hyper-entangled state were reflected through the FBG array to perform frequency-to-time mapping. The phase modulator then introduced the desired phase factors to the frequency components, and the state was returned to the FBG array for the inverse mapping. This process successfully yielded the target cluster state, which was subsequently employed in a proof-of-principle demonstration of higher-dimensional one-way quantum operations. For further details on the generation and application of the cluster state, readers are directed to (Reimer et al., 2019).
[image: Figure 6]FIGURE 6 | Controlled phase gate, comprising Fiber Bragg mirrors and an electro-optic modulator, utilized for transforming hyper-entangled states into four-partite three-dimensional cluster states. Adapted from Ref. (Reimer et al., 2019).
To address the impracticality of QST for validating the genuine four-partite, three-level entanglement of the generated cluster state, a more efficient approach using witness operators was employed (Sciara et al., 2019). A witness operator, [image: image], is a Hermitian observable designed to estimate the degree of overlap between the measured and the ideal quantum state, as well as to determine the presence of entanglement. Importantly, the expectation value of [image: image] is non-negative for all separable states and becomes negative for specific entangled states, providing a clear criterion for entanglement verification (Tichy et al., 2011; Horodecki et al., 1996; Tóth and Gühne, 2005; Knips et al., 2016). In this study, universal witness operators were formulated, enabling entanglement characterization with a significantly reduced number of measurements compared to QST. A detailed theoretical approach for this method can be found in (Sciara et al., 2019). Using a set of specific projection measurements (for detailed information, see (Reimer et al., 2019)), the expectation value of [image: image] was determined with only 648 measurements, as opposed to the [image: image] measurements required for full QST. The computed expectation value, [image: image], confirmed the presence of genuine four-partite three-level entanglement in the biphoton cluster state. This efficient validation method highlighted the practicality of using witness operators for complex high-dimensional quantum states.
4 DETECTION
Time-correlated single-photon counting (TCSPC) is crucial for accurately measuring time delays between single photons and a reference clock, enabling applications such as time-of-flight imaging (Barwicz et al., 2015; Torricelli et al., 2014; Gariepy et al., 2015; Shin et al., 2016; Rehain et al., 2020; Rapp et al., 2020), microscopy (Bruschini et al., 2019), fluorescence lifetime spectroscopy (Masters, 2014), and quantum information processing (Reimer et al., 2019; Lu et al., 2018; Zhang et al., 2015; Dixon et al., 2008; Lo et al., 2014; Valencia et al., 2002). In quantum processing, precise measurement of single-photon time differences relative to a reference determines how densely information can be encoded and retrieved over a quantum communication channel (Reimer et al., 2019; Lu et al., 2018; Zhang et al., 2015; Dixon et al., 2008; Lo et al., 2014). Additionally, the time delay distribution between joint detections of entangled photon pairs is critical for reconstructing the biphoton wavefunction (Valencia et al., 2002).
However, single-photon detectors often struggle with temporal resolution due to timing jitter. Recent advancements in superconducting nanowire single-photon detectors (SNSPDs) have achieved remarkably low jitter, down to 3 ps (Korzh et al., 2015), while commercial models typically reach 15 ps – 50 ps. However, SNSPDs require cryogenic cooling, making them impractical for many applications. On the other hand, single-photon avalanche diodes operate at room temperature and provides similar resolutions in the visible spectrum, but they perform less effectively in the near-infrared. To enhance resolution, nonlinear optical processes (Rehain et al., 2020; MacLean et al., 2018a; MacLean et al., 2018b; Allgaier et al., 2017; Kuzucu et al., 2008; Dayan et al., 2004; Lukens et al., 2014) have been exploited, achieving up to 1,000 times better resolution. However, this approach is complex and energy-intensive, making integration into compact systems challenging. Electro-optic methods (Mittal et al., 2017; Donohue et al., 2016; Harris, 2008; Belthangady et al., 2009; Lukens et al., 2015) offer modest enhancements, approximately 10 times, and are better suited for fiber and micro-optic applications, yet they remain limited in flexibility and application.
Bouchard et al. (2023) presented an experimental scheme for measuring ultrafast time-bin qudits, focusing on up to four dimensions, using compact and efficient techniques. Time-bin states were encoded in the picosecond timescale, with a bin separation of 2.6 ps, leveraging the small temporal spacing to enable compact UMZIs. The measurement system utilized birefringent crystals, α-barium borate (BBO), to introduce controlled group delays between orthogonal polarization states. This approach ensured intrinsic phase stability as all interferometric paths were maintained in a single spatial mode. The experimental setup employed two stages of nonlinear interaction for ultrafast polarization switching via cross-phase modulation induced by strong pump pulses. Specific time bins were selected and rotated in polarization, followed by recombination using BBO crystals. Temporal separation between bins was increased at each stage using polarization delays with path differences corresponding to nanosecond-scale shifts. This cascade of ultrafast interactions translated picosecond-separated time bins into nanosecond-scale intervals, compatible with standard single-photon detectors. This methodology effectively reduced the physical size of UMZIs to a few hundred micrometers, enhancing phase stability and compactness. The system achieved robust temporal separation of states while maintaining high fidelity in both computational and superposition bases measurements. The approach demonstrated a scalable framework for the precise manipulation and measurement of ultrafast time-bin qudits, paving the way for advancements in higher-dimensional temporal state manipulation.
4.1 Quantum optical sampling scope for ultrafast detection
Crockett et al. (2022) presented a technique aimed at improving the temporal resolution of single-photon detectors, making it applicable for TCSPC. The method utilized telecom-based electro-optic technology, specifically fiber-integrated intensity modulators and a commercial arbitrary waveform generator (AWG), to accurately resolve photon distributions with sharp temporal features, even when using detectors with lower temporal resolution. SNSPDs which showed a distorted instrument response function (IRF) extending over 1 ns were used, to resolve features as fast as 60 ps.
The concept is based on the electro-optic sampling time-stretch method used for ultrafast classical optical fields (Kanada and Franzen, 1986; Nikles et al., 1995), see Figure 7a, but adapted for single-photon waveforms. This method employed a periodic input signal with a temporal duration of [image: image], which was divided into [image: image] intervals using an electro-optic gate with width [image: image] and period [image: image]​ (defined as [image: image]). This created a stretched waveform, where a larger [image: image] resulted in greater stretching. The output signal duration, [image: image]​, corresponded to a stretch factor of [image: image]​. This method improved the sampling resolution of slower detectors based on the degree of stretching. The achievable stretch factors were constrained by the gate width [image: image]​, which was limited by the bandwidth of the AWG. Although this method significantly enhanced temporal resolution, it also increased acquisition times–a typical limitation of gating-based techniques. Nevertheless, an interleaved sampling approach (see Figure 7b) can mitigate the required integration time by sampling multiple segments of the temporal waveform within a single period [image: image], improving efficiency for high time-bandwidth product (TBP) signals. The versatility of the technique was demonstrated by resolving various single-photon waveforms, including exponential decays and double-pulse signals that slow detectors could not directly detect. Using a stretch factor of [image: image], the system retrieved an exponential decay profile with high fidelity, achieving a Pearson correlation of 0.98, in contrast to 0.83 for the raw SNSPD response. Interleaved sampling was also utilized to recover a high-TBP data signal, demonstrating the method’s capability to manage high-speed waveforms. For instance, a pseudo-random bit sequence signal at 10.8 Gb/s was successfully recovered with a stretch factor of [image: image], achieving a correlation coefficient of 0.93 compared to just 0.51 without sampling.
[image: Figure 7]FIGURE 7 | Time-stretch technique implemented by periodically sampling the signal under test (SUT): (a) basic concept, (b) interleaved approach. Adapted from Ref. (Crockett et al., 2022). The variables are defined in the main text of Section 4.
Additionally, the electro-optic gating method was applied to measure a biphoton waveform generated through SPDC, achieving a resolution 15 times better than the detection system’s IRF. To obtain the desired biphoton temporal signal with features of approximately 100 ps, two frequency bins were filtered using a programmable Waveshaper and group velocity dispersion (GVD) was introduced through a single-mode fiber. This procedure mapped the spectral information to the time domain, producing a double-pulse biphoton waveform. The electro-optic gating system scanned the signal and idler waveforms simultaneously, with a stretch factor of [image: image] and a gate width of 98 ps, enabling the reconstruction of a 2D biphoton distribution that revealed the detailed double-pulse structure. Without the sampling technique, the 2D biphoton distribution, measured directly from the SNSPDs, showed no discernible features due to the broad IRF of the detectors. The technique also allowed for the observation of nonlocal dispersion cancellation (NDC) (Franson, 1992), a quantum phenomenon where applying opposite dispersion to the signal and idler photons cancels temporal broadening despite the photons being spatially separated. By applying different amounts of GVD to the biphotons, the NDC effect was demonstrated. The unsampled detection system could not resolve the dispersion-induced features, but the sampled waveforms revealed the expected biphoton distributions, with temporal resolutions of 98 ps.
Overall, the quantum optical sampling scope provided a simple and scalable solution to improve the resolution of single-photon detectors and enable the measurement of ultrafast quantum optical signals (refer to the experimental implementation in Section 3.3.2). By integrating off-the-shelf components and adapting classical optical techniques for quantum applications, the method enabled high-precision measurements. It offered practical advantages, as it could be integrated on-chip with modulation speeds greater than 100 GHz (Kharel et al., 2021; Benea-Chelmus et al., 2018; Burla et al., 2019), potentially achieving resolutions below 10 ps. These results showcased the ability of electro-optic sampling to resolve fine temporal details in biphoton waveforms, significantly improving resolution and allowing for the measurement of quantum phenomena like NDC that are otherwise unresolvable with conventional detection systems.
5 DISCUSSION AND CONCLUSION
The adoption of integrated, CMOS-compatible quantum platforms for the generation of non-classical photonic states, combined with the use of commercially available fiber-optic components for their coherent processing, offers simple, low-footprint, and practical solutions to extend the application of quantum technologies on a global scale. In the field of quantum communication, polarization-encoded photon states (two-level schemes) have enabled practical demonstrations of space-to-ground quantum secure communication (Yin et al., 2017; Liao et al., 2017); however, only proof-of-concept quantum communication protocols have been implemented in the domains of time- and frequency-entanglement (two- and high-level schemes). The presented chip- and fiber-based architectures utilized for the generation, routing, and processing of various quantum photonic states encoded in the time domain (Roztocki et al., 2017; Reimer et al., 2015; Reimer et al., 2016; Reimer et al., 2019; Roztocki et al., 2021) provide compact, robust, and cost-effective schemes for the development of scalable technologies. The demonstrated higher-dimensional entanglement opens up promising avenues for utilizing time-bin encoded photon states in QKD, representing a competitive alternative to polarization- (Chen Y-A. et al., 2021; Takenaka et al., 2017; Sit et al., 2017), spatially- (Lo Franco and Compagno, 2018; Nosrati et al., 2020; Sun et al., 2020), and time- (Zhang et al., 2021) encoded counterparts for long-distance secure quantum communication applications. Additionally, to achieve transmission rates matching telecommunication standards and enable GHz speeds, multiplexing schemes with various independent sources (Pan et al., 2012) can be implemented.
Time-bin encoding has also been employed in hybrid quantum systems, combining the resilience of photonic states for long-distance transmission with the storage and processing capabilities of matter-based systems (Kimble, 2008; Sangouard et al., 2011). This approach has been successfully demonstrated in quantum dots, atomic ensembles, and nanophotonic systems (Appel et al., 2022; Yu et al., 2015; Farrera et al., 2018; Sun et al., 2022). Despite its potential,​​ challenges remain, including managing photon indistinguishability, optimizing readout efficiencies, and mitigating noise from spin decoherence and multi-photon emissions. Advances such as magnetic field control to improve dephasing and coherence in atomic ensembles​ (Farrera et al., 2018) as well as optimized light-guiding technologies through photonic crystal waveguides for enhanced photon extraction efficiency​ (Appel et al., 2022) have significantly improved fidelity and scalability in entanglement generation and processing. Looking forward, time-bin hybrid encoding offers exciting possibilities for quantum repeaters and distributed quantum networks (Sun et al., 2022), with ongoing research aiming to optimize photon-matter interfaces and integrate diverse quantum systems into robust, scalable platforms.
In the field of quantum computation, the use of complex entangled photon states represents an important milestone for photonic platforms, although progress in this area has been limited. Tackling this, we reviewed an approach that was developed for time- and frequency-entangled quantum systems (Reimer et al., 2019), which can also be potentially extended to other degrees of freedom such as optical path (Rossi et al., 2009; Schaeff et al., 2012; Wang et al., 2018) and orbital angular momentum (Mair et al., 2001; Jennewein et al., 2000). Furthermore, the precise measurement of single-photon time differences relative to a reference pump laser is essential for dense information encoding and retrieval in time-bin quantum communication, while the time delay distribution between entangled photon detections is crucial for reconstructing biphoton wavefunctions. We review here a time-stretch sampling technique that significantly enhances the temporal resolution of single-photon detectors, improving the accuracy of time-correlated measurements. A notable advantage of the reported photonic schemes is the simplicity and ease of photon processing techniques enabled by off-the-shelf fiber-based components for quantum state measurements. The platforms discussed in this review represent a promising step towards the development of scalable, user-friendly, and affordable quantum photonic technologies for large-scale deployment on a global scale.
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