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Abstract— It is anticipated that ubiquitous computer
vision (CV) and artificial intelligence (AI) applications used
on mobile devices will grow significantly. Such applica-
tions require battery-powered, always-on mobile devices to
support indoor/outdoor, day/night usages. A global shutter
(GS), stackeddigital pixel sensor (DPS) is a promisingcandi-
date to meet such requirements because of its potential for
ultralow-power, ultrahigh dynamic range (HDR), and a small
form factor. This article presents a prototype 4.0-µm stacked
DPS operating in its dual quantization (2Q) to realize HDR.
The 4.0-µm DPS pixel is formed with two layers, a backside
illuminated pinned photodiode (PD) pixel on the top layer
and an in-pixel analog-to-digital conversion (ADC) circuit
with 9-bit static random access memory (SRAM) on the
bottom layer. A Cu-to-Cu hybrid bonding (HB) technology is
used to connect the two layers via pixel-level interconnect.
In the 2Q scheme, a time-stamp (TS) quantization and a
linear ADC are performed sequentially in the same frame,
which extends the dynamic range (DR) with a small number
of ADC bits of 9. The DPS with a 1024 × 832 pixel array
has achieved a single-exposure ultra HDR of 107 dB in a
single frame. The nonlinear conversion characteristic of the
TS mode provides an equivalent full well capacity (FWC) of
2000ke−, while the noise floor in the linear ADC mode is
8.3e−.

Index Terms— CMOS image sensor (CIS), computer
vision (CV) sensor, digital pixel sensor (DPS), global shutter
(GS), high dynamic range (HDR), noise analysis, stacked
process.

I. INTRODUCTION

THE digital pixel sensor (DPS) architecture [1], [2] was
studied with high expectation to achieve high-speed, low-

power, and high dynamic range (HDR) [3], [4] in a global
shutter (GS) operation in 1990s to early 2000s. However, its
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optical performance was poorer than that of the then conven-
tional GS pixels, simply because they used front-side illumina-
tion (FSI) devices, which resulted in a lower photodiode (PD)
fill factor and a larger pixel size. However, recent progress
in the state-of-the-art CMOS fabrication processes allows a
stacked backside illuminated DPS approach where the CMOS
image sensor (CIS) pixel and the pixel-level analog-to-digital
conversion (ADC) and in-pixel memories are fabricated on
separate, stacked wafers, which permit a smaller pixel size
with higher image quality [5]–[7].

In recent camera applications, significant growth in com-
puter vision (CV) and artificial intelligence (AI) applications
on mobile platforms is expected, and thus there is an urgent
need for a new generation of GS sensors that can deliver low-
power, high dynamic range (DR), high sensitivity, and low
latency capabilities simultaneously while the single-exposure
HDR rolling shutter sensor technologies have been extensively
studied [8]–[16].

In such context, we have developed a stacked DPS with a
triple quantization (3Q) scheme that achieves 127-dB DR and
ultralow power of 5.7 mW at 30 frames/s with 10 bits/pixel
ADC in a 4.6-μm pixel size [17], [18].

The DR of 127 dB corresponds to 22 bits in linear coding.
The scheme we have adopted to realize the 127-dB DR
with only 9-bit resolution was a combination of compressive
coding using the time-to-saturation (TTS) quantization scheme
and two linear ADCs [19]. Although using fewer bits may
result in fine image details not being captured [7] and the
combined three different operation modes may result in poorer
SNR characteristics, especially at the junction points between
two different operation modes, the obtained reconstructed
linear photoresponse in the 3Q scheme exhibits the SNR
gaps between modes approximately 4 dB [18]. Thus, the
compressed representations in this scheme are best suited
for CV applications, where the relevant information relies on
image features [17]–[19].

Before the development of 3Q DPS, a proof-of-concept
device was designed, fabricated, and characterized to verify
the basic operation of a combined quantization scheme with a
time-domain quantization and a linear ADC [20]. This article
reports its operating principle, pixel structure, and characteri-
zation results, together with a comparison with the 3Q scheme.
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Fig. 1. Circuit/block diagram and cross-sectional view of the
stacked DPS.

Fig. 2. Conceptual operation of time-to-stamp DPSs.

The rest of the article is organized as follows. In Section II,
the concept of the dual-quantization (2Q) scheme and its
difference from the 3Q scheme is presented, and then, circuit
implementation and operation are described in Section III,
followed by characterization results of the 2Q device and
comparison with the 3Q device in Section IV; finally, the
conclusion is given in Section V.

II. 2Q SCHEME FOR ULTRA HDR

A. Stacked DPS Architecture

Fig. 1 shows a circuit diagram and a cross-sectional view
of the stacked DPS pixel. The pixel circuit is formed with a
two-wafer stack consisting of a CIS layer (top) and an ADC
layer (bottom) and these two layers are connected using the
pixel-level hybrid bonding (HB) technology [21], [22]. This
stacked DPS structure has the advantage of small pixel size,
low parasitic light sensitivity (PLS), and large PD fill factor,
despite a large number of pixel components of more than 50 as
a typical example.

B. TS Quantization

Fig. 2 shows the simplified conceptual diagram of TS oper-
ation. The voltage at the floating diffusion (FD) node (VFD)
and a ramping reference voltage (VFD_REF) are continuously
compared, and the time code (N) is counted during the expo-
sure period by an in-pixel comparator. The pinned photo diode
(PPD) starts to overflow at tof depending on the incident light
intensity. When VFD reaches VFD_REF at tflip, the comparator
flips and the time code Nflip is latched in the in-pixel memory.

Fig. 3. Conceptual diagram of sensor output signals in (a) 2Q scheme
and (b) 3Q scheme. A conceptual diagram showing coverage of each
quantization scheme for several light levels.

Time tflip is inversely proportional to the light intensity. The
equivalent signal charges QEQ_TS can be estimated as

QEQ_TS
=

(
tint

tflip

)
× (QFD + QPD_FWC) (1)

where tint , tflip, QFD, and QPD_FWC are the integration time,
the flipping time, the signal charge of FD at tflip, and the full
well capacity (FWC) of PD, respectively. Note that QFD is a
function of tflip, and thus is a function of the light intensity.
For example, when 8 bits [256 digital numbers (DNs)] are
allocated to the TS region, the maximum equivalent FWC
QEQ_TS is 256 × (QPD + QFD_REF), which means 28 times
or 48 dB DR extension can be achieved.

C. 2Q Mode Scheme

As described in Section II-A and Section II-B, the stacked
DPS operating in the TS mode has the potential of extending
the DR even with a small pixel size. However, low light
performance in the TS mode could be a serious issue due
to its high noise if it is used solely. To achieve better
noise performance at the low light end while simultaneously
extending DR toward high light end within single exposure, a
2Q scheme, which combines the TS mode and the linear ADC
mode, is investigated.

Fig. 3 shows conceptual plots for charge domain photore-
sponse characteristics of the 2Q scheme (left) and that of the
3Q scheme (right [12], [13]) as a function of exposure time.
During the exposure period, when the PD well is filled by the
photo-generated charge, excess charge starts to overflow from
the PD to FD at tof .

In such high light conditions in the 2Q scheme, the TS
scheme detects the light intensity from tflip, the time at which
the FD voltage crosses the FD-referred ramping VFD_REF, and
time tflip is quantized as DN. The reference voltage VREF
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needs to be ramping to avoid a large gap between the two
quantization modes, as shown in Figs. 2 and 3(a). On the
contrary, VREF is set at a constant level in the 3Q scheme as
shown in Fig. 3(b) where the amount of charge that is detected
during the TS mode is constant, which is set to slightly below
the FD saturation level. Therefore, the TS mode in the 3Q
scheme is referred to as the TTS mode [17]. Note that the
TTS mode in the 3Q scheme operates in a low conversion
gain mode with the sense node capacitance being the sum of
the FD capacitance and the additional capacitance CS inside
the pixel to obtain a smooth transition in the photo-transfer
characteristic from the TTS mode and the following linear
ADC mode with low conversion gain, named FDADC mode
[18]. On the other hand, the minor signal gap in the 2Q
scheme cannot be intrinsically avoidable because an individual
junction point in a photoresponse of two quantization scheme
could not be fit into the desirable ADC operation range mainly
due to PD full well variation (�QPD), and that component is
discussed Section IV.

After exposure, linear ADC is performed for the charge
accumulated in lower light conditions. A single ADC is
performed in the 2Q mode, while two ADCs are performed in
the 3Q mode. In both the cases, the digital data from one of
the quantization modes are automatically selected and stored in
the in-pixel memory. As a result, HDR image can be captured
within a single exposure and a single frame with minimum
digital bits.

III. CIRCUIT IMPLEMENTATION AND OPERATION

In this section, circuit implementation and operation of
the overlapped 2Q DPS are described. Figs. 4–6 show the
pixel circuit schematic, the timing diagram, and the potential
diagrams, respectively.

A. CIS Pixel

In the back side illumination (BSI) pixel, the CIS layer cir-
cuit consists of a conventional 4T pixel that has a deep pinned
PD with enhanced near-infrared response (NIR) response
[123], a transfer gate (TG), a reset gate (RST), and a source
follower gate (SF). In addition, an in-pixel bias transistor (Vbn)
is formed to provide a bias current for pixel SF, which enables
the pixel parallel/global signal sampling [24], [25]. A buried
overflow path is formed beneath TG through which excess
charges flow from PD to FD during the exposure period [15].
As a result, good overflow performance can be achieved while
dark current generation under TG is suppressed by a negative
TG bias voltage.

B. In-Pixel ADC Circuit

In-pixel ADC circuit is composed of a comparator, word-
line selection gate, and 9-bit static random access memory
(SRAM) that include the “Flag” bit implemented with memory
“Lock” control logic as shown in Fig. 4. The comparator
consists of the input stage and the gain stage with feedback
loop. A coupling capacitor CC is inserted at the input of the
comparator to compensate the variations in SF output and the
comparator threshold voltage in each pixel by the auto-zeroing

Fig. 4. Pixel circuit schematic of 2Q DPS.

(AZ) operation. In the comparator reset phases (at t0 and t2,
in Fig. 5), Comp_RST goes high to equalize the negative input
node voltage of the comparator VIN, and then Comp_REF level
is lowered to force the comparator output (Comp_out) to be
logical “0.” Comp_out is then connected to the word line of
SRAM. When the comparator flips and Comp_out goes to
“1,” the correspondent ADC code on the bitline is latched as
the ADC result. The ADC circuit is re-used for two different
quantization modes that can be differentiated by the “Flag
bit.” The “Flag” bit, together with the memory “Lock” control
logic are used for the automatic quantization mode adaptation.
It is enabled by the dynamic memory write control logic
working as an overwrite protect circuit. The “Flag” bit state
can be toggled when Comp_CHK is “H” and Comp_out state
is flipped during exposure. By placing the flag bit memory
cell as a part of the partial memory array block in the pixel
array, its layout can be contiguous as part of SRAM, and area
efficiency is achieved without layout overhead.

C. Pixel Operation in 2Q Scheme

Detailed operations of each quantization mode are described
in this section.

1) TS Mode: Fig. 5 shows the timing diagram during TS
mode, where the FD-referred ramp signal (red dotted line:
VFD_REF) and FD voltages (solid lines) are illustrated. The FD
voltage and its corresponding comparator flip time (the DN
code) are a function of the input light intensity. The cor-
responding potential diagrams are illustrated as well at the
bottom of this figure. As an example, three scenarios, (a)
“very bright,” (b) “bright,” and (c) “just over PD saturation,”
are shown. Pixel driving pulses of TG and RST are set high
for shutter operation at the beginning of exposure at t = t0.
Then, the AZ operation takes place by pulsing Comp_RST
after the setup time (tsetup_TS), which triggers Comp_REF to
start ramping and SRAM bit lines to receive the digital code.
During exposure, FD voltage is continuously compared with
VFD_REF (or VIN is continuously compared with Comp_REF)
to detect tflip. At tflip, the flag bit is set to 1 and a corresponding
digital code DN (note that DN is 8 bit and goes downward over
time from 255 to 0) is stored in the SRAM. On the other hand,
if the FD voltage does not reach VFD_REF during the exposure
period, the flag bit is kept at “0” and the conventional linear
ADC takes place after the charge is transferred from PD to
FD and the resulting digital code is stored in the SRAM.

Critical parameters, including the duration between the end
of exposure and the start time of the linear ADC, tTS_Lin, the
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Fig. 5. TS operation and potential diagram.

PD full well variation, �QPD, and the ADC offset, �VAZ_error ,
are shown in Fig. 5 and discussed in Section IV-B.

As we first introduced in Section II-B, the time to flip during
the exposure period is inversely proportional to the input light
intensity. Based on (1), the equivalent signal charge NE Q_T S,
obtained by the TS quantization mode, can be expressed
approximately by the following:

NEQ_TS= 256/(256 − DN) · (NFD + NPD_FWC
)

(2)

where DN is the stored TS digital code, and NFD and NPD_FWC

denote the number of stored charges on FD at the comparator
flip timing and PD FWC, respectively. The nonlinear data code
in this TS scheme can be linearized easily by off-chip data
processing.

Throughout this operation, the total static bias current of
the top and bottom pixel circuits is below 100 nA.

D. Linear Mode

A timing diagram and the associated potential plots are
shown in Fig. 6. After the end of exposure, the linear ADC
mode is activated. At first, AZ is performed to equalize the
comparator input voltage VIN to VCOMP_REF at t = t2. Just
after that, PD charge is transferred to FD by the TG pulse
and the single-slope ADC operation follows. The correlated

double sampling (CDS) is realized in this mode for the kTC
noise associated with FD reset. Note that accumulated leakage
current on the FD node is excluded by this AZ.

E. Sensor Chip Architecture

The sensor block diagram is shown in Fig. 7. The sensor
chip was fabricated using a 45-nm enhanced NIR sensitivity
CIS and 65-nm logic stacked sensor process. The two layers
are connected by pixel-level interconnects using a Cu-to-Cu
HB technology.

The pixel array contains 1024 × 832 effective pixels.
Because of the nature of a proof-of-concept device, sensor
control signals and ramp voltage for quantization are generated
off-chip using FPGA, and post digital signal processing is
performed off-chip as well. ADC codes are input/output from
the chip. IN/OUT control is also done by FPGA.

A chip photograph is shown in Fig. 8. The die size of the
sensor is 4.0 × 4.0 mm2. The optical center is aligned to the
die center.

IV. CHARACTERIZATION RESULTS

In this section, characterization system, photoresponse,
noise characteristics, and its approximation model in the TS
and linear mode operation are described. Figs. 9 and 10
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Fig. 6. Pixel potential and timing diagram of linear ADC operation.

Fig. 7. Sensor chip architecture by the stacked process.

Fig. 8. Sensor chip photograph.

show photoresponse, noise characteristics, and sample images,
respectively.

A. Characterization System
As described in Section III-D, sensor control signals are

generated by an off-chip FPGA. Although the operation tim-
ing needs to be fully optimized to obtain the best sensor

performance by minimizing a signal gap between the two
modes of operation, the characterization system had some lim-
itations in manipulating control signals. Thus, there are some
limitations in optimizing the test chip sensor performance.
In particular, it is highly dependent on some critical parameters
such as the time delay from the end of exposure to the start
of the linear ADC (described in Section II-C).

B. Photoresponse and Noise Characteristics
The photoresponse characteristics are shown in Fig. 9

[Fig. 9(a): linear ADC (8 b), Fig. 9(b): 2Q (9 b), Fig. 9(c):
TS (8 b)]. Two operation modes are sequentially performed
and form a 9-bit digital code, as shown in Fig. 9(b). Thanks
to the combined operation sequence, the wide range of pho-
toresponse from low light to very bright light is obtained.

In reality, the variations in individual pixel performance,
such as the variations in PD FWC and those in ADC offset
and delay time, cause pixel-to-pixel variations or fixed pattern
noise (FPN), especially at the junction point between the two
operation modes. Furthermore, the signal gap at the junction
point that appears as the charge gap is observed, which is
caused by the duration (tTS_Lin) between TS and linear ADC
operation.

As described in the previous section, PD saturation variation
(�QPD) causes variation in tof (�tof), which in turn results
in time-to-flip variation (�tflip). The ADC offset, namely, the
auto zero offset variation (�VAZ_error), is another factor that
causes flipping time variation and signal gap. Also, FD leakage
current causes a false saturation signal.

For better understanding of photoresponse characteris-
tics, the entire range in a photoresponse is divided into
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Fig. 9. Photoresponse characteristics (left: linear ADC with offsets subtraction, center: 2Q (9 b), right: TS). (a) 1Q linear ADC only (with high gain
at 4×). (b) 2Q with flag bit operation (full 9 bit function). (c) 1Q TS only (with theoretical model plot).

Fig. 10. Noise characteristics in a TS operation for FPN and temporal
noise components.

individual operation. Photoresponse and noise characteristics
in each segment are described next.

C. TS Mode
Fig. 9(c) shows the measured photoresponse and a theo-

retical model of the TS quantization. Since overflow charge
is detected after PD saturation, ADC output stay fixed as
overhead code by which lower side of operation range is
secured until PD fully saturated and photoresponse starts.
The photoresponse estimated from the model described in (1)
agrees well with the measurement data. As described in
Section III-B, the pixel equivalent maximum detectable signal
is estimated to be 2.0 × 106 e− from (2), and the measured
read noise is 8.3e− in the linear ADC mode. This yields
107 dB in the resulting 2Q mode.

The FPN and temporal noise in TS operation as a function of
the signal level are shown with approximate line by following
equation in Fig. 10. The FPN and temporal noise decrease

monotonically as the signal level and the input light intensity
increase while it increases up to lower code around 40 LSB
which is assumed to be mode transient area for this TS
operation. As discussed in Section III-C2, the FPN in the TS
operation is caused by the variation in the comparator flip time
tflip, and its main contribution is considered as the variation in
PD FWC. When the light intensity is strong enough for the
comparator to flip right after the exposure starts, the variation
in time to fill the PD well is negligibly small. However, when
the input light intensity is lower and the comparator flipping
occurs closer to the end of the exposure time, the variation in
PD full well, which in turn causes the variation in tof , results
in large FPN.

The FPN component σFPN_TS in time can be approximately
modeled as

σFPN_TS = tflip

tint
× σFPN_PDFW (3)

where σ_FPN_PDFW is the FPN caused by the PD full well
variation, �QPD. This FPN component in time is digitized by
TS quantization that will be observed as SNR drops to about
23 dB at the transition from linear mode to TS mode from
36 dB dominated by photon shot noise at the maximum linear
ADC code.

On the other hand, the major temporal noise components in
the TS mode are the ADC noise and the photon shot noise.
In case that ADC noise component is sufficiently small, the
major contribution to the temporal noise comes from the pho-
ton shot noise, which is represented by (QPD + QFD(tflip))

1/2.
Similar to the formula for FPN above, the temporal noise,

σTN_TS, in the TS mode is modeled as

σTN_TS = tflip

tint
× σTN_SN (4)

where tint , tflip, and σTN_SN are the integration time, a flipping
time, and shot noise at tflip, respectively.

The model described by (3) and (4) agrees well with the
measurement data. Therefore, it is confirmed that the above
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Fig. 11. HDR image of a real-life scene with 2Q operation. (a) 9-bit
raw image. (b) TS-only image. (c) Linear-only image. (d) Binary flag bit
image.

noise approximation model is valid and the major FPN and
temporal noise sources are the PD full well variation and
photon shot noise, respectively.

1) Linear Mode: As shown in Fig. 9(a), the linear photore-
sponse has been obtained up to the full code (offsets are
subtracted). In linear ADC mode, FPN and temporal noise
at the dark are 63.9e− and 8.3e−, respectively. The main
dark noise source in this linear mode is considered for both
the temporal noise and FPN to be noise coupling within the
in-pixel ADC module, due to its unoptimized layout. The
linear photoresponse in high-gain ADC operation (4×) is
demonstrated as well. For FPN, we have confirmed two
major contributing factors, one is a dc offset variation in the
first-stage amplifier in the comparator due to its limited dc
gain and the other is the delay variation in the comparator
mainly due to the bias current variation [18]. The pixel-to-
pixel photoresponse non-uniformity (PRNU) was 1.5% around
50% of PD saturation.

D. Sample Images

The sample images are shown in Fig. 11. The photograph
at the top left is a full 9-bit HDR image in the 2Q mode.
A filament in a light bulb and a name card behind the light
bulb are clearly seen, which clearly demonstrates the HDR
capability of this sensor. The top right image and the bottom
left image are 8-bit images that are reproduced with digital
codes of the TS mode only and of the linear ADC mode only,
respectively, both extracted from the single shot image data
shown at the top left. To distinguish the two modes, the flag
bit is used and is shown in the bottom right as a flag bit
map, which demonstrates the per-pixel selection of operational
mode.

E. Comparison With 3Q Operation

Table I summarizes the pixel performance of this proto-
type device in comparison to the stacked DPS with a 3Q
scheme [12].

TABLE I
PIXEL PERFORMANCE SUMMARY WITH 3Q-DPS

The smaller pixel size in the 2Q scheme is due to the
simpler operation which requires simpler control logic in the
ADC layer pixel circuit. Dominant dark FPN and temporal
noise in the linear mode come from performance variation in
the in-pixel ADC [17]. In the latest implementation for the
3Q operation, both FPN and temporal noise are reduced by
suppressing noise coupling within the in-pixel ADC module
and by solving the operating timing issue that is described in
Section III-C1.

The equivalent FWC is represented by (2) with DN being
255. The difference in DR between the 2Q and 3Q schemes
comes from the differences in the handling capacity at the
charge sense node and temporal noise floor. As described in
Section II-C, the sense node capacitance in the TTS mode
in the 3Q scheme is CFD + CS , while it is CFD in the TS
mode in the 2Q scheme. The PLS, which is defined for the
GS pixel by the ratio of the memory node responsivity to the
PD responsivity, is extremely low, due to the nature of DPS,
i.e., the stored data in the memory node are static digital data,
and it is under the detection limit of our measurement setup,
while the parasitic responsivity at the FD node is measured to
be −55 dB.

Note that FPN can be corrected with dark frames and
its value in reconstructed code for 2Q and 3Q DPS can be
negligibly small (<1 LSB) [13].

V. CONCLUSION

We have developed a 1024 × 832 pixel, stacked DPS with
a 2Q scheme using the advanced wafer-to-wafer HB technol-
ogy. The basic operation of a combined quantization scheme
with a time-domain quantization and a linear ADC has been
demonstrated. Also, its operating principle, pixel structure, and
characterization results are presented, and detailed comparison
with the 3Q scheme is discussed.

The proposed 2Q operation incorporates TS quantization
and linear ADC sequentially in the same frame. The nonlinear
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conversion characteristic of the TS mode enables to extend the
DR with the small number of ADC bits of 8 bits, while a 1-bit
flag distinguishes the two quantization modes. The DPS with
a 4.0-μm pixel size, which is, to the best of our knowledge,
the smallest pixel size ever reported, achieves ultra HDR of
107 dB with 2000ke- equivalent FWC and noise floor of 8.3e-.
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