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This paper describes a 3D Integrated Circuit (3D-IC) architecture of a burst image sensor (BIS) with embedded digitization and digital storage. This architecture also proposes a new technique to increase both the frame rate and the stored image capacity at the cost of a spatial resolution reduction. A 2D monolithic demonstrator that takes into account the constraints of a future 3D-IC imager has been fabricated. Experimental results are presented showing that a frame rate from 5 up to 45 Mega frames per second can be achieved. This fully functional approach paves the way to the very first digital BIS.

I. INTRODUCTION

Conventional video systems extract data from the image sensor at each frame and store it into an external memory for post processing or display. The constrained number of Input/Output (I/O) pads of the sensors limits the pixel readout rate to about 25 Gpixel/s for the fastest currently available video camera [1]. The Burst Image Sensor (BIS) approach circumvent the I/O issue by storing the video stream in the sensor at a very high data rate during the acquisition and readout them afterward at a relaxed speed. At this time, published BIS achieved a pixel rate of about 1 Tera pixel/s by using analog CMOS capacitances [START_REF] Zlatanski | Sub-500 ps temporal resolution streak-mode optical sensor[END_REF][3] or CCD channel memories [START_REF] Crooks | Kirana: a solid-state megapixel uCMOS image sensor for ultrahigh speed imaging[END_REF] and are designed in 2D monolithic integrated circuit (2D IC). Whereas analog BIS can hardly store more than 200 frames in in-focal-plane storage topologies, a digital BIS could easily record respectively more than 1000 or 4000 frames by using a SRAM or a DRAM based memory bank [START_REF] Bonnard | New 3Dintegrated burst image sensor architectures with in-situ A/D conversion[END_REF]. On the other hand, the surface occupied by the ADC within the pixel will reduce the available area to the memory in a single 2D IC sensor. A 3D stacked IC approach overcomes this limitation by allowing a distribution of electronic functions on dedicated tiers.

The paper describes a 3D-IC architecture of a scalable design for BIS with on the fly digitization and embedded digital storage applied to a 3D stack of 3 integrated circuits. In order to demonstrate the benefits of this approach, a 2D monolithic circuit integrating the different electronic parts of the sensor side by side has been designed in a 65 nm CMOS technology.

II. OVERALL SENSOR ARCHITECTURE

The targeted cross-section of the sensor is presented on fig. 1. A first IC is dedicated to the analog pixel array. A second one is devoted to the ADC and the last one is dedicated to the embedded digital memory. For optimal implementation of the memory and the high performance ADC, a cluster approach has been adopted for the BIS. The detailed architecture of the sensor according to the different tiers is shown on fig. 2. A cluster of pixels is composed of P=10 frontend pixels connected to one ADC. A bloc of L clusters, i.e. LxP pixels, shares the same digital memory for an optimal floorplan configuration that allows embedding the maximal amount of memory.

Furthermore this cluster of pixels approach sharing the same memory allows to digitize an adaptable number of pixels. In "full frame" mode an ADC operating at a sampling rate Fs and reading all the P pixels of the cluster gives an achievable frame rate of Fs/P. At the cost of a spatial resolution reduction, the frame rate can be increases as the number PRC[1;P] of read pixels in the cluster is reduced and is given by Fs/PRC. Meanwhile, the movie length is also increased by a factor P/PRC. While using this feature, the ADC and memory efforts are kept constant whereas the pixel front-end operates at a higher speed. Thus the front-end bandwidth and sensitivity has to be high enough to operate at the highest achievable frame rate. Therefore, a 27fF conversion gain CTIA has been implemented in the pixel. A buffered analog multiplexer allows to select one of the pixel output to the shared ADC input. A sample and hold circuitry with a ping pong structure to store the even and odd frames makes possible a pipeline integration. The 10 pixels cluster layout is shown in Fig. 3.

In the case of a digital BIS the main bottleneck is the ADC. As the cluster approach allows to use a single ADC shared for several pixels, it can occupy the corresponding silicon surface minus the space required by some Trough Silicon Via (TSV) mandatory to convey signals from the top tier. In order to offers both a high signal to noise ratio and a high conversion rate, while maintaining the power and the silicon area consumption to a reasonable value, a SAR ADC described in detail in [START_REF] Rarbi | An 8-Bit, 100-MSPS Fully Dynamic SAR ADC for Ultra-High Speed Image Sensor[END_REF] has been implemented. The core's size is about 210100 μm 2 so that two ADCs fit the area of two clusters, i.e. 500100 µm², and a space of more than 6000 µm² is available for the TSV required to the 3D stacked final version of the sensor. The effective number of bit (ENOB) is 7.5-b and the total power consumption is 1.55 mW per ADC at 100 MS/s. In the final 3D stacked sensor, the digital memory should be designed with an advanced CMOS process such as a 28 nm technology. In our monolithic demonstrator realized in a 65 nm process, a not optimized SRAM memory bank has been used. The memory receives the single bit stream provided by the ADCs and stores each pixel value into a 16384 bits large memory bank for each cluster. By assuming an 8 bits dynamic, the storable movie length is then 16384/8/10 = 204 frames. The sensor operation is controlled with some embedded state machines (SM) that allow to precisely control the fast different unit. These SMs are clocked by a 100 MHz to 1 GHz master clock provided by an external PLL and almost all the timing of these SM are configurable by writing to their specific register.

III. MONOLITHIC DEMONSTRATOR AND RESULTS

The photography of the designed monolithic demonstrator is depicted in Fig. 5 (a). It is composed of 12 clusters of 10 pixels with their 12 associated ADC. Some additional test structure are also included. The memory block merged the 12 clusters data with a total of 1216384 bits. Two clusters (orange) and their two associated ADCs (blue) are highlighted to show their shape factor and especially the area consumption. A SPI port allows to configure the sensor and extract the acquired data. The response of the sensor has been tested under a pulsed illumination of a 635 nm laser diode emitting a 15 pJ, 100 ps FWHM long pulse of light that illuminates the whole sensor sensitive area [START_REF] Uhring | A low-cost high-repetition-rate picosecond laser diode pulse generator[END_REF]. The acquisition mode is "full frame" and the ADC dynamic is set to 8 bits with a 5 Mfps frame rate. The pulse of light is generated during the frame 4 exposure time. For clarity reason, only a single cluster is represented over the 6 first frames (Fig. 6). We clearly see that the light pulse is detected only on the frame 4. The pixel response non uniformity is meanly due to the speckles pattern of the laser diode.

IV. CONCLUSION

A 3D-IC architecture of BIS with a digital storage has been presented. A 2D monolithic demonstrator integrating the electronic of the future 3 different tiers has been designed, realized and characterized. The results show that the proposed architecture is fully functional and can operate at the frame rate of 5 Mfps. This work paves the way to the very first 3D stacked BIS with digital storage. 
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 2 Fig. 2. IC repartition of a 3D CMOS stacked BIS. The first tier is for the pixel frontend, the second tier shares one ADC for one pixel clusters and the third tier is for the deigital memory shared for several ADC clusters.
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 1 Fig. 1. Cross section of the targeted 3D CMOS stacked
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 35 Fig. 3. tier 1 (top) and tier 2 (bottom) floorplan partitionning (100µm×500µm double cluster)
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