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Abstract 

A burst-mode ultra-high-speed (UHS) CMOS image sensor based on a macro-pixel structure and multi-tap ultra-fast lateral 

electric field charge modulators (LEFMs) is proposed. This scheme has advantages such as a high frame rate determined only by 

the in-pixel charge transfer speed and image compression in the charge domain. In previous work, we developed a UHS CMOS 

image sensor based on multi-aperture optics. To improve the applicability and usability, the proposed method is used with 

ordinary single-aperture lenses. A prototype image sensor composed of an array of 2x2 subpixels each was implemented as a 

four-tap LEFM pixel was developed. It was confirmed that the shutter controller operated at 560MHz and time-resolved imaging 

was performed at 113M frames per second. 

 

1. Introduction 

We have demonstrated an ultra-high-speed temporally 

compressive multi-aperture CMOS image sensor [1, 2]. The 

sensor captures an object by compressing a sequence of 

images with focal-plane temporally random-coded shutters, 

followed by reconstruction of time-resolved images. Because 

signals are modulated in the pixel during the exposure, the 

maximum frame rate is determined only by the one-stage 

charge transfer speed and can potentially be higher than those 

of conventional ultra-high-speed (USH) cameras [3, 4]. In 

this paper, a new compressive UHS image sensor architecture, 

which is usable with ordinary single-aperture lenses to 

improve the applicability and usability, is proposed and 

preliminary demonstration of a prototype sensor is shown. 

 

2. Multi-tap macro-pixel based compressive 

ultra-high-speed CMOS image sensor 

Fig. 1 shows an architecture of new UHS CMOS image 

sensor. Instead of using multi-aperture optics, the image 

sensor is composed of macro-pixels each includes multiple 

subpixels, e.g. 2×2 subpixels. Each subpixel is implemented 

as a LEFM pixel [5] to achieve high-speed charge modulation 

up to GHz. By applying binary random shutters to the taps, 

temporal light intensity signals are compressed at the pixel 

level without reading out any signal during the exposure (Fig. 

2). Thus, burst-mode frame rates over 100M frames per 

second (fps) will be possible. Furthermore, the number of 

reproduced images by solving an inverse problem becomes 

larger than the number of total taps in a macro-pixel. 

 

3. Prototype sensor 

The architecture of the proposed UHS image sensor is shown 

in Fig. 3. The macro-pixel is composed of multiple subpixels 

and the subpixel is implemented by a multi-tap LEFM. If one 

macro-pixel is composed of 2×2 subpixels and one subpixel 

is a four-tap LEFM, 16 images for different temporal shutter 

patterns are captured simultaneously. Fig. 4 shows an 

example layout of four-tap LEFM pixel with dedicated 

drains. 

The structure of the shutter controller is shown in Fig. 5. 

To achieve the high frequency of the shutter signals up to 

around 500MHz, the shutter pattern data are accessed by a 

unit of 8 bits. Only the shift registers operate at the highest 

frequency and the other circuits operate at a lower frequency. 

This configuration enables the whole circuit to operate at a 

high frequency more than 500MHz with a low power 

consumption. Fig. 6 shows a timing diagram. Image 

capturing is controlled by a shutter controller. An input signal, 

CAP_START, starts and ends image capturing. An output 

signal, CAP_READY, represents the status of image 
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acquisition. H and L mean standby and capturing, 

respectively. The exposure cycle is repeated while 

CAP_START is high. CYC_ST is asserted in the beginning 

of the cycle to synchronize an external light source.  

The specifications of the prototype chip are summarized in 

Table 1. The chip microphotograph is shown in Fig. 7. 

 

4. Simulation and experiments 

Firstly, compression and reproduction of time-sequential 

images with the designed sensor was verified by simulation. 

As a solver, TVAL 3 was used [6]. The images are shown in 

Fig. 8. 35 time-sequential images were compressed to 4 (=the 

number of taps) mosaic images that reflect the macro-pixel 

structure. After image uncompressing processing, 35 images 

were successfully reproduced. The peak signal to noise ratio 

of larger than 30dB was obtained. 

The operation of the shutter controller was experimentally 

verified. Waveforms of CYC_ST and CAP_READY for 

28.25Mfps were observed (Fig. 9). They were successfully 

controlled by CAP_START. Operation of the shutter 

controller at up to 560Mfps was confirmed. 

The operation of the pixel was verified at 113Mfps as 

shown in Figs. 10 and 11. In the measurement, one of the 

subpixels was selected and the four taps of the subpixel 

turned on one by one from tap-1 to tap-4. Then, next subpixel 

was selected. This operation repeated four times. Every tap 

turned on for 8.85ns. The sensor was illuminated by a pulsed 

laser beam directly (pulse width of ~50ps, wavelength of 445 

nm). With giving a delay to the emission timing, images were 

captured. 10×10 pixel values were averaged. Probably due 

to mask misalignment, the response of tap-1 was slow. As 

shown in Fig. 11(a), the tap that detected the laser beam 

changed according to the delay timing of the laser emission. 

At the delays of 36ns, 72ns, 108ns, and 143, tap-2 detected 

the laser beam. Note that the subpixel position was different 

for the delay timing because the sensor had a mosaic 

structure whose elemental block was 2×2-pixel in size. 

Therefore, each captured image became sparse due to the 

mosaic structure. However, the sum image in Fig. 11(b) 

became dense because sparse images for the four different 

subpixels were superimposed. 

From the measured pixel response, it was confirmed that 

time-resolved image acquisition according to the 

programmed shutter patterns was achieved. 

 

4. Conclusions 

A burst-mode ultra-high-speed (UHS) CMOS image sensor 

based on a macro-pixel structure and multi-tap ultra-fast 

lateral electric field charge modulators (LEFMs), which can 

be used with ordinary single-aperture lenses, has been 

developed. A prototype image sensor composed of an array of 

2x2 subpixels each was implemented as a four-tap LEFM 

pixel was fabricated. We have demonstrated that the shutter 

controller operated at 560MHz and time-resolved image 

acquisition was performed at 113M frames per second. 
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Fig.1. Camera and image sensor architecture. 

 

 

Fig.2. Compressive ultra-high-speed imaging 

 

 

Fig. 3. Multi-tap macro-pixel based image sensor architecture. 

 

 

Fig. 4. Example of 4-tap pixel layout. 

 

 

Fig. 5. Block diagram of shutter controller. 

 

 

Fig. 6. Timing chart. 

 

Table 1. Specifications. 
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Specifications

Technology 0.11μm CMOS image sensor process

Chip size 7.0mm(H)×9.3mm(V)

Pixel count 140(H)×120(V)

Pixel pitch 22.4μm(H)×22.4μm(V)

Subpixel count 
per macro-pixel

2×2

Tap count per subpixel 4

Designed maximum 
frame rate

500Mfps

Shutter length per tap 8-256 bits by 8 bits



 

Fig. 7. Chip microphotograph. 

 

 

Fig. 8. Simulation of compression and reproduction. (a) 

Original images, (b) compressed imagens, and (c) reproduced 

images. 

 

 

Fig. 9. Measured waveforms of capture control signals (PLL 

frequency of 28.25MHz). 

 

 

Fig. 10. Measured sensor response. 

 

 

(a) 

 

(b) 

Fig. 11. (a) Time resolved images. (b) Tap-2 images. 
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