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Wide dynamic range CMOS image sensor with in-pixel double-exposure
and synthesis*
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Abstract: A wide-dynamic-range CMOS image sensor (CIS) based on synthesis of a long-time and a short-time expo-
sure signal in the floating diffusion (FD) of a five-transistor active pixel is proposed. With optimized pixel operation, the
response curve is compressed and a wide dynamic range image is obtained. A prototype wide-dynamic-range CMOS
image sensor was developed with a 0.18 pm CIS process. With the double exposure time 2.4 ms and 70 ns, the dynamic
range of the proposed sensor is 80 dB with 30 frames per second (fps). The proposed CMOS image sensor meets the

demands of applications in security surveillance systems.
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1. Introduction

With the development of security surveillance systems, an
image senor with a wide dynamic range is required. However,
the dynamic range of conventional CMOS image sensors is
lower than 60 dBI!], and thus cannot capture a scene consisting
of both bright and dark regions without losing details. In order
to expand the dynamic range of CMOS image sensors, some
methods have been reported: logarithmic sensor responsel?,
using a lateral overflow integration capacitor!®], conditional re-
setl*] and so on. But these methods are at the cost of the com-
plexity of the pixel. The conventional double exposure!® ¢! or
multiple exposurel”] technology captures two or more images
in different time periods and synthesizes them in a large size
memory.

Yamada!®! indicated that a feedback loop circuit could be
incorporated in each pixel so that multiple signals with differ-
ent exposure periods were synthesized in the pixel and the dy-
namic range of the CMOS image sensor was enlarged. How-
ever, the feedback loop circuit made the pixel complex. In this
paper, an optimized method to synthesize double or multiple
exposure signals of CMOS image sensors is proposed. With
the pixel operation, the double exposure signals are stored and
synthesized in the floating diffusion node of the pixel. A wide
dynamic range image is obtained without extra transistors in
the pixel or memories on chip.

2. Pixel basic operation

Figure 1 shows a brief schematic of the sensor including
pixel arrays, pixel driver, row decoder, reference and bias,
column-parallel readout and processing module, and digital
output module. Figure 2 is a pixel structure diagram. The five-
transistor active pixel employs a pinned photodiode (PPD). M1
is the reset transistor with the control signal RST at its gate ter-
minal. M2 is the transfer gate with the control signal TCK at its

1205

gate terminal. M3 is the amplifier transistor (source follower).
M4 is the row selection transistor with the control signal SEL
at its gate terminal. M5 is the global reset transistor with the
pixel reset signal PR at its gate terminal.

The five-transistor pixel is operated in the global shutter
mode, and the operation process is as follows: First, the signal
PR is high to clear all the PD nodes. After that, the signal PR
is low and the exposure begins. When the exposure finishes,
the signal TCK is changed from low to high and the photoelec-
trons at PD are fully transferred to FD. When the signal TCK
becomes low, one exposure period is finished. The exposure
period is from the negative edge of PR to the negative edge of
TCK. The double sampling technology is used to read out the
illumination signal and the reset signal.

The five-transistor active pixel has many advantages: (1)
The global shutter operation ensures that the exposure and
readout operations are parallel with high frame rate, so it is
suitable for high speed surveillance systems; (2) In the dou-
ble exposure operation, the FD node is used for storing and
synthesizing the illumination signals. PR resets all of the PD
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Fig. 1. Schematic of the sensor.
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Fig. 2. Pixel structure diagram.

nodes to start the next exposure period, and the FD node saves
the previous exposure signal. So it is easy to realize the double
exposure operation. (3) M5 works as anti-blooming to limit the
well capacity of PD.

3. Wide dynamic range operation

Figure 3 shows the timing diagram of the wide dynamic
range operation. To make sure that read operation and long ex-
posure operation are parallel, the long exposure 77 is first and
the short exposure 75 is second. After the double exposure, the
read operation works row by row. Figure 4 shows that through
the design of the pixel drive circuit, the low level signal PR
and the high level signal TCK are adjustable voltage signals.
The adjustable signal PR prevents the excess photoelectrons
at PD from flowing to the adjacent pixels. The voltage of the
low level PR signal is above 0 V so that the barrier of M5 is
lower than M2, and the excess photoelectrons flow to VDD
through M5 during the exposure period. The adjustable signal
TCK produces a barrier from PD to FD, so in the short exposure
period, for the two adjacent pixels with high illumination close
to each other, the number of photoelectrons exceeding the bar-
rier to FD is different, and the details of the bright region are
captured.

Figure 4 is the potential diagram of the double exposure
operation:

(a) PR resets PD and the long exposure period begins.

(b) When the long exposure finishes, the information on the
dark regions is captured and for the high illumination regions
the well capacity of PD is full.

(c) The control signal TCK changes from low to high, but
lower than VDD. The excess photoelectrons exceed the barrier
from PD to FD.

(d) TCK is low and the long exposure signal is stored in FD.
For high illumination, the quantity of overflow photoelectrons
is the same.

(e) PR resets PD again and the short exposure period be-
gins.

(f) When the short exposure finishes, for the high illumina-
tion regions the well capacity of PD is not full and the quantity
of integration photoelectrons is different.

(g) TCK is high and lower than VDD, and for high illu-
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Fig. 4. Potential diagram of the double exposure operation.

mination, the quantity of overflow photoelectrons is different.
The long exposure signal and the short exposure signal synthe-
size at FD.

(h) TCK is low and the synthesized signal is read out. In the
double exposure period, the low level signal PR is adjustable.

To optimize the double exposure, the method to choose the
high level signal TCK and the low level signal PR are discussed
as follows. For example, the high level amplitudes of TCK are
the same and the low level amplitudes of PR are the same in
the double exposure operation.

3.1. Voltage level of the control signal

Suppose the full well capacity of PD is gnax neglecting the
dark current. In the double exposure operation, the time period
of the long exposure is 77, and that of the short exposure is
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Fig. 5. f(i) versus i curve.

T». The low level signal PR reduces the well capacity of PD to
agmax (0 < a < 1), and there is a barrier from PD to FD due
to the high level signal TCK so that the excess photoelectrons
at PD overflow to FD. Suppose the amount of photoelectrons
remaining in PD iS h@max (0 < b < 1). From theoretical analy-
sis, Equation (1) is the relationship formula between f (i) and
i, and the corresponding curves are shown in Fig. 5.
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According to the curve, the maximum non-saturating input
signal in the conventional exposure operation is

Imax = Qmax/Tl’ (2)

and the maximum non-saturating input signal in the proposed
double exposure operation is

Ipax = Aqmax/ T2, (3)
so the dynamic range enhancement factor (DRF) is
DRF = 201g(i} . /imax) = 201ga - Ty /T>. @)

It can be shown that as a or 77/T, increases, DRF increases.
Suppose the full well capacity of FD is ¢rpmax, (max <
¢FDmax)- So the total maximum photoelectrons at FD are

2(‘16]max - quax) < Gmax < d¥FDmax, a4 — b < 0.5. (5)

When the illumination signal is transferred from PD to FD,
the right potential barrier is lower than the left for M2. So

a>b and a—-05<b<a. (6)

To capture the details of the darker regions, the value of b takes
a smaller value.

Fig. 6. Chip and capture system.
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Fig. 7. Response curve.

3.2. Exposure time

In the double exposure operation, the dark details are cap-
tured during the long exposure period; the bright details are
captured during the short exposure period. Suppose that in the
conventional exposure operation, the dark areas of the scene
can be captured in 71, the bright details can be captured in #,,

Imaxf2 = Gmax- (7)

In order to capture a scene consisting of both bright and dark
regions without losing details, the exposure times 77 and 7, of
the proposed double exposure should meet some conditions.
To exceed the barrier from PD to FD, the long exposure time
increases.

T =1t + b(Imax/imax =1t + btr. ®)

To prevent the photoelectrons spilling over, the total photoelec-
trons at FD,

(anax/ imax - meax/ imax) + (TZ - quax/ imax) =I2. (9)
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Fig. 8. Dynamic range.
Table 1. Exposure parameters.
Characteristic Value
First exposure time 2.4 ms
Second exposure time 70 ns
High level of TCK 84 mV
Low level of PR 03V
Frame frequency 30 fps
Dynamic range 80 dB
So

T, = (2b—a+ D, (10)
Above all, in the double exposure operation, the voltage level
of the control signal PR and TCK should be taken into con-
sideration. The exposure time also needs to be considered ac-
cording to the scene information and the degree of the pixel
saturation.

4. Measurement results

The proposed double exposure operation and the drive cir-
cuit have been employed in a prototype CMOS image sen-
sor. This sensor was fabricated based on a 0.18 um CIS pro-
cess. Figure 6 shows the chip and the capture system. Figure
7 shows the test response curves. The triangle curve is the re-
sponse of long exposure in the conventional exposure opera-
tion; the square curve is the response of short exposure in the
conventional exposure operation; the round curve in the mid-
dle is the response of the proposed in-pixel double exposure
and synthesis operation. Figure 8 is the response curve under
the conditions listed in Table 1, and the maximum dynamic
range achieved is 80 dB. Figure 9 shows the images which
are captured in the conventional exposure operation and the
proposed double exposure operation. Figure 9(a) is the short-
time-exposure image of the conventional operation. The region
outside the window is clear, whereas the inside is almost at
the black level and the details are lost. Figure 9(b) is the long-
time-exposure image of the conventional operation. The bright
region outside the window shows flashing highlights due to
the pixel saturation, while the region inside the window is cap-
tured clearly. Figure 9(c) is the image of the proposed double-
exposure and synthesis operation. The regions outside and in-
side the window are both captured.
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©

Fig. 9. Sample images. (a) Short-time-exposure image. (b) Long-time-
exposure image. (c¢) The proposed wide dynamic range CIS.

5. Conclusion

A CMOS image sensor with in-pixel double-exposure and
synthesis has been presented. Through optimizing the synthesis
methods in the aspects of the exposure time and the voltage
level of the control signal, the response curve of the CMOS
image sensor is compressed and the dynamic range is enhanced
to 80 dB.
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