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            Abstract
Integrated femtosecond pulse and frequency comb sources are critical components for a wide range of applications, including optical atomic clocks1, microwave photonics2, spectroscopy3, optical wave synthesis4, frequency conversion5, communications6, lidar7, optical computing8 and astronomy9. The leading approaches for on-chip pulse generation rely on mode-locking inside microresonators with either third-order nonlinearity10 or with semiconductor gain11,12. These approaches, however, are limited in noise performance, wavelength and repetition rate tunability 10,13. Alternatively, subpicosecond pulses can be synthesized without mode-locking, by modulating a continuous-wave single-frequency laser using electro-optic modulators1,14,15,16,17. Here we demonstrate a chip-scale femtosecond pulse source implemented on an integrated lithium niobate photonic platform18, using cascaded low-loss electro-optic amplitude and phase modulators and chirped Bragg grating, forming a time-lens system19. The device is driven by a continuous-wave distributed feedback laser chip and controlled by a single continuous-wave microwave source without the need for any stabilization or locking. We measure femtosecond pulse trains (520-femtosecond duration) with a 30-gigahertz repetition rate, flat-top optical spectra with a 10-decibel optical bandwidth of 12.6 nanometres, individual comb-line powers above 0.1 milliwatts, and pulse energies of 0.54 picojoules. Our results represent a tunable, robust and low-cost integrated pulsed light source with continuous-wave-to-pulse conversion efficiencies an order of magnitude higher than those achieved with previous integrated sources. Our pulse generator may find applications in fields such as ultrafast optical measurement19,20 or networks of distributed quantum computers21,22.
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                    Fig. 1: Concept of electrical synthesis of optical pulses via a time-lens system.[image: ]


Fig. 2: Femtosecond pulse generator via an integrated lithium niobate chip-based electro-optic time lens.[image: ]


Fig. 3: Wavelength multiplexed, flat-top, high power electro-optic comb sources.[image: ]


Fig. 4: Integrated time-lens system with a dispersive waveguide on thin-film lithium niobate.[image: ]


Fig. 5: Fully integrated femtosecond-pulse generator.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 The electro-optic response of the amplitude modulator on the time-lens chip.
The response is measured and calculated based on the S21 of the VNA and the calibration of the fast photodetector and radio-frequency (RF) cables, when the AM is biased at the quadrature point and under small signal modulation (top). The electro-optic S21 response of the AM indicates a 3-dB bandwidth of >45 GHz (bottom). Since the impedance mismatch results in a shape fall off in the response at near d.c. frequencies, the electro-optic S21 is often referenced to an RF frequency (2 GHz in our case). MZI: the Mach–Zehnder interferometer; AM: amplitude modulator; PM: phase modulator; EDFA: erbium-doped fibre amplifier; PD: photodetector; VNA: vector network analyser.


Extended Data Fig. 2 Characterization of the half-wave voltage (Vπ) of the ‘recycling’ phase modulator.
a, The experimental set-up for characterizing Vπ. The optical spectra are recorded as we sweep the RF frequency from 2 to 40 GHz at a step of 50 MHz. Vπ is extracted based on the pump power depletion in the optical spectrum, which is determined by the magnitude squared of the zeroth-order Bessel function |J0(β)|2, where β = πV/Vπ and V is the driven voltage. b, The extracted Vπ as a function of the RF frequency. c, The Vπ around 30.1 GHz, which shows the lowest Vπ of 2.5 V at 30.1 GHz. The 3-dB power bandwidth, corresponding to \(\sqrt{2}\,{V}_{{\rm{\pi }}}\), is 1.4 GHz (29.4 to 30.8 GHz). d, The frequency period of the Vπ (free spectral range = 2.84 GHz). It is determined by 1/τ, where τ is the optical delay time from the first ground-signal (GS) pair to the second GS pair in the phase modulator. e, The Vπ at each resonant RF frequency. In the experiment, we operate at 10.075 and 30.135 GHz, which correspond to 2.2 and 2.5 V, respectively. The results are in good agreement with the theory, which is based on the measured RF properties (index, loss, impedance) and optical group refractive index. OSA, optical spectral analyser.


Extended Data Fig. 3 Numerical simulation of the optical spectrum and the temporal pulses of the time-lens output.
The optical spectrum (left) shows a 10-dB optical bandwidth of 12.5 nm, and the temporal pulse shows a FWHM of 526 fs after compression (right), which is in excellent agreement with the experimental results in Fig. 2d at 30.135 GHz. In the simulation, the dispersion medium used is the single-mode fibre (SMF-28) with a length of 59 m. The temporal-domain behaviour shows a pulse compression factor of 31.5 before and after the dispersion operator. a.u., arbitrary units.


Extended Data Fig. 4 Autocorrelator trace of wavelength multiplexed pulse sources.
The experimental trace is obtained from the intensity autocorrelator when two pulse trains are simultaneously synthesized using two continuous-wave lasers at wavelengths of 1,543.75 and 1,556.83 nm, corresponding to Fig. 3a.


Extended Data Fig. 5 Four-wave mixing in HNLF using the pulse train as the pump and a continuous-wave laser as the probe.
a–e, Five optical spectra are recorded when the time-lens pulse train at 1,549 nm is sent to the HNLF along with a continuous-wave (CW) laser at wavelengths of 1,600, 1,620, 1,640, 1,660, and 1,680 nm (a–e), respectively. In addition to the nonlinear broadening around the pump wavelength, mini-comb spectra are generated around the wavelength of the continuous-wave laser due to the cross-phase modulation (XPM) from the high-peak-power pulses. Four-wave mixing (FWM) between the pulse pump and the continuous-wave laser probes results in broad comb spectra at the idler wavelength on the lower wavelength side of the pump. The broadest conversion bandwidth is around 40 nm when the continuous-wave laser is at 1,640 nm.


Extended Data Fig. 6 Stability measurement of the 30-GHz electro-optic comb spectrum over 3.5 h at a time step of 30 s.
Both power and the optical spectrum are recorded. a, The output comb power (top) and the standard deviation of the central 20 comb lines’ power (bottom) as a function of time. The output comb power features a periodic variation every 20 min (dips) due to the slow and periodic mechanical misalignment between the lensed fibre and chip facets. The stable operation of the optical spectrum on chip is verified by excellent spectral flatness during this time period as well as the flat-top optical spectra (b) at each randomly sampled point labelled in a.


Extended Data Fig. 7 Characterization of the on-chip chirped Bragg grating.
a, Experimental set-up. The device is measured using a tunable continuous-wave laser and a circulator. b,c, The reflection and transmission spectrum of a 2.5-mm Bragg grating. The grating 3-dB bandwidth is 1,544–1,573 nm, which covers the optical bandwidth of the time lens output in Fig. 2 (shaded). The transmission within the bandwidth is limited by our detector noise floor. d, The optical spectrum of the time lens after reflection from the grating. The spectrum in Fig. 2 was used as an input to the grating. e, The extracted fringe period from b and the group delay as a function of wavelength. The fringe is a result of the Fabry–Pérot cavity effect due to the reflection between input facet and grating. The slope of the group delay indicates a total dispersion value of 1.62 ps nm−1. f, The insertion loss as a function of wavelength, extracted from the reflection spectrum and laser input power spectrum. Since the wavelength can be mapped to the physical propagation distance in the grating device, the propagation loss is fitted to be 0.033 dB mm−1.


Extended Data Table 1 Performance comparison with literature on electro-optic-based time lensFull size table


Extended Data Table 2 Comparison with other integrated pulse source technologiesFull size table





Supplementary information
Supplementary Information
The file contains information of the supplementary methods, including the design and characterization of the waveguide crossing (Supplementary Fig. 1) and inverse taper (Supplementary Fig. 2) in the time-lens chip, the time-lens pump spectrum for the four-wave-mixing experiment in a highly nonlinear fibre (Supplementary Fig. 3), and the characterization of the dispersion-engineered waveguide for pulse compression (Supplementary Figs. 4 and 5). There are five Supplementary figures in total.
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