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            Abstract
Implementations of artificial neural networks that borrow analogue techniques could potentially offer low-power alternatives to fully digital approaches1,2,3. One notable example is in-memory computing based on crossbar arrays of non-volatile memories4,5,6,7 that execute, in an analogue manner, multiplyâ€“accumulate operations prevalent in artificial neural networks. Various non-volatile memoriesâ€”including resistive memory8,9,10,11,12,13, phase-change memory14,15 and flash memory16,17,18,19â€”have been used for such approaches. However, it remains challenging to develop a crossbar array of spin-transfer-torque magnetoresistive random-access memory (MRAM)20,21,22,Â  despiteÂ the technologyâ€™s practical advantages such as endurance and large-scale commercialization5. The difficulty stems from the low resistance of MRAM, which would result in large power consumption in a conventional crossbar array that uses current summation for analogue multiplyâ€“accumulate operations. Here we report a 64Â Ã—Â 64 crossbar array based on MRAM cells that overcomes the low-resistance issue with an architecture that uses resistance summation for analogue multiplyâ€“accumulate operations. The array is integrated with readout electronics in 28-nanometre complementary metalâ€“oxideâ€“semiconductor technology. Using this array, a two-layer perceptron is implemented to classify 10,000 Modified National Institute of Standards and Technology digits with an accuracy of 93.23 per cent (software baseline: 95.24 per cent). In an emulation of a deeper, eight-layer Visual Geometry Group-8 neural network with measured errors, the classification accuracy improves to 98.86 per cent (software baseline: 99.28 per cent). We also use the array to implement a single layer in a ten-layer neural network to realize face detection with an accuracy of 93.4Â perÂ cent.
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                    Fig. 1: MRAM crossbar array.[image: ]


Fig. 2: Characterization of the MRAM crossbar array.[image: ]


Fig. 3: Classification of 10,000 MNIST handwritten digits with a two-layer perceptron neural network.[image: ]


Fig. 4: Face detection for always-on sensing applicationsÂ in edge devices.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Conventional memory crossbar array for ANN computing.
a, Conventional memory crossbar array to perform analogue vectorâ€“matrix multiplication. b, Vectorâ€“matrix multiplication is prevalent in ANN computing: it is used to transfer data from a layer to the next.


Extended Data Fig. 2 MTJ write/read operation.
a, For each column, two write/read data lines were added with access switches. b, Example of write operation. c, Example of read operation.


Extended Data Fig. 3 Estimated R from data-dependent delay and associated error.
Estimated RÂ =Â Ï„/C calculated from equations (3) and (5) versus true R calculated from equation (4) for a broad variety of IN vectors, with WÂ =Â RH for the entire column.


Extended Data Fig. 4 Error distribution after digital offsets.
Error distribution modified from Fig. 2d after applying digital offsets to select columns.


Extended Data Fig. 5 Performance with varying conditions.
a, Measured power efficiency and mean absolute error of the dot products as a function of the supply voltage of the TDC readout electronics for an 11.1Â MHz operating frequency. b, Measured power efficiency and mean absolute error of the dot products as a function of the operating frequency for a 1.0Â V supply voltage for the TDC readout electronics. For both a and b, each mean absolute error is obtained from 1,600 dot products as in Option 1 in Extended Data Table 1, except for the mean absolute error in the case of the 1.0Â V TDC readout supply and the 11.1Â MHz operating frequency, for which the error is calculated from ~4 million dot products (this Option 2 in Extended Data Table 1).


Extended Data Fig. 6 Measurement set-up.
a, Evaluation board containing voltage regulators, clock generators, an MCU and the MRAM crossbar array chip. b, The MCU communicates with the PC via USB.


Extended Data Fig. 7 Distribution of dot product errors.
a, NCÂ =Â 1 and NÎ”Â =Â âˆ’16 data group. b, NCÂ =Â 1 and NÎ”Â =Â 16 data group.


Extended Data Table 1 Measured performance summaryFull size table





Supplementary information
Supplementary Video 1
This video demonstrates a real-time face detection using the system of Fig. 4c, including a webcam. The stream of images captured by the webcam are shown on the bottom left. When a face appears, the neural network detects it and a smile icon shows on the top left. As the face disappears, the neural network recog-nizes it and the smile icon disappears. The graph on the bottom right shows the dissipated power in the four MRAM crossbar arrays combined. The 10-layer VGG-like neural network model used here is shown on the top right, where the 7th convolutional layer is realized by using 4 MRAM crossbar arrays.
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