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CMOS Imaging Devices for New Markets of Vision Systems

Shoji KAWAHITO†a), Member

SUMMARY This paper reviews and discusses devices, circuits, and
signal processing techniques for CMOS imaging SoC’s based on column-
parallel processing architecture. The pinned photodiode technology im-
proves the noise characteristics at the device level to be comparable to
CCD image sensors and as a result, low-noise design in CMOS image sen-
sors has been shifted to the reduction of noise at the circuit level. Tech-
niques for reducing the circuit noise are discussed. The performance of the
imaging SoC’s greatly depends on that of the analog-to-digital converter
(ADC) used at the column. Three possible architectures of the column-
parallel ADC are reviewed and their advantage and disadvantage are dis-
cussed. Finally, a few applications of the device and circuit techniques and
the column-parallel processing architecture are described.
key words: CMOS image sensor, pinned photodiode, noise reduction, on-
chip image processing, A/D conversion

1. Introduction

For a long time, charge-coupled devices (CCD’s) have been
the dominant technology for image sensors because no other
technology could serve better performance than the CCD’s.
However, the development of pinned photo diode technol-
ogy in CMOS image sensors dramatically improves the im-
age quality and in the past ten years, the interest in CMOS
image sensors has increased in all kinds of electronic cam-
eras. CMOS image sensors offer significant advantages
over CCD’s such as the integration of on-chip signal pro-
cessing circuitry, low power consumption and special func-
tions and performances like reading region of interest, high-
speed readout, digital outputs and range finding. Recent
CMOS image sensors have advantage in lower noise per-
formance over the CCD’s, especially at high frame rate.
Column parallel low-noise readout circuits and analog-to-
digital converters contribute the improvement of the noise
performance at high frame rates. The performance improve-
ment of the CMOS image sensor as an imaging device accel-
erates evolving imaging systems to be an imaging system-
on-a-chip (SoC).

There are numerous possible architectures on the imag-
ing SoC’s. The CMOS technology allows us to integrate
a digital processing unit in even each pixel for an ultimate
parallel image processing [1]. However, the imaging SoC’s
with pixel-parallel processing architecture will take a long
time to be a dominant technology in applications with suf-
ficient market volume. Column-parallel processing archi-
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tecture is a reasonable choice for exploiting the features of
parallel processing while maintaining the image quality.

This paper reviews devices, circuits and signal pro-
cessing techniques for the imaging SoC based on column-
parallel processing architecture, and discusses a possibil-
ity of the near future developments of highly-integrated
imaging SoC’s with column-parallel processing architec-
tures which may create new markets of vision systems.

2. Imaging SoC Architecture

Figure 1 shows an imaging SoC architecture based on
column-parallel mixed analog/digital signal processing. It
entirely works as a SIMD (Single Instruction Multiple Data-
stream) type of parallel processing architecture. The analog
frontend (AF) plays a very important role for noise reduction
of pixel amplifier noise which is described in the next sec-
tion. A column-parallel analog-to-digital converter (ADC)
array often dominates the readout speed and image quality.
Three possible architectures of the column-parallel ADC are
discussed in Sect. 4. The design of digital image processing

Fig. 1 Imaging SoC architecture with mixed-signal processing (AF: ana-
log frontend, ADC: analog-to-digital converter, PE: processing element).
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element (PE) and memory architecture depends on the ap-
plication. Though the integration of frame memory is not
always necessary, it provides often a great advantage as de-
scribed in Sect. 5. Using a mixed DRAM/imager technology
with sub-100 nm scale, the silicon area of the frame memory
will not be of concerns in the near future.

3. High-Sensitivity and Low-Noise Imaging

3.1 Pixel Device Technology

CMOS image sensors have recently attracted much attention
in the field of low light level imaging. An active pixel device
employing a pinned photodiode and in-pixel charge transfer
as shown in Fig. 2 reduces the major noise sources in CMOS
image sensors [2], [3]. The pinned photo diode which is
originated in the interline transfer type CCD image sensors
reduces the dark current noise to be comparable to CCD im-
age sensors [4]. Perfect charge transfer from the photodiode
to a floating diffusion and noise canceling so-called corre-
lated double sampling (CDS) at the column readout circuits
suppress the reset noise or kTC noise both at the photodiode
and floating diffusion. Furthermore, the separation between
the photodiode and floating diffusion with the transfer gate
leads to a high conversion gain due to the small capacitance
of floating diffusion. A problem of the pixel pitch which
arises from the use of 4 transistors in each pixel has been
overcome by a transistor-sharing technique, where transis-
tors for resetting and amplifying are shared by two or four
pixels and the resulting equivalent number of transistors in
each pixel is 1.5, 1.75 or 2.5 depending on the type of shar-
ing [5]–[7]. Figure 3 shows an example of CMOS sensor
pixel circuits shared in 4 pixels. A CMOS image sensor us-
ing the transistor sharing technique reaches the pixel pitch
of 1.4 µm [8].

The pinned photodiode technology reduces the noise at
the device level to be comparable to CCD image sensors.
However, in order to realise a very low-noise image sen-
sor, readout noises due to pixel amplifiers, column readout
circuits and output amplifiers must also be reduced. Tech-
niques for low-noise readout architectures for CIS’s are dis-
cussed in the next section.

Fig. 2 Pixel structure with pinned photodiode.

3.2 Low-Noise Signal Readout Circuits

In a simple CMOS image sensor architecture, pixel outputs
are once read out to column-parallel noise cancellers and
then horizontally scanned to the final output. Figure 4 shows
a typical column readout circuit used for this type of archi-
tecture. The timing diagram is also shown. The reset level
and signal level of the pixel output through a pixel source
follower are sampled at capacitors CR and CS by φR and φS ,
respectively.

By taking the difference between the two sampled lev-
els after horizontal scanning, the reset and fixed pattern
noises are cancelled out. At the final stage a wideband buffer

amplifier is used. The input referred noise V2
n,in of this type

of readout circuits is expressed as

V2
n,in = V2

n,NC + V2
n,OB (1)

where V2
n,NC and V2

n,OB are mean square noise voltages of the

Fig. 3 Pixel circuits sharing transistors in 4 pixels.

(a) Circuit configuration.

(b) Timing diagram.

Fig. 4 Typical noise canceller using two sample-and-hold capacitors.
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Fig. 5 Amplifying noise canceller.

column noise canceller including the source follower and
output buffer, respectively. Since the noise power is pro-
portional to the bandwidth of the circuits, the random noise
level is often dominated by the wideband output buffer am-
plifier and it may be difficult to design low-noise CMOS
image sensors using this type of readout circuits. This prob-
lem can be simply overcome by the use of high gain at the
column noise canceller.

Figure 5 shows a typical amplifying noise canceller. In
the reset sampling phase, a switch controlled by φR is turned
on, and the reset level Vreset is sampled at the input capacitor
C1. In the signal sampling phase, the switch controlled by
φR is turned off and the differential charge in C1 due to the
voltage difference of the signal level Vsignal from Vreset at the
input is transferred to C2. The resulting signal at the output
of the amplifier is given by

vout =
C1

C2
(Vreset − Vsignal) + Vref . (2)

This output voltage is sampled at a capacitor CSH when a
switch controlled by φSH is turned off. In this noise can-
celler, the noise-cancelled signal (Vreset−Vsignal) is amplified
by a gain GNC determined by the capacitance ratio C1/C2.
The input referred noise of the CMOS image sensor using
the amplifying noise canceller is given by

V2
n,in = V2

n,NC +
V2

n,OB

G2
NC

(3)

The use of high gain at the column noise canceller directly
reduces the noise due to the wideband output buffer am-
plifier and this simple amplifying is very effective for low-
noise CMOS image sensors. The effectiveness of the high-
gain column amplifier combined with a pinned photodiode
technology is first demonstrated in a low-noise CMOS im-
age sensor with a gain-adaptive column amplifier [9], [10],
and soon after this, a very low-noise CMOS image sensor
using a column amplifier and a single-slope column A/D
converter has been reported [11]. These developments trig-
ger the commercialization of CMOS image sensors with col-
umn amplifiers and the column amplifier is becoming an in-
dispensable technology for low-noise CMOS image sensors.

For more efficient noise reduction, a double stage noise
canceller shown in Fig. 6 is useful, especially if relatively
large gain is used [12].

Fig. 6 Double-stage amplifying noise canceller.

To understand the effect of the double-stage noise can-
celling, knowledge on thermal noise of analog circuits is
necessary.

In a simple RC circuit, where the noise is band-limited
by the low-pass filtering characteristic of the RC circuit, the
mean square noise voltage due to thermal noise is given by

v2n = kBTRωc (4)

where kB is the Boltzmann constant, T the absolute temper-
ature and ωc the angular cutoff frequency of the RC circuit.
Since ωc = 1/RC, Eq. (4) becomes a form of well-known
kT/C noise.

The input referred thermal noise of the noise canceller

of Fig. 4 (V2
n,NC of Eq. (1)) if it is referred at the noise can-

celler input is expressed as

v2n,NC � 2F2
SF ξSF

kBT
gm
ωc1 (5)

where ξSF is the excess noise factor of the source follower
[13], gm the transconductance of the MOS transistor MA in
a pixel, FSF the noise gain factor of the source follower, and
ωc1 is the cutoff angular frequency of the source follower
with the sampling capacitor. A factor of 2 in Eq. (5) is due to
noise power doubling effect of CDS operation. Eq. (5) can
be understood by an analogy to Eq. (4). The excess noise
factor of each transistor is a function of the channel length
(L), and it takes approximately 2/3 for L > 2 µm, and in-
creases as the channel length decreases. To shrink the pixel
size for high resolution, the size of in-pixel transistors must
be reduced, causing the large thermal noise. In the source
follower with a floating diffusion at the gate input, a noise
gain factor FSF due to the positive feedback effect through
the gate-to-source capacitance (CGS ) of the transistor MA
given by

FSF =
GSF

1 −GSFβ
(6)

has to be taken into account, where GSF is a gain of the
source follower and β is a feedback factor given by

β =
CGS

CFD +CGS
(7)

where CFD is floating diffusion capacitance. The cutoff an-
gular frequency ωc1 is given by
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ωc1 �
gm1

FSF

1
(CS + CV )

(8)

if CR=CS . Note that the effective transconductance of the
input transistor of the source follower is lowered by a factor
of 1/FSF due to the positive feedback effect. The thermal
noise of the noise canceller is finally given by

v2n,NC � 2FSFξSF
kBT

CS + CV
(9)

Eq. (9) is a fundamental formula for calculating the thermal
noise of the typical readout circuit of Fig. 4.

The input referred thermal noise of the amplifying
noise canceller of Fig. 5 is given by

v2n,NC �
FSFξSFkBT
CV +C1

+ F2
SF ξSF

kBT
gm1
ωca

+

(
1 +G

G

)2

ξa
kBT
gma
ωca (10)

where ξa is an excess noise factor of the operational am-
plifier, which includes the noise sources of all the internal
transistors, gma the transconductance of the operational am-
plifier, and ωca the cutoff angular frequency of the ampli-
fying noise canceller [14]. The cutoff angular frequency is
approximately given by

ωca �
gma

1 +G
1

CSH
(11)

For G � 1, the input referred thermal noise is expressed
with Eqs. (10) and (11) as

v2n,NC �
FSFξSFkBT
CV + C1

+
kBT

GCSH

(
F2

SF ξSF
gma

gm1
+ ξa

)
(12)

There are three noise components in this amplifying noise
canceller. The first and second terms in Eq. (12) are the
noises whose source is of the source follower. In the third
term in Eq. (12) is due to the operational amplifier’s noise.
The first term is sampled in the reset level sampling phase
at C1 and is transferred to C2 in the amplification phase.
The second and third terms in Eq. (12) are sampled at the
sample-and-hold capacitor, CSH in the amplification phase
for signal level sampling.

The first term in Eq. (12) of the single-stage amplifying
noise canceller is sampled as a fixed charge, and it is un-
changed during the amplification phase. This type of noise
component is called “freeze noise.” Using two sample-and-
hold circuits at the output of the column amplifier, this first
term can be cancelled [12]. To do this, the amplified reset
level is sampled at one of the sample-and-hold capacitors
CSH1, the amplified signal level is sample at CSH2 and the
difference of the two outputs is taken. This CDS operation
in the second stage doubles the uncorrelated noise compo-
nents. The resulting noise in this double-stage noise can-
celler is given by

v2n,NC � 2
kBT

GCSH

(
F2

SF ξSF
gma

gm1
+ ξa

)
(13)

for G � 1. In the noise canceller of Fig. 5, the noise re-
duction effect by the high gain is limited by the first term
in Eq. (12) which is independent of the gain. On the other
hand, in the noise canceller of Fig. 6, the noise power is in-
versely proportional to the gain, and a very-low-noise read-
out can be expected. The advantage of the double-stage am-
plifying noise canceller has been experimentally conformed
[15]. A low-noise (3e−) CMOS image sensor using the
double-stage noise canceller for full HD video cameras has
been developed [16].

For further noise reduction, a mixed-signal processing
can be used. A simple but effective noise reduction tech-
nique is a correlated multiple sampling differential averag-
ing (CMSDA). Figure 7 shows pre-amplified CMSDA cir-
cuits. The high-gain switched-capacitor (SC) pre-amplifier
is very effective for reducing thermal noise if a freeze noise
component is cancelled in the next stage. The pre-amplifier
output is sampled and digitized for multiple times using an
A/D converter for both the reset and signal levels as shown
in the timing diagram of Fig. 7. CDS (correlated double
sampling) of the sampled reset and signal levels is carried
out in digital domain. The operation of the CMSDA can be
described as

(a) Circuit.

(b) Timing diagram.

Fig. 7 Correlated multiple-sampling differential averager with a
pre-amplifier.
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VOUT =
1
M

M∑
i=1

(VS (i) − VR (i)) (14)

where VS (i) and VR(i) are the i-th sample of signal and reset
levels of the preamplifier output. Using the CMSDA of M
samples, the noise components of Eq. (13) can be reduced
by a factor of M. It is very important that the multiple sam-
pling is done for both the reset and signal levels, so that the
freeze noise component of the pre-amplifier is cancelled.

Because of the very small-size transistor used in the
pixel, noise generated in the transistor, so-called random
telegraph signal (RTS) noise is becoming a big problem for
low-noise CMOS image sensors. In a recent report, it is
shown that the CMSDA is effective not only for reducing
the thermal noise but also for reducing RTS noise [17]. A
signal processing technique using a histogram of the noise
amplitude obtained by the multiple sampling has also been
proposed for further reducing RTS noise [17].

4. Column Parallel ADC Architectures

A column-parallel analog-to-digital converter (ADC) is a
key element in the imaging SoC’s based on column paral-
lel processing architecture. There are three major column-
parallel ADC architectures; single-slope integration, succes-
sive approximation, and cyclic ADC’s.

The single-slope integration type is most widely used
for the column parallel ADC, because of its simple circuit
configuration and good linearity [18]. It requires one com-
parator and one counter (or register) in each column. Re-
cently, a CMOS image sensor with high spatial resolution
and high frame rate has been developed using a single-
slope integration type column parallel ADC with a digi-
tal CDS technique as shown in Fig. 8 [19]. A capacitor
connected at the pixel output and an auto-zeroing switch
for a comparator, an analog CDS is performed for reduc-
ing the ADC time for reset level by eliminating the pixel
offset. With a ramp signal, the single-slope A/D conver-
sion for reset level is performed first using down-counting

Fig. 8 Single-slope A/D converter with analog and digital double
sampling with analog CDS.

mode of the counter. Then signal level is given at the in-
put of the ADC by transferring signal charge to the float-
ing diffusion of the pixel and the single-slope A/D conver-
sion for signal level is performed using up-counting mode of
the counter. The difference between up and down counting
memorized in the counter corresponds to the digital CDS,
and this eliminates effectively the fixed pattern noise caused
by the offset of the comparators and clock skew. Using
high-speed clock of 297 MHz, 12-bit resolution has been
achieved for 2.8 Mpixels at 30 frame/s. It can also be op-
erated at 180 frames/s for 10-bit resolution.

The column-parallel successive approximation (SA)
ADC is useful for high-speed CMOS image sensors, since
it has higher conversion speed compared to the single-slope
integration type [20]. Figure 9 shows a column-parallel SA-
ADC with 4b resolution. The reset level of the pixel output
is sampled at CR by the switch φR and the signal level is sam-
pled at a capacitor array (C/2, C/4, C/8, C/16) for DAC by
the switch φS and connecting the bottom plates of DAC ca-
pacitors to ground. Then the DAC capacitors are connected
to a reference voltage VREF or remain to be connected to
ground, depending on the output of the successive approx-
imation register (SAR). The output of the SAR is renewed
by the comparator output such that the DAC output succes-
sively approximates the signal input. After repeating several
steps, the input of the comparator which is the difference be-
tween the sampled reset level and VX in Fig. 9 is given by

VCOMP = VRESET − VSIGNAL − VREF

4∑
i=0

Di2
−i−1 (15)

The comparator input approaches to zero at the end of A/D
conversion, and the DAC output approximates the noise-
cancelled analog input, VRESET − VSIGNAL. The digital code
stored in the SAR is an A/D conversion result of the cor-
responding analog input. A 8.3 Mpixel 60 frames/s CMOS
image sensor using the column-parallel 10b SA-ADC has
been developed [21]. In the SA-ADC, the number of ele-
ments is proportional to the bit resolution. Therefore, it is
not always suitable for ADC’s with high resolution such as
12b or more.

Fig. 9 Successive approximation ADC with a pixel noise canceling func-
tion.
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Fig. 10 Cyclic A/D converter to obtain 1.5b every cycle.

Fig. 11 Cyclic A/D converter to obtain 1.5b every half-cycle.

The cyclic or algorithmic ADC is suitable for high
gray-scale resolution and high conversion speed since it re-
quires the number of conversion steps of N − 1 for an N-
bit ADC. There are two types of architectures as shown in
Figs. 10 and 11. The pixel output is connected at the input
terminal, and the pixel noise is cancelled at NC section. The
noise cancelled signal is given to an operation unit of the
cyclic ADC by turning a switch controlled by φs on. The
operation unit consists of a low-resolution ADC (sub-ADC)
whose digital outputs drive a low-resolution DAC to give a
quantized analog estimate of the input. This DAC output is
then subtracted from the output of a gain-of-two amplifier to
give a residue. The ideal relationship between the input and
output is given by

Xi+1 = 2Xi − Di (16)

where Di ∈ {−1, 0, 1}, (i = 0, 1, . . . , k − 1) and it is given by

Di =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
1
0
−1

(if Xi−1 > 1/4)
(if − 1/4 ≤ Xi−1 ≤ 1/4)
(if Xi−1 < −1/4)

(17)

The digital code after the A/D conversion is of a redundant
signed-digit (RSD) representation. The algorithm with the
digit set of {−1, 0, 1} is also called 1.5b per step algorithm.

An important property of the 1.5b/step algorithm is that
the comparator offset up to ±1/4 of the full scale of the ADC
can be corrected in digital domain. This property greatly
relaxes the comparator precision and this leads to great re-
duction of power dissipation of comparators. In Fig. 6, the

Fig. 12 Cyclic A/D converter with noise canceling function.

output of the operation unit is connected a sample-and-hold
(S/H) stage and then the S/H output is fed back to the input
by turning a switch controlled by φADC on. This cyclic ADC
obtains 1.5b resolution every cycle. In Fig. 7, two operation
units are cascaded and the second stage output is fed back
to the input. In this case, 1.5 bit resolution can be obtained
every half cycle.

Since straightforward configurations of cyclic ADC’s
imagined by the block diagrams of Figs. 10 and 11 have rel-
atively complicated circuits, simplification of circuit topol-
ogy is necessary if it is integrated as a column-parallel ADC
array of fine-pitch CMOS image sensors [22]. A simpli-
fied circuit topology shown in Fig. 12, which is equivalent to
Fig. 10, has been proposed [23], [24]. It consists of one op-
erational amplifier, two comparators, 4 capacitors, and tran-
sistor switches. A full 12-bit resolution has been achieved
in the implementation of a 640 × 480-pixel wide dynamic
range CMOS image sensor which integrates total of 640
cyclic ADC’s and operates at the equivalent frame rate of
180 frames/s [25]. A high-speed version of the cyclic ADC,
which is equivalent to Fig. 11 is used for a 512 × 512-pixel
3500 frames/s CMOS image sensor [26].

Table 1 shows a summary of the three types of column-
parallel A/D converters. The single-slope integration and
successive approximation types have simple circuit config-
uration, and it can be used for CMOS image sensors with
fine pixel pitch of less than 3 µm [19]. If high gray-scale
resolution of more than 12 bits is required, the single-slope
integration and successive approximation types have diffi-
culties on the speed and circuit complexity, respectively.
The cyclic ADC type can achieve the resolution of 14 bits
or more if a digital error correction technique for capaci-
tor mismatches is used, and sufficiently-large capacitors are
used for achieving the required SNR. Though the pixel pitch
of 10 µm has been achieved with 0.25 µm technology, the
technology scaling and ADC sharing technique will reduce
the pixel pitch to less than 4 µm.
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Table 1 Speed and complexity of three types of column parallel A/D
Converters (N: bit resolution).

5. Applications

5.1 Wide Dynamic Range Imaging

Cameras for automobile, scientific and industrial applica-
tions often require very wide linear dynamic (DR) range
with consistently high SNR in whole illumination range.
CMOS image sensors are expected to be used for such appli-
cations. Numerous methods to expand the DR of CMOS im-
age sensors have been reported [27]. Since most of applica-
tions require low-noise and high-sensitivity characteristics
in imaging of dark region as well as the DR expansion to
bright region, the availability of a low-noise high-sensitivity
pixel device with pinned photo-diode structure is particu-
larly important. However, DR expansion methods such as a
wide DR pixel with logarithmic response do not allow us to
use the pinned photodiode structure.

Recently, a wide dynamic range CMOS image sensor
using the pinned photodiode technology has been reported
[28], [29]. Figure 13 shows the pixel circuit of the wide dy-
namic range image sensor.

The pixel has an additional transistor whose gate is
controlled by T2 and a capacitor CS for integrating over-
flow charge from the photodiode if very bright light is given
at the photodiode. During charge accumulation in the pho-
todiode the transistor controlled by T2 is turned on, so that
the overflow charge is stored in CS . The ratio of CS plus the
floating diffusion capacitance CFD to CFD is chosen to be
16. Using this technique, the dynamic range of 100 dB has
been achieved. The importance of this method lies in the
good linearity of signal accumulation in whole range which
relaxes the problem of motion artifact.

A traditional method to expand the dynamic range of
image sensors is the synthesis of two or more different expo-
sure time signals. This group of methods generally allows us
to use the pinned photodiode technology. A dual sampling
using the difference of the signal readout timing [30] is a

Fig. 13 Wide dynamic range pixel with a lateral overflow integration
capacitor.

Fig. 14 Accumulation and readout timing of the BROME.

simple but effective method for DR expansion and a pinned-
photodiode CMOS image sensor employing the dual sam-
pling technique for DR expansion has been developed [6].
The dual sampling, however, may not be sufficient to repre-
sent the areas of the scene that are too dark to be captured
by the short exposure time signals and too bright to be cap-
tured by the long exposure time signals. This problem is
overcome by using multiple sampling or multiple exposure
time signals. A wide dynamic range CMOS image sensor
using a multiple sampling technique and in-pixel analog-to-
digital conversion (ADC) has been developed and the digital
dynamic range of 16b (65536:1) or 96 dB has been achieved
[31]. This technology with the in-pixel ADC requires 6 tran-
sistors in each pixel.

Another method using multiple exposure time signals
for wide DR is to use the burst readout of multiple expo-
sure time signals (BROME) in one frame. Figure 14 shows
the signal accumulation and readout timing of the BROME
method. It is assumed that the sensor has 5 vertical pixels.
A long and two short accumulation-time signals are read out
in a frame period. The long, short, and very short accumu-
lation periods are denoted by LA, SA, VSA, respectively.
Using the time slots for reading the LA signal, the SA sig-
nals are accumulated. The VSA signals are accumulated
using the time slots for reading the SA signal. The shaded
areas show the reading periods. A wide DR 640× 480-pixel
CMOS image sensor based on the BROME has been devel-
oped [23]. Figure 15 shows the chip photograph. In this
chip, four different exposure time signals can be read in one
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Fig. 15 Wide dynamic range CMOS image sensor.

(a) (b)

Fig. 16 Comparison of images taken by conversional image sensor (a)
and wide dynamic range image sensor (b).

frame, and the DR of 120 dB has been achieved. Figure 16
shows a sample image taken by the wide DR image sensor
together with an image taken by a conventional CCD camera
for comparison. Both the dark inside and bright outside of
a tunnel can be clearly captured using the wide DR sensor.
Using a technique for reading extremely short exposure time
signals which is shorter than one horizontal readout period,
the DR is expanded to 153 dB [25].

A key device for reading four different exposure time
signals in one frame period with sufficient image quality is
a new type of column parallel cyclic ADC with 12b resolu-
tion shown in Fig. 12. The compact configuration and high
speed allow us integrating the ADC array at the column of
the 1/2 inch VGA-size CMOS image sensor with an equiva-
lent readout rate of 180 frames/s and reading four exposure
time signals at 30 frames/s.

The read four different exposure time signals are syn-
thesized at an external system and the synthesized image
data can be treated as very wide linear digital data. This
property is particularly important if the wide dynamic range
image is used for image recognitions in real world applica-
tions such as automobile, biometrics, and security systems.

Though the wide DR image sensor shown in Fig. 15
integrates register arrays only at the top and bottom of the
image array, it is advantageous if the synthesis of wide lin-
ear DR image using on-chip frame memory based on the ar-
chitecture shown in Fig. 1. Reading of high-frequency data
from an IC chip leads to the increase of the power dissipa-

tion, noise interaction and system cost.
The column-parallel processing using on-chip frame

memory leads to the increase of readout speed of image data
from the image array to a memory, and greatly relaxes the
output data rate from the sensor chip.

5.2 High-Speed Imaging

A High-speed camera is a useful tool for the observation
of high-speed phenomena, analysis of high-speed machin-
ery, machine vision, broadcasting, sports, and so on. Re-
cent advances in CMOS image sensor technology provide
great impact on high-speed imaging devices. The fastest
CMOS image sensor can capture high-speed video sequence
of 1024 × 1024 pixels at 5400 frames/s. The fastest image
sensor employs parallel analog outputs and as a result, the
camera head becomes large and heavy.

On-sensor analog-to-digital conversion techniques in
high-speed CMOS image sensors make the camera head
compact, which is an important feature of the high-speed
cameras in most of applications. Digital 512 × 512-
pixel CMOS image sensors operating at 5000 frames/s with
10b column-parallel successive approximation ADC and
3,500 frames/s with 12b column-parallel cyclic ADC have
been reported [26], [32]. A global electronic shuttering
function is indispensable for high-speed image sensors. A
highly-sensitive low-noise global shutter pixel using an in-
pixel charge amplifier is developed [26].

In digital high-speed image sensors, however, the re-
quired wide bandwidth of the digital output causes large
power consumption, and the I/O bottleneck limits the
achievable frame rate, especially if high resolution is re-
quired. On-sensor image compression can be a solution to
the problem of the I/O bottleneck.

As an approach to digital high-speed image sensors
with compressed data outputs, a prototype CMOS image
sensor with on-chip parallel image compression circuits is
developed. Figure 17 shows the chip photograph. The chip
implemented with 0.25 µm CMOS technology integrates
256× 256-pixel image array, a 256-channel cyclic A/D con-
verter array, input/output buffer memories using 3 transistor
DRAM cells, and a 16-channel image compression process-
ing element (ICPE) array. An image compression algorithm
suitable for compact design of the ICPE based on 4×4-point
2-dimensional discrete cosine transform, a zigzag scanning
using 4blocks, and 1-dimensional Huffman coding is devel-
oped. In this prototype chip, high-speed image capturing
and compressed data transfer at 3,000 frames/s at the com-
pression ratio of 4.5 and the clock frequency of 16.8 MHz
have been demonstrated [33]. The merit of the on-sensor
compression can be exploited in high-resolution (Mega pix-
els) high-speed image sensors. For instance, a 1024× 0124-
pixel 5,000 frames/s digital image sensor can be realized
with a clock frequency of 120 MHz. Though small amount
of output buffer memory is integrated in Fig. 17, the integra-
tion of a frame buffer memory will enhance the compression
ratio and the resulting output data rate.
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Fig. 17 High-speed CMOS image sensor chip with on-chip parallel
image compression circuits.

5.3 Range Imaging or 3-D Imaging

Range image sensors are useful in a variety of applications
such as automobile, medicine, robot vision systems, secu-
rity systems, and so on. Range finding methods for 3-
D measurements include the stereo-matching, light-section
and time-of-flight (TOF) methods. The TOF method does
not require any mechanical parts and is able to capture the
3-D image at video rate. Recently a number of TOF range
image sensors have been reported. The reported TOF sen-
sors include CCD-based [34], CCD-CMOS hybrid [35], and
CMOS implementations [36]. All these methods are based
on basic principle of charge modulation caused by the TOF.
Figure 18 shows the cross-sectional view of a CMOS TOF
range image sensor. The charge transfer to the right and
left side of charge storages, FD1 and FD2 are controlled by
high-speed pulses applied to transfer gates TX1 and TX2.
The ratio of charges transferred to the right and left depends
on the phase of the pulsed light, and hence the charge ratio
gives information of the time of flight of light. A CMOS
TOF range image sensor with the pixel structure of Fig. 18
and the spatial resolution of 360 × 240 pixels has been im-
plemented. The TOF range image sensor has a structure of
reducing the influence of background light using a pulsed
light of very short duty cycles [36]. The range L is mea-
sured by the delay of light pulse Td in each pixel, and it is

Fig. 18 Pixel structure of time-of-flight range image sensor.

given by

L =
c
2

Td =
c
2

T0
N2

N1 + N2
(18)

where To is the light pulse width and N1 and N2 are the
number of electrons stored in FD1 and FD2, respectively.
The range resolution at the worst case where N1 = N2 is
given by [37]

σL =
cT0

4
1√

N1 + N2
(19)

The range resolution is determined by the light pulse
width and the number of total signal electrons. The use of
the small light pulse width directly improves the range reso-
lution. In the TOF range image sensor using the pixel struc-
ture of Fig. 18, the range resolution of 5 mm is achieved at
30 frames/s and T0=25 ns. Since the maximum range which
is given by cT0/2 is limited by the choice of T0, the number
of electrons should be increased to improve the range reso-
lution while covering wide range. To increase the equivalent
number of electrons, a signal integration using frame mem-
ory is useful. The averaging with M frames improves the
range resolution by a factor of

√
M. To produce a range im-

age with sufficient range resolution at video rate, the archi-
tecture shown in Fig. 1 is useful for high-speed signal read-
out, averaging and range calculation.

6. Conclusions

In this paper, devices, circuits and signal processing tech-
niques for CMOS imaging SoC’s based on column-parallel
processing architecture are reviewed and discussed. A
column-parallel processing architecture is the best solution
to the imaging SoC’s for enabling both high functionality
and image quality. The noise level in image sensing will
be reduced by a mixed analog/digital processing to photon
counting level in the near future and many of ultra-high-
sensitivity cameras will be replaced by the small-size un-
cooled cameras using the CMOS imaging SoC’s. High-
resolution high-speed column-parallel ADC’s are enabling
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high-speed high-quality imaging, and the digital high-speed
CMOS imaging devices will provide a great impact on a
variety of fields such as scientific cameras, automobiles,
broadcasting, industrial cameras, and consumer products.
Imaging SoC’s with a column-parallel mixed signal process-
ing system and an on-chip frame memory will be a key tech-
nology to create new markets of vision systems.

Acknowledgments

This work was partially supported by the Ministry of Educa-
tion, Culture, Sports, Science and Technology under Grants-
in-Aid for Scientific Research, the 21st Century COE Pro-
gram on “Nanovision Science” and the Knowledge Cluster
Initiative of the Ministry of Education, Culture, Sports, Sci-
ence and Technology.

References

[1] M. Ishikawa, K. Ogawa, T. Komuro, and I. Ishii, “A CMOS vi-
sion chip with SIMD processing element array for 1 ms image pro-
cessing,” Dig. Tech. Papers, IEEE Int. Solid-State Circuits Conf.,
pp.206–207, San Francisco, Feb. 1999.

[2] R.M. Guidash, et al., “A 0.6 µm CMOS pinned photo diode color im-
ager technology,” IEDM Technical Digest, pp.927–929, Dec. 1997.

[3] K. Yonemoto, H. Sumi, R. Suzuki, and T. Ueno, “A CMOS image
sensor with a FPN reduction technology and a hole accumulated
diode,” Dig. Tech. Papers, ISSCC, pp.102–103, Feb. 2000.

[4] N. Teranishi, A. Kohono, Y. Ishihara, E. Oda, and K. Arai, “No
image lag photodiode structure in the interline CCD image sensor,”
Tech. Dig., Int. Electron Device Meeting, pp.324–327, 1982.

[5] H. Takahashi, M. Kinoshita, K. Morita, T. Shirai, T. Sato, T. Kimura,
H. Yuzurihara, and S. Inoue, “A 3.9 µm pixel pitch VGA format 10 b
digital image sensor with 1.5-transistor/pixel,” Dig. Tech. Papers,
Int. Solid-State Circuits Conf., pp.108–109, 2004.

[6] K. Mabuchi, N. Nakamura, E. Funatsu, T. Abe, T. Umeda, T.
Hoshino, R. Suzuki, and H. Sumi, “CMOS image sensor using a
floating diffusion driving buried photodiode,” Dig. Tech. Papers, Int.
Solid-State Circuits Conf., pp.112–123, 2004.

[7] M. Mori, M. Katsuno, S. Kasuga, T. Murata, and T. Yamaguchi, “A
1/4in 2M pixel CMOS image sensor with 1.75 transistor/pixel,” Dig.
Tech. Papers, Int. Solid-State Circuits Conf., pp.110–111, 2004.

[8] S.H. Cho, G. Kim, H. Noh, C.R. Moon, K. Lee, K. Koh, and D. Lee,
“Optoelectronic investigation for high performance of 1.4 µm pixel
CMOS image sensors,” Proc. Int. Image Sensor Workshop, pp.13–
15, Maine, June 2007.

[9] S. Kawahito, M. Sakakibara, D. Handoko, N. Nakamura, H. Satoh,
M. Higashi, K. Mabuchi, and H. Sumi, “A column-based pixel-gain-
adaptive CMOS image sensor for low-light-level imaging,” Dig.
Tech. Papers, Int. Solid-State Circuits Conf., pp.224–225, Feb. 2003.

[10] M. Sakakibara, S. Kawahito, D. Handoko, N. Nakamura, H. Satoh,
M. Higashi, K. Mabuchi, and H. Sumi, “A high-sensitivity CMOS
image sensor with gain-adaptive column amplifiers,” IEEE J. Solid-
State Circuits, vol.40, no.5, pp.1147–1156, 2005.

[11] A. Krymski, N. Khaliullin, and H. Rhodes, “A 2e noise 1.3
Megapixel CMOS sensor,” Proc. IEEE Workshop CCD and Ad-
vanced Image Sensors, Elmau, pp.1–6, Germany, June 2003.

[12] N. Kawai and S. Kawahito, “Noise analysis of high-gain low-noise
column readout circuits for CMOS image sensors,” IEEE Trans.
Electron Devices, vol.51, no.2, pp.185–194, 2004.

[13] J.S. Goo, C.H. Choi, A. Abramo, J.G. Ahn, Z. Yu, T.H. Lee, and
R.W. Dutton, “Physical origin of the excess thermal noise in short
channel MOSFETs,” IEEE Electron Devices Lett., vol.22, no.2,
pp.101–103, 2001.

[14] S. Kawahito, “Signal processing architectures for low-noise high-
resolution CMOS image sensors,” Proc. Custom Integrated Circuits
Conf., Sept. 2007.

[15] N. Kawai and S. Kawahito, “Measurement of low-noise column
readout circuits for CMOS image sensors,” IEEE Trans. Electron
Devices, vol.53, no.7, pp.1737–1739, 2006.

[16] H. Takahashi, T. Noda, T. Matsuda, T. Watanabe, M. Shinohara,
T. Endo, S. Takimoto, R. Mishima, S. Nishimura, K. Sakurai, H.
Yuzurihara, and S. Inoue, “A 1/2.7 inch low-noise CMOS image
sensor for full HD camcoders,” Dig. Tech. Papers, Int. Solid-State
Circuits Conf., pp.510–511, Feb. 2007.

[17] S. Kawahito and N. Kawai, “Column parallel signal processing tech-
niques for reducing thermal and random telegraph noises in CMOS
image sensors,” Int. Image Sensors Workshop, pp.226–229, Maine,
June 2007.

[18] T. Sugiki, S. Ohsawa, H. Miura, M. Sasaki, N. Nakamura, I. Inoue,
M. Hoshino, Y. Tomizawa, and T. Arakawa, “A 60 mW 10b CMOS
image sensor with column-to-column FPN reduction,” Dig. Tech.
Papers, IEEE Int. Solid-State Circuits Conf., pp.108–109, 2000.

[19] Y. Nitta, Y. Muramatsu, A. Amano, T. Toyama, J. Yamashita, K.
Mishina, A. Suzuki, T. Taura, A. Kato, M. Kikuchi, Y. Yasui, H.
Nomura, and N. Fukushima, “High-speed digital double sampling
with analog CDS on column parallel ADC architecture for low-noise
active pixel sensor,” Dig. Tech. Papers, IEEE Int. Solid-State Cir-
cuits Conf., pp.500–501, 2006.

[20] Z. Zhou, B. Pain, and E.R. Fossum, “CMOS active pixel sensor
with on-chip successive approximation analog-to-digital converter,”
IEEE Trans. Electron Devices, vol.44, no.10, pp.1759–1763, 1997.

[21] J. Takayanagi, M. Shirakawa, K. Mitani, S. Iversen, J. Moholt, J.
Nakamura, and E.R. Fossum, “A 1 1/4 inch 8.3M pixel digital output
CMOS APS for UDVT application,” Dig. Tech. Papers, Int. Solid-
State Circuits Conf., pp.216–217, Feb. 2003.

[22] S. Decker, R.D. McGrath, K. Brehmer, and C.G. Sodini, “A 256 ×
256 CMOS imaging array with wide dynamic range pixels and
column-parallel digital output,” IEEE J. Solid-State Circuits, vol.33,
no.12, pp.2081–2091, 1998.

[23] M. Mase, S. Kawahito, M. Sasaki, and Y. Wakamori, “A 19.5b dy-
namic range CMOS image sensor with 12b column parallel cyclic
A/D converters,” Dig. Tech. Papers, IEEE Int. Solid-State Circuits
Conf., pp.350–351, 2005.

[24] M. Mase, S. Kawahto, M. Sasaki, and Y. Wakamori, “A wide dy-
namic range CMOS image sensor with multiple exposure-time sig-
nal outputs and 12b column parallel cyclic A/D converters,” IEEE J.
Solid-State Circuits, vol.40, no.12, pp.2787–2795, 2005.

[25] J.H. Park, M. Mase, S. Kawahito, M. Sasaki, Y. Wakamori, and Y.
Ohta, “A 142 dB dynamic range CMOS image sensor with multiple
exposure time signals,” Proc. Tech. Papers., IEEE Asian Solid-State
Circuits Conf., pp.85–88, Nov. 2005.

[26] M. Furuta, T. Inoue, Y. Nishikawa, and S. Kawahito, “A 3500 fps
high-speed CMOS image sensor with 12b column parallel cyclic
A/D converters,” Tech. Dig., Symp. VLSI Circuits, pp.27–28, June
2006.

[27] J. Ohta, ed., The latest trend in CMOS image sensors, CRC Press,
2007.

[28] S. Sugawa, N. Akahane, S. Adachi, K. Mori, T. Ishiuchi, and K.
Mizoguchi, “A 100 dB dynamic range CMOS image sensor using a
lateral overflow integration capacitor,” Dig. Tech. Papers, IEEE Int.
Solid-State Circuits Conf., pp.352–353, 2005.

[29] N. Akahane, S. Sugawa, S. Adachi, K. Mori, T. Ishiuchi, and K.
Mizobuchi, “A sensitivity and linearity improvement of a 100-dB
dynamic range CMOS image sensor using a lateral overflow integra-
tion capacitor,” IEEE J. Solid-State Circuits, vol.41, no.4, pp.851–
858, April 2006.

[30] O.Y. Pecht and E.R. Fossum, “Wide intra-scene dynamic range
CMOS APS using dual sampling,” IEEE Trans. Electon Devices,
vol.44, no.10, pp.1721–1723, Oct. 1997.

[31] D. Yang, A.E. Gammal, B. Fowler, and H. Tian, “A 640×512 CMOS



1868
IEICE TRANS. ELECTRON., VOL.E90–C, NO.10 OCTOBER 2007

image sensor with Ul-trawide dynamic range floating-point pixel-
level ADC,” IEEE J. Solid-State Circuits, vol.34, no.12, pp.1821–
1999, 1999.

[32] A.I. Krymski and N. Tu, “A 9-V/Lux-s 5000-frames/s 512 × 512
CMOS sensor,” IEEE Trans. Electron Devices, vol.50, no.1, pp.136–
143, Jan. 2003.

[33] Y. Nishikawa, S. Kawahito, M. Furuta, and T. Tamura, “A high-
speed CMOS image sensor with on-chip parallel image compression
circuits,” Proc. Custom Integrated Circuits Conf., Sept. 2007.

[34] R. Miyagawa and T. Kanade, “CCD-based range-finding sensor,”
IEEE Trans. Electron Devices, vol.44, no.10, pp.1648–1652, 1997.

[35] R. Lange, P. Seitz, A. Biber, and S. Lauxtermann, “Demodulation
pixels in CCD and CMOS technologies for time-of-flight ranging,”
Proc. SPIE, vol.3965, pp.177–188, 2000.

[36] I.A.H. Izhal, T. Ushinaga, T. Sawada, M. Homma, Y. Maeda, and S.
Kawahito, “A CMOS time-of-flight range image sensor with gates
on field oxide structure,” Proc. 4th IEEE Int. Conf. Sensors, pp.141–
144, Nov. 2005.

[37] T. Sawada,S. Kawahito, M. Nakayama, K. Ito, I.A. Halin, M.
Homma, T. Ushinaga, and Y. Maeda, “A TOF range image sensor
with an ambient light charge drain and small duty-cycle light pulse,”
Proc. Int. Image Sensor Workshop, pp.254–257, Maine, June 2007.

Shoji Kawahito received the Ph.D. de-
gree from Tohoku University, Sendai, Japan, in
1988. In 1988, he joined Tohoku University as
a Research Associate. From 1989 to 1999, he
was with Toyohashi University of Technology.
From 1996 to 1997, he was a Visiting Profes-
sor at ETH, Zurich. Since 1999, he has been
a Professor with the Research Institute of Elec-
tronics, Shizuoka University. His research inter-
ests are in mixed analog/digital circuit design for
imaging and sensing devices and systems. Dr.

Kawahito received the Outstanding Paper Award at the 1987 IEEE Interna-
tional Symposium on Multiple-Valued Logic, the Special Feature Award in
LSI Design Contest at the 1998 Asia and South Pacific Design Automation
Conference and the Beatrice Winner Award at the 2005 IEEE International
Solid-State Circuits Conference. He is a member of the Institute of Image
Information and Television Engineers of Japan, the International Society
for Optical Engineering, and a senior member of the Institute of Electrical
and Electronic Engineers.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


