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Sub-1-V Supply Selt-Adaptive CMOS Image Sensor
Cell With 86-dB Dynamic Range

Sungsik Lee and Kyounghoon Yang, Senior Member, IEEE

Abstract—This letter presents a high dynamic range CMOS
active pixel structure operating at a sub-1-V supply voltage, which
is implemented using a standard 0.18-pxm CMOS logic process. In
order to improve the output voltage swing range and associated
pixel dynamic range at a low supply voltage, a pMOS reset struc-
ture is incorporated into the pixel structure along with a photogate
pixel structure based on the self-adaptive photosensing operation.
At a low supply voltage of 0.9 V, the new pixel provides an output
voltage swing range of 0.41 V and a high dynamic range of 86 dB,
which is the highest among the reported pixel structures up to date
operating at sub-1-V.

Index Terms—Adaptive sensitivity, CMOS active pixel sensor
(CAPS), high dynamic range, low supply voltage.

I. INTRODUCTION

HE LOW-VOLTAGE operation of CMOS active pixel

sensors (CAPSs) has been a key performance requirement
for portable devices, such as personal digital assistants, cell
phones, and digital still cameras [1]-[3]. The pinned photodi-
ode (PPD)-based four-transistor pixel is widely used in CAPSs
due to the low noise level and high sensitivity [2], [3]. However,
the PPD-based pixels have shown some limitations in pixel
operation especially at low voltage mainly due to the incom-
plete charge transfer and difficulty of full depletion in the PPD,
which result in a high random noise level [1]-[3]. As a result,
the conventional three-transistor (3-T) pixel structure is usually
favored for a low-voltage pixel operation due to the larger
room for the optimal biasing condition. However, it has also
been found that the performances of the 3-T pixel such as the
output voltage swing range and dynamic range are significantly
degraded with downscaling of the supply voltage [4]-[6]. As
an approach to increase the output voltage swing range and
the related dynamic range of conventional 3-T pixel sensors,
bootstrapped reset pulse techniques have been proposed [5],
[6]. The limitation associated with the bootstrapping technique
is that it can give rise to the hot-carrier-related reliability
problems in a submicrometer technology, which significantly
reduces the circuit lifetime [6]. Another approach to achieve a
low-voltage operation is to use a complementary active pixel
structure [7], which can allow pixel operation at a supply

Manuscript received January 3, 2007; revised March 13, 2007. The review
of this letter was arranged by Editor P. Yu.

S. Lee was with Korea Advanced Institute of Science and Technology
(KAIST), Daejeon 305-701, Korea. He is now with Electronics and Telecom-
munications Research Institute (ETRI), Daejeon 305-350, Korea (e-mail:
Iss@etri.re kr).

K. Yang is with the School of Electrical Engineering and Computer Science,
Korea Advanced Institute of Science and Technology, Daejeon 305-701, Korea
(e-mail: khyang @ee.kaist.ac.kr).

Digital Object Identifier 10.1109/LED.2007.896885

voltage in a range of 1 V. However, the complementary active
pixel structure shows a low dynamic range and an increased
pixel complexity. As another approach to increase the dynamic
range, the logarithmic 3-T pixel structure has been proposed
[8], but its small output voltage swing range and large dark
current level usually result in a low signal-to-noise ratio and
low sensitivity at low illumination intensity [9].

In this letter, a new pixel structure with a high dynamic
range operating at a sub-1-V supply is proposed and imple-
mented based on a self-adaptive photosensing operation using
a standard 0.18-ym CMOS logic process. To achieve these
performances, a pMOSFET is incorporated in the new pixel de-
sign as a reset transistor along with the optimized self-adaptive
photogate active pixel structure [10], [11]. The details of the
pixel structure and performance characteristics are discussed in
the following sections.

II. NEW PIXEL STRUCTURE AND OPERATION

The schematic layout of the new pixel with a shared
pMOSFET is illustrated in Fig. 1(a). A new photogate pixel
structure is incorporated into the new pixel design for the
optimized self-adaptive photosensing operation [8]. As shown
in Fig. 1(a), a typical pMOSFET in an N-well structure is used
as a reset transistor to increase the output voltage swing range
[6], [12]. The pMOSFET is located only at one end of each row
in a 3 x 3 test array, so that the fill factor is not reduced by
using a proper layout design. The layout of the proposed pixel
structure can be further optimized for larger-scale pixel arrays.
In order to reduce the dark current, the photodiode region of
the pixel is surrounded by the photogate structure to isolate
from the defective shallow trench isolation region, as shown in
Fig. 1(a) [10], [13]. The conceptual equivalent circuit diagram
of the new pixel structure is shown in Fig. 1(b). The basic
operating principle of the new pixel is the same as that of the
previously demonstrated pixel structure [10]. The new pixel
structure can provide the self-adaptive photosensing operation,
which also allows to increase the well capacity (Qwen) by a
large value of Cj, [10]. For the proposed pixel structure, the
enhanced dynamic range can be obtained from the significantly
increased Q.11 as well as the reduced dark current level by the
optimized photogate design. A positive bias voltage (Vp) is
applied at the photogate for optimizing the high dynamic range
based on the self-adaptive photosensing operation [10]. For the
reset operation, a reset voltage of O V is applied at the gate
of the pMOSFET [6]. Hence, the new pixel can exhibit a high
dynamic range and a wide output voltage swing range at a given
supply voltage.
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Fig. 1. (a) Schematic layout (pixel area: 4 X 4 um, photosensing area: 4 X 2 pm, photodiode area: 3 X 1 pm) and (b) conceptual equivalent circuit diagram of
the new pixel structure (Vi integration node voltage, Cpq: depletion layer capacitance of the photogate, and Cpp: depletion capacitance of the photodiode).
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Fig. 2. Measured C-V characteristics with and without the gate-to-drain
capacitance (Cgp) coupling effect for the case of Vpg = 0.9 V. The inset
shows the measured cumulative probabilities of the dark signal and sensitivity
at an illumination intensity level of 200 Ix at Vpg = 0.9 V.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

Fig. 2 shows the measured capacitance—voltage (C—V") char-
acteristics of Cj,¢ versus Viy at a photogate voltage of Vpg =
0.9 V, where C},,; represents an integration capacitance at the
node of Vi, in Fig. 1(b). The new proposed pixel exhibits the
dynamic capacitance characteristics of Cjy;, which lead to the
self-adaptive photosensing operation [10]. As shown in Fig. 2,
the new pixel shows a large value of Cjyy at Vi, below 0.7 V.
This is mainly due to the contribution of the large gate—drain
capacitance (Cop = Cox = €ox - Apc/Tox) arising from a
thin gate oxide thickness (Tox) to the internal node through the
coupling with Cpp [4], where Cox is the oxide capacitance of
the photogate, €. is the dielectric constant of the gate oxide,
and Apg is the area of the photogate. At Vpg = 0.9 V, the
dynamic range of the proposed pixel is measured to be 86 dB
for an integration time of 700 us, which shows a large improve-
ment of more than 15 dB compared to the previously reported
conventional pixels operating at a low-voltage supply, which are
characterized at shorter integration time [4], [5], [7]. Since the
dynamic range of the pixel structure is inversely proportional
to the integration time [10], [12], the proposed pixel can show
the more improved dynamic range in the application with the
shorter integration time. The major factor in achieving the high
dynamic range from the proposed pixel is found to be the sig-

nificantly increased well capacity (Qwen) due to the optimized
photogate pixel design as characterized by the large C},,; shown
in Fig. 2. The inset shows the measured cumulative probabilities
of dark signal and pixel sensitivity at an illumination intensity
of 200 Ix for the case of Vpg = 0.9 V. The measured average
dark signal at Vpg =09 V is 6.12 mV/s at 25 °C. This
corresponds to a dark current density of 0.06 nA/cm?, which
is 1.5 times lower than that of the previous other structures due
to the optimized photogate layout design [4]-[7]. The measured
average sensitivity at Vpg = 0.9 Vis 0.69 V - Ix ! 1, which
is comparable to other results [4]-[6], [11]. Fig. 3 shows the
measured output voltage waveform at Vpg = 0.9 V for the
typical case of tij,y = 700 ws at illumination levels of 200,
700, and 1000 Ix. As shown in Fig. 3(b) and (c), the new
pixel structure does not reach the saturation level even at the
high illumination level of 700—1000 Ix due to the self-adaptive
nonlinear characteristics and shows saturation at 1000 1x [10].
The effects of pixel-to-pixel variation and fixed pattern noise
can be compensated by using additional calibration circuitry
and technique [10], [14], [15]. Fig. 4 shows the measured output
voltage level versus light illumination intensity for the case of
ting = 700 us at Vpg = 0.9 V. The dynamic range and voltage
swing range of the proposed pixel structure are characterized
and measured in the overall performance response including the
linear and nonlinear regions as for the cases of CMOS image
sensors based on an adaptive operation, such as logarithmic and
linear—logarithmic pixel sensors [9], [16]. As shown in Fig. 4,
the measured results for the new pixel structure demonstrate
an output voltage swing range as large as 0.41 V due to the
reset operation based on the pMOSFET structure [6]. These
results clearly show that the new pixel structure is capable to
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Fig. 4. Measured output voltage level versus light illumination intensity for
the case of tiy = 700 us at Vpg = 0.9 V.

TABLE 1
PERFORMANCE SUMMARY OF THE NEW PROPOSED PIXEL STRUCTURE
Parameters Performance
Technology Hynix 0.18-um CMOS Process
Pixel Size 4 x 4um?2
Effective Fill Factor 47 %
Operating Voltage 09V
Photogate Bias Voltage 09V
Reset Pulse Height 09V
Output Voltage Swing-Range 041V
Monochrome Sensitivity 0.69 V-Ix-l-s1
Dynamic-Range 86 dB
Dark-Signal 6.12 mV/s
Dark-Current 0.06 nA/cm?
Conversion Gain 96 uV/e

operate at a sub-1-V supply of 0.9 V with a large output voltage
swing range. The pMOSFET structure shared in each row of
the new pixel structure, which results in the increased output
voltage swing range, is characterized to introduce a signal delay
of about 0.3 ps in the reset operation between adjacent pixels at
the same row. The effects of reset signal delay may need to be
considered in the case of high-resolution image sensor appli-
cations but insignificant for other general applications of slow
moving picture and still images with a long integration time in
the range of 700 pus. The overall performance characteristics of
the new proposed pixel structure are summarized in Table I. The
results demonstrate that the new self-adaptive pixel structure
based on the pMOS reset operation provides the large output
voltage swing range with a dynamic range of 86 dB, which is
the highest dynamic range among the previously reported pixel
structures operating at sub 1 V [4], [5], [7].

IV. CONCLUSION

A new photogate pixel structure with a pMOSFET used
as the reset transistor was proposed based on the standard
CMOS logic process. At a low supply voltage of 0.9 V, the
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new pixel provides a wide output voltage swing range of
0.41 V due to the pMOS reset operation. In addition, at an
optimal photogate bias voltage of 0.9 V, the new pixel structure
demonstrates the high dynamic range of 86 dB due to the
employed self-adaptive photosensing operation. The results
demonstrate that the proposed photogate pixel structure is very
promising for low-voltage and high-dynamic-range CMOS im-
age sensor applications.
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