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            Abstract
Accurate three-dimensional (3D) imaging is essential for machines to map and interact with the physical world1,2. Although numerous 3D imaging technologies exist, each addressing niche applications with varying degrees of success, none has achieved the breadth of applicability and impact that digital image sensors have in the two-dimensional imaging world3,4,5,6,7,8,9,10. A large-scale two-dimensional array of coherent detector pixels operating as a light detection and ranging system could serve as a universal 3D imaging platform. Such a system would offer high depth accuracy and immunity to interference from sunlight, as well as the ability to measure the velocity of moving objects directly11. Owing to difficulties in providing electrical and photonic connections to every pixel, previous systems have been restricted to fewer than 20 pixels12,13,14,15. Here we demonstrate the operation of a large-scale coherent detector array, consisting of 512 pixels, in a 3D imaging system. Leveraging recent advances in the monolithic integration of photonic and electronic circuits, a dense array of optical heterodyne detectors is combined with an integrated electronic readout architecture, enabling straightforward scaling to arbitrarily large arrays. Two-axis solid-state beam steering eliminates any trade-off between field of view and range. Operating at the quantum noise limit16,17, our system achieves an accuracy of 3.1Â millimetres at a distance of 75Â metres when using only 4Â milliwatts of light, an order of magnitude more accurate than existing solid-state systems at such ranges. Future reductions of pixel size using state-of-the-art components could yield resolutions in excess of 20Â megapixels for arrays the size of a consumer camera sensor. This result paves the way for the development and proliferation of low-cost, compact and high-performance 3D imaging cameras that could be used in applications from robotics and autonomous navigation to augmented reality and healthcare.
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                    Fig. 1: Solid-state 3D imaging architecture.[image: ]


Fig. 2: Receiver FPA design.[image: ]


Fig. 3: Receiver electro-optic performance.[image: ]


Fig. 4: Characterization of 3D imaging system.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Thermo-optic switching tree demonstration.
a, The thermo-optic switches consist of a Machâ€“Zehnder interferometer with an electrical heater on each arm. b, Tuning curve for a single thermo-optic switch, showing optical power in the two outputs as a function of applied heater power. The use of two heaters allows the average electrical power consumption per switch to be halved. c, Output power distribution of the 1Â Ã—Â 16 transmitter switching tree for all switch settings, demonstrating clean switching. Output power was monitored using a set of monitor photodiodes at the output of the switching tree. d, On and off transients for a representative thermo-optic switch, demonstrating 90â€“10% switching times of 9.1Â Î¼s and 12.1Â Î¼s, respectively. Owing to minor thermal crosstalk between switches, the switching transients are not perfect decaying exponentials.


Extended Data Fig. 2 Transmitter (TX) and receiver (RX) synchronization and readout architecture.
a, The transmitter steers light through a four-level tree of 1Â Ã—Â 2 switches to feed the FPA of 16 output grating couplers. Each leaf contains a fractional tap-and-monitor photodiode enabling electronic calibration of the tree. b, The receiver array is divided into eight blocks of 64 pixels. Imaging an eight-pixel column requires both steering the LO light to the block and enabling the associated electronics (pixel column and row buffer amplifiers). Signals from the active pixel column are driven by eight output amplifiers for parallel readout. c, Several levels of multiplexing are used to map 512 pixels down to eight output channels. An active receiver block has one active pixel per row, with the other, disabled, pixels within the row presenting high output impedance (no drive strength). The row buffers are similarly passively multiplexed between the blocks. The eight drivers are always activated during readout. d, Timing diagram showing synchronization between the optical switching trees (transmitter and receiver) and the electrical readout circuitry.


Extended Data Fig. 3 Free-space optics schematic of the demonstration system.
Much of the complexity in the optical system is to match the receiver and transmitter FPAs, which can be corrected in the future by adjusting the chip layouts. For inexpensive consumer versions of the system, the Faraday rotator and polarizing beamsplitter could be replaced by a 50â€“50 beamsplitter, at the cost of a fourfold reduction in signal strength. Although it is possible to implement this experiment using a single chip for both transmit and receive functions, we have used two identical chips acting as the transmitter and receiver, respectively, to simplify the experimental set-up.


Extended Data Fig. 4 Far-field infrared camera images of transmitter steering.
a, Images of several representative steering positions. The receiver fields of view corresponding to the 16 steering positions are indicated by the dashed lines, with the currently active block indicated by a solid outline. The light from the active transmit grating is first slightly defocused to completely illuminate the active block, and then structured by the microlens array. Owing to this defocusing and the soft edges of the beam, a small fraction of the transmitted light falls outside the active block. b, A zoomed-in image showing the structured illumination pattern produced by the microlens array. The locations of the bright spots coincide with the receiver pixel grating couplers.


Extended Data Fig. 5 Additional characterization of system performance.
a, Imaging contrast measured using retroreflective sheeting. Our system achieves >25Â dB contrast for a one-pixel displacement, >50Â dB contrast for a four-pixel displacement, and reaches the system noise floor thereafter, illustrating the excellent pixel-to-pixel isolation in our system. Here, the error bars represent the standard error. b, Depth precision and detection probability as a function of distance for a 44% reflectance target. The error bars on the depth precision represent the 95% confidence intervals. c, d, Single-chirp (c) and multi-chirp (d) FMCWÂ waveforms, used for measuring slow and fast objects, respectively. e, f, Measured velocity as a function of rotation rate for a 30-cm-diameter styrofoam cylinder at a distance of 17Â m using single-chirp (e) and multi-chirp (f) waveforms, with error bars indicating the standard deviation.
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