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Rolling shutter (RS) CMOS image sensor (CIS) is VSSAjcapacitor ~ SWLAZ _in-pixel C2€ ;-;;;-;;;-;I---“-,-}-e‘-;‘-;ry

being widely used as an image capture device foows
applications. However, to capture any fast moving figure 2. Schematic diagram of in-pixel ADC.
objects, it is fairly difficult to avoid the Jelleffect,
which is an image distortion caused by the diffeeenf
the exposure times of each subsequent rows ofspirel
RS operation mechanism. This is the critical reasby
the RS CIS is mainly used to capture still or
slow-moving objects. On the other hand, global t&nut
(GS) CIS has simultaneous exposure time for thzeent
array, therefore, it enables to capture an entirege at a
single instance without any image distortion. Dmusudch
reason, the demand for GS CIS is being increased in
variety of fields such as broadcasting, industrgbile

digital pixel sensor (DPS) employing pixel-parallel
ADCs have been reported [3, 4]. They successflibns
the feasibility of high-speed and low-power GS agien,
however, those are not quite yet proper to be used
image sensor which requires large pixel array and
sufficiently low random noise operation.

This paper presents the advanced DPS architecture
[5], which can overcome problems of conventional GS
CIS and DPS, and it has been successfully demeedtra
by full chip-level evaluations. The rest of thisppa has
been organized as the following. Section Il deswithe

gnd automotive apphcguops. GS ClISs are Iqorm"’myarchitecture of proposed DPS and its operationti@ec
implemented by using in-pixel analog memory such a1 shows the simulation and experimental resuftshe

storage d'o‘?'e [1] or capacitor [2]. However, gortmal prototype imager. Finally, the conclusion is given
GS CISs still use column-parallel readout circsigsne Section IV

as the one used in RS CIS. It is difficult to agkidigh

frame rate and low power. Because every pixel atesa

column is sharing the same single analog-to-digital!l. Architecture of imager

converter (ADC) and each pixel's analog signal #thou ~ Three main techniques, 1) a pixel-level Cu-to-Cu
be converted to the digital data through the (C2C) bonding, 2) single-slope (SS) ADC operating i
column-parallel ADC within a short time, typicallgss ~ sub-threshold region, and 3) 22-bit in-pixel dibita

than 5usec. As another means of realizing GS CIS, thememories and high-speed data transfer method fiarea
correlated double sampling (CDS), are used to
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Figure 3. The proposed sensor architecture. (g) @lhigram. (b) Block diagram of in-pixel memory atata path in-pixel.
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Figure 4. Simplified clock timing for one frame opton.

implement the suggested sensor. Fig. 1 shows theowers, timing generator (TG), bandgap reference
conceptual chip diagram. The prototype is compasfed (BGR), current reference block (REF), and the logic
separate pixel and logic substrate for the photeatier blocks for the image signal process (ISP). Two veafe
and the analog/digital circuitry, respectively. Thap are connected through a wafer-to-wafer bonding ggsc
chip on the pixel-substrate includes an active Ipixe The pixel array is 1668Hx1364V, and each pixel asea
sensor (APS) array, a bias circuit block for anigi, 4.95x4.95un?. Within this area, a unit pixel, one ADC
and a partial pixel-level SS ADC with the 1st-stage including two 200-fF DRAM capacitors, and 22-bit
operational transconductance amplifier (OTA). The digital memories are integrated. The schematicrdiag
bottom chip on the logic-substrate has the othetigta  of the in-pixel ADC is shown in Fig. 2. Notice thie
pixel-level ADC including the 2nd-stage OTA, the 1st-stage OTA of ADC is implemented by combining th
analog peripheral circuits such as a row driver ViR(a pixel substrate with the logic substrate througle th
vertical scanner (VSC) for addressing the pixelsarap extremely narrow pitch C2C bonding of less thanihg
generator with the horizontal buffers, a gray ceunt Fig. 3 (a) and (b) show the simple diagram of senso
(GC), a doubler (DBR) for supplying the operation architecture and in-pixel memory with its data #fen
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Figure 6. Pie chart of the power consumption distion.

path, respectively. To effectively organize the ssgn
operation for the in-pixel digital data writing anegading,
two columns comprise 31 CLUSTERs and one
CLUSTER contains 22 BANKs. A BANK consists of
2x2 pixel elements, thus, four in-pixel ADCs, argitdt
memories are laid out under four pixels area. secaf
the DPS, for high speed operation, the most difficu Figure 7. Sample images of (a) 2-Mp 1p6- sequenti

Qesign _issue is the digital d_at_a transfer withiryve captured image and (b) still-cut with fast-moviren fOnly
limited time. For addressing this issue, the gldhsfers  yhite balance is applied).

(GBs) and the local buffers (LBs) are employed for
delivering the data. For example, the count sigaaés
delivered from gray counter (GC) to each BANK
through the GBs and LBs, and the ADC results ase al
transferred from unit pixel to advanced data bus
(ADBUS) through the GBs and LBs. A set of GBs and
LBs is composed of 11 buffers for 2 columns to @riv
11-bit digital codes for the pixel-level ADC restun.
This hierarchical configuration enables high-speed
low-power data transfer compared to conventionatee
architecture. Unlike the global A/D conversion peli 124125 B 125126 “126,,2,(0,;113523 128126 B126-130

the row-by-row readout approach is applied in théad  Figyre 8. 2-D shading map under dark conditionglag gait
readout period. To read the digital data, the GBs a =x16).

sequentially deactivated from GB<0> to GB<30> by gngjog circuits only operates during the global A/D
handling the control signal, G_EN<n> as shown o Bi
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period, 59.12usec, and they turns into sleep mode to
The control signal, RD_EN<n>, for LBs is given for gaye the power consumption at data readout pefisd.
enabling the data reading path to the column datg.gn pe seen in Fig. 4, the global A/D time occupies
transmission line from in-pixel memories. The 1L-bi g4 portion of the whole frame time. Thus, eveali

reset and 11-bit signal data of the unit pixelsthe in-pixel ADCs operate simultaneously, the power
CLUSTER are all read out by the control signals, consumption of analog circuits is not critical for
RD_RST<0> to <87> and RD_SIG<0> to <87>, achieving the low power performance.

respectively. The transferred data is temporalighled in

the ADBUS, then, after performing the digital CDS

operation in the ADBUS, the final digital data ioved  !'ll- Measurement results

to the next logic blocks for the image processifige A 2-Mp CMOS image sensor with the pixel-parallel



Parameter Thiswork [3, 1ISSCC] [4, IEDM] [6, ISSCC]
Process 65nm /28 nm 90 nm/ 65 nm 45nm /65 nm 65nm /45 nm
Supply voltage 28V /105V 29V/11V 25v/12Vv N/A
Array Size 1668 X 1364 1632' X 896’ 512 X 512/ 42241 X 4224
Pixel size 4.95 um 6.9um 4.6pm 2.7um
Full well capacity 14 ke- 16.6 ke- 3.8 ke- 7.4 ke-
Max. framerate 1200 fps 660 fps 480 fps 1000 fps
Readout scheme Pixel-parallel ADC Pixel-parallel ADC Pixel-parallel ADC Array-parallaDC
Interconnection In-pixel C2C In-pixel C2C In-pixel C2C Pixel-level Inter.
Random noise 2.6erms 5.15 e-rms 4.2 e-rms 2.0 e-rms
(@peak, 24 dB) (@LN mode) (@0 dB)
In-pixel memory 22 bits 14 bits 10 bits N/A
ADC type Single slope Single slope Single slope Single slope
ADC resolution 10 bits 14 bits 10 bits 12
Bias current 20nA (OTA) 111nA (OTA, LN) N/A N/A
Power 598.45 mW 746 mW 5.3 mW(@30fps) N/A

Table 1. Performance summary and comparison watie-&tf-the-art CISs for pixel-parallel ADCs.

ADCs is implemented by using 65 nm (pixel subsjrate sensor with pixel-parallel ADC and in-pixel memdras

and 28 nm (logic substrate) CIS process. The diebeen successfully demonstrated. The pitch of eaih u
micrographs are shown in Fig. 5. Fig. 6 shows thepixel is 4.95um which is the world’s smallest pixel
averaged power consumption. The sensor consumgs onlembedding both pixel-level ADC and 22-bit memory.
598.45mW at 1200 fps and its power significantly The developed sensor shows the most remarkable

decreases as it slowly operates. For example, @fd®

performance, such as such as the pixel size, nivésae

operating mode, it consumes only 155.32 mW and therate, and power consumption, among the state-e&the
power consumption of digital domain becomes a published works [3] - [6]. The developed GS image

dominant portion of the total power consumptioneTh

sensor with the pixel- parallel readout architeetuiill

images captured by the developed sensor are shown ibe useful not only as an imaging tool for the mapbil

Fig. 7 (a) and (b). In Fig. 7(a), it shows a ballifg into
the water. 7 (b) shows the still-cut image with
fast-moving fan rotating at 5000 rpm. Those havenbe

automotive, and machine vision, but also for usedw
conceptual imaging applications based on the cilfi
intelligence (Al) functions.

recorded at a frame rate of 1200 fps, due to the

high-speed global shutter operation, the shapethen
images are very sharp and it shows no image diztort
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