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DESCRIPTION

IMAGE PICKUP DEVICE AND

SIGNAL PROCESSING METHOD THEREOF

TECHNICAL FIELD
The present invention relates to an image

pickup device and a signal processing method thereof.

BACKGROUND ART

Some CMOS image sensors have analog-to-digital
converters in parallel to each other in a column tg
read signals from the sensors at é high speed. Such
analog-to-digital converters arranged in parallel in
a column are referred to as a "column ADC".

Figure 15 is a schematic diagram of I/O
characteristics of an analog-to-digital converter.
Where the precision of an analog circuit is as ideal
during amplification, a straight line is shown as
indicated by 1501. In the case where a deviation is
made from the ideal line as indicated by dashed lines
1502, a digital code (an erroneous code) which will
not appear even if any analog data is input occurs.

As an example of a prior art against the
problem, Japanese Patent Application Laid-Open No.
2006-025189 discusses an image sensor that has a

circulation type of analog-to-digital converter for
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each column thereof and.performs analog—to~digital
conversion twice to reduce errors due to variations
in capacitance used in the circulation type of
analog-to-digital converter. The image sensor
disclosed in Japanese Patent Application Laid-Open No.
2006-025189 performs analog-to-digital conversion
twice while switching capacitances used in a circuit
thereof and retains the converted data in a register
for averaging and output.

Japanese Patent Application Laid-Open No. 2005-
210480 discusses an imaging apparatus having a
plurality of analog-to-digital converters that
corrects output signals of the analog-to-digital
converters according to a reference signal of a
reference signal generating unit of generating the
reference signal.

[Patent Document 1] Japanese Patent Application
Laid-Open No. 2006-025189

[Patent Document 2] Japanese Patent Application
Laid-Open No. 2005-210480

However, correction according to a method being
discussed in Japanese Patent Application Laid-Open No.
2006-025189 has the.following three problems: The
first is that analog-to-digital conversion is always
required tWice, which causes, in principle, a
conversion speed to be lowered to 1/2. This problem

is fatal to digital camera application requiring
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high-speed shutter and moving image application.

The second is that excess wiring, capacitance
and switch must be arranged to switch circuitry
connection. A column ADC must be laid out in almost
the same width or at a maximum several times as wide
as pixels of the image sensor and an increase in the
number/volume of wirings, capacitance or switches
will impair pixel size reduction or cause
characteristic degradation.

The third is that correction is not complete.
Figure 16 is a graph illustrating a relationship
between an analog input and a digital output for
describing a principle thereof. By twice converting
an analog-to-digital conversion characteristic
indicated by alternate long and short dashed lines of
1601 and an analog-to-digital conversion
characteristic indicated by dashed lines of 1602,
averaging is performed, thus an ideal analogfto—
digital conversion characteristic is achieved as
indicated by a solid line of 1603.

For example, at a poiﬁt A of-1604, the twice-
conversion yields conversion results as seen from
1605 and 1606 deviated from an ideal wvalue twice for
the same analog value. By averaging the conversion
results, an ideal characteristic as seen from 1607
can be achieved. However, when an analog value

corresponding to a value where discontinuity of a
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digital output is large as indicated by a point B of
1608 enters, twice-conversion results as indicated by
1609 and 1610 will form an ideal characteristic.
However, i1f conversion result as indicated by 1611 is
obtained in place of 1610 by external disturbance due
to random noise of pixels or a read-out circuit or
the like, averaging will not make the obtained result
meet the ideal characteristic, resulting in a
correction error.

The imaging apparatus being discussed in
Japanese Patent Application Laid-Open No. 2005-210480
requires one correction unit for each analog-to-
digital converter. That is, a lookup table is used.
The lookup table varies with individual analog-to-
digital conﬁerters, which makes it difficult to
realize commonality for a plurality of analog-to-
digital converters.

Sensors arranged with pixels in a two-
dimensional form generally produces outputs from a
plurality of signal wires, finally, by multiplexing
or serializing. Furthermore, in the case of a sensor
having many analog-to-digital converters like a
column ADC, a correction circuit is provided for each
analog-to-digital converter at a previous stage at
which an output is multiplexed. Accordingly, as the
number of the analog-to-digital converters increases,

such a sensor is difficult to apply for practical use.
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In particular, where a pixel region arranged with a
plurality of pixels including photoelectric transfer
elements and a reading unit including analog-to-
digital converters are disposed on an identical
semiconductor substrate, restriction on layout of

elements is strict and, in some cases, an extreme

‘increase in circuit scale causes a particular problem

due to the increased number of correction circuits.
The present invention, implemented to solve at
least one of the foregoing problems, is provided for
the objects of complete correction with data of once
analog-to-digital conversion, as much elimination of
excessive use of switches, analog elements or the
like as possible, and/or prevention of erroneous

correction.

DISCLOSURE OF THE INVENTION

To attain the aforementioned objects, according
to the present invention, an image pickup device
comprises: an image sensor having a plurality of
analog-to-digital converters determining conversion
results from a digital signal of higher order bit
through separate steps of two or more times; a first
correction unit which has a correction factor for
correcting nonlinear errors of the plurality of
analog-to~digital converters so as to adapt to the

analog-to~-digital converters and corrects a nonlinear
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error of a digital signal output from respective'
analog-to-digital converters based oﬁ a correction
factor corresponding to respective analég—to-digital
converters, characterized in that the first
correction unit corrects the nonlinear errors after
converting the digital signals from the plurality of
analog~to-digital converters into a serial output.

According to the present invention, an image
pickup device comprises: a pixel region arranged with
photoelectric transfer elements in a two-dimensional
form; an image sensor having a plurality of analog-
to-digital converters converting énalog signals from
pixels and determining conversion results from
digital signals of higher order bit through separate
steps of two or more times, the pixel region and the
plurality of analog-to-digital converters being
arranged on an identical semiconductor substrate; and
a correction unit which has a correction factor for
correcting nonlinear errors of the plurality of
analog-to-digital converters so as to adapt to the
analog-to~digital converters and corrects a nonlinear
error of digital signals output from respective
analog-to-digital converters based on the correcfion
factor adapting to respective analog-to-digital
converters.

According to the present invention, a signal

processing method for an image pickup device having a
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plurality of analog-to-digital converters converting
analog signals from pixels and determining conversion
results from digital signals of higher order bit
through separate steps of two or more times,
characterized in that the nonlinear errors of the
analog-to-digital converters are corrected after
digital signals from the plurality of analog-to-
digital converters are converted into serial outputs
for correction of the nonlinear errors.

Other features and advantages of the present
invention will be apparent from the following
description taken in conjunction with the
accompanying drawings, in which like reference
characters designate the same or similar parts

}

throughout the figures thereof.

BRIEF DESCRIPTION OF THE DRAWING

Figures 1A and 1B are views illustrating an
analog-to-digital converter according to a first
embodiment of the present invention;

Figure 2 is a view illustrating a
Configurationél example of an image pickup device
according to the first embodiment of the éresent
iﬁvention;

Figure 3 is a view illustrating a
configurational example of an image pickup device

having a column ADC according to a second embodiment
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of the present invention;
Figure 4 is a timing chart illustrating
operation of the circuit in Figure 3;

Figures 5A, 5B and 5C are views illustrating

I/0 characteristics of an analog-to-digital converter

to be corrected according to a third embodiment of
the present invention;

Figure 6 is a view illustrating a
configurational example of a column ADC capable of
obtaining a correction factor according to the third
embodiment of the present invention;

Figure 7 is a view illustrating a
configurational example of an image pickup device
according to a fourth embodiment of the present
invention;

Figure 8 is a view illustrating a
configurational example of an image pickup device
according to a fifth embodiment of the present
invention;

Figure 9 is a view illustrating a sequence of
data storage;

Figure 10 is a view illustrating a
configurational example of an image pickup device
according to a sixth embodiment of the present
invention;

Figure 11 is a view illustrating a

configurational example of an image pickup device

PCT/JP2007/062361
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according to a seventh embodiment of the present
invention;

Figure 12 i1s a graph of RTF characteristics
illustrating a state of amplification of residue
according to a eighth embodiment of the present
invention; ‘

Figure 13 is a graph illustrating a
relationship between analog signals and digital
signals;

Figure 14 is a graph illustrating a
relationship between input signals and amplified
signals;

Figure 15 is a schematic diagram of I/0
characteristics of an AD converter; and

Figure 16 is a graph illustrating a
relationship between analog'input and digital output.

The accompanying drawings, which are

incorporated in and constitute a part of the

.specification, illustrate embodiments of the

invention and, together with the description, serve

to explain the principles of the invention.

BEST MODES FOR CARRYING OUT THE INVENTION
(First Embodiment)

Figures 1A, 1B and 2 are a view illustrating an
analog-to~digital converter according to a first

embodiment of the present invention, respectively.
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Figure 1A is a circuit block diagram illustratipg a
configurational example of a circulation type of an
analog-to-digital converter (ADC) used for a column
ADC. Figure 1B illustrates an example of I/0
characteristics of ADC with digital outputs Dout
corresponding to analog inputs Vin plotted. I/0
characteristics are illustrated by a continuous line
for description. 3-bit is estimated herein, and it
is assumed that a digital value of 3-bit precision
gquantized for a specific analog value is obtained.
It is actually rare that correction is necessary for
3-bit AD conversion, which is a assumption for
simplifying a drawing, so as to make a simplified
description.

A signal Vin from a pixel input into an input
terminal 101 is compared with a reference level Vref
by a comparator 102 and the comparison result becomes
a digital code. When the comparison result is zero,
it is left as it is. On the other hand, when the
comparison result is 1, a reference level Vref is
subtracted from an input signal, the signal is
voltage—amplified by a gain G of an amplifier 103 and
returned to an inbut terminal 101 again. When the
bit precision of the AD converter is of n-bit, this
comparison is performed n-time and the kth comparison
result is output from an output terminal 104 as (n-

k)th bit. As described above, this ADC divides steps
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into two or more times, determines a conversion
result from digital signals of higher order bit, and
converts analog signals into digital signals.

When a gain of an amplifier 103 is exactly 2,
an ideal I/0 characteristic can be obtained as
indicated by 105, however, if the gain is smaller
than 2, for example, 1.95, an erroneous code occurs
in areas as indicated by dashed lines of
characteristic 106.

As a correction factor, the magnitudes of
digital codes indicated as Cl, C2, C3 at 1I/0
characteristics 107 to 109 are extracted from a real
device and a correction factor vector C=(C3, C2, Cl)
of digital values are prepared for. The correction
factor vector used herein is different from a
corresponding data of an actual output value relative
to an ideal reference voltage input as discussed in
Japanese Patent Application Laid-Open No. 2005-210480.
The correction factor vector is an aggregate of the
gquantity of features with the characteristic of the
AD converter indicated by values of several tens at
the most.

Reference character C2 is the sum of
characteristics 107 and 110 and reference character
C3 is the sum of characteristics 107, 110, 111 and
112. If AD conversion is performed with n-bit

precision, a vector constituted of elements the
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is retained as a correction
factor by extending this concept. Where, values of
C3, C2 and Cl depend upon a value of a gain of the
amplifier 103. The correction factors Cl, C2 and C3
are correction factors for correcting differential
nonlinear errors of ADC. These correction factors
can be acquired only by AD converting a real device
at least two more times.

The imaging apparatus being discussed in
Japanese Patent Application Laid-~Open No. 2005-210480
is directly affected by absolute precision of
digital-to—-analog converters (DAC) generating
reference voltages. This is because correction is
performed on the concept that the absolute precision
of the analog-to-digital converters is matched with
that of DAC. Accordingly, for example, when an
analog-to-digital converter of high bit such as 14
bits is adopted, DAC also requires 1l4-bit precision.
Installation of such a high-precision DAC not used
for actual operation in a sensor or a system would
cause a significant cost rise. On the contrary, the
image pickup device according to the present
invention performs correction on the concept that
nonlinear errors are eliminated without need of
focusing on absolute precision and acquires the
correction factor as a vector value. Accordingly,

such a DAC having high absolute precision is not
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required.

A method for acquiring correction factors
according to the present invention requires only AD
conversion at least twice and takes only about 10 us.
Accordingly, correction factors can be acquired again
during a vertical blanking period, a vertical OB
reading period or highQSpeed photographing, thus
realizing re-correction during the operation.

On the contrary, the configuration of the
imaging apparatus being discussed in Japanese Patent
Application Laid-Open No. 2005-210480 takes long time
to determine a correction factor. In realizing AD
conversion of 1l4-bit precision, for example, if AD
conversion takes about 5 ps, 5 upus x 2“, in short, 81
ms is spent in acquiring a correction factor. 1In
calculating a correction factor during the operation,
the correction factor acquirement time of about 100
ms is required, which makes it difficult to realize
high-speed photographing of ordinary moving images or
still images.

Figure 2 is a view illustrating an example of
an image pickup device including a CMOS sensor 201
having a column ADC according to one embodiment and a
digital signal processing unit 207. It is described
below how the correction factor obtained in the above
way 1s used for the image pickup device illustrated

in Figure 2. Reference numeral 201 denotes a CMOS
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image sensor and reference numeral 202 denotesﬁpixels
arranged in a columnar form. Each of the pixels 202
has a photoelectric transfer element and the
photoelectric transfer generates analog pixel signals.
Such pixels are arranged in a two-dimensional form,
which constitutes a pixel region. The image sensor
201 has ADC203 for each column. The each column has
an ADC203 illustrated in Figure 2 and a 3-bit memory
204 storing data output from the ADC in the order of
higher order bit. The data stored in the 3-bit
memory 1s sequentially output to a 3-bit terminal 206
according to an instruction from a horizontal shift
register 205. The pixel region and ADC are disposed
on a identical semiconductor substrate. Reference
numeral 207 denotes a digital signal processing unit
and reference numeral 208 denotes a reference timing
generator. The horizontal shift register 205,
receiving a clock from the reference timing generator
208, outputs a 3-bit digital signal I to the digital
signal processing unit 207 as indicated by reference'
numeral- 209. The digital signal processing unit 207
latches a digital signal I from the sensor 201 with a
3-bit latch 210 based on a reference timing pulse,
performs correction with a correction unit 211 and
outputsithe corrected data A to an output terminal
212,

The correction unit 211 performs calculation of
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an inner product of an output data I from the CMOS
sensor 201 and a correction factor C stored in
advance to correct a differential nonlinear error for
the output data I of the CMOS sensor 201. This makes

I/0 characteristics after correction draw a straight

line as indicated by a reference numeral 113 in

Figure 1B, so that a differentiél nonlinear error is
corrected. In taking the inner product, each bit of
an output data is taken as each element. For example,
if I is 3-bit, it is thought to be a vector fprmed

out of 3 elements, each of which is 1-bit of 0 or 1.
The imaging apparatus being discussedAin Japanese

Patent Application Laid-Open No. 2005-210480 requires

-correction before multiplexing, therefore, the

correction circuit is disposed on an identical chip
to analog-to-digital converters. On the other hand,
the image pickup device according to the present
invention can perform correction for an output after
multipiexing, which enables the correction circuit to
be disposed on a chip different from a photoelectric
transfer region and a readout portion including
analog-to~digital converters.

The capacity of a correction factor memory
required for correction is 256 bits per column, which
can be saved to about 1/1,000 times as large as a
conventional type. Assuming that a column ADCs has

3,000 columns, 0.8 mega bits are obtained. Even if a
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request for storage in a chip is made, the request
can be significantly met.

On the other hand, in the imaging apparatus
being discussed in Japanese Patent Application Laid-
Open No. 2005-210480, for example, including a column
ADC in the sensor having 3,000 columns, it is assumed
that a correction unit is provided for each column.
Moreover, it is assumed that precision of analog-to-
digital converters per column is 14 bits. At that
time, the memory size of a correction unit which one
analog-to-digital converter has is about 230 k bits.
In the case of analog-to-digital converters one
column of which is, for example, 5 pm in width, a
memory having a size of 230 k bits not negligible
must be arranged at each column at intervals of 5 um.
Moreover, a total of memory capacity required by an
internal chip becomes 0.69 G bits and requires a
considerable area. Accordingly, the image pickup
device according to the present invention is
effective, in particular, to a case where a pixel
region and ADCs are disposed on an identical
semiconductor substrate.

A clock generated by the reference timing
generator 208 makes the sensor 201 and the digital
signal processing unit 207 synchronously operate with .
each other, thus providing correction without causing

any error.
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The advantages of this embodiment are as
follows: First, there is no need of switching circuit
connection twice for conversion of signals of a
sensor like the image sensor being discussed in
Japanese Pétent Application Laid-Open No. 2006-025189.
As a result, conversion speed becomes higher, in
principle, twice.

Re-changing of circuit connection eliminates
need of AD conversion, thus further éimplifying the
layout and reducing pixel pitch and layout area.

In the image sensor being discussed in Japanese
Patent Application Laid-Open No. 2006-025189, no
correction exists due to effect of random noise,
however, this embodiment corrects discontinuity even
in the presence of noise, thus performing highly
precise conversion.

In this embodiment, the CMOS image senso£ 201,
the digital signal.processing unit 207, and the
reference timing generator 208 are described as
separated from each other, but are not limited to
this form. For example, the CMOS image sensor 201
and the digital signal processing unit 207 may be
disposed on an identical substrate, or may be
arranged on a multi-chip package. This 1s obvious
because advantages of this embodiment is not affected
by the embodiment itself.

Calculation for correction may be completed
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with l-reference clock, or with a numerical clock by
pipeline processing. In use of pipeline processing,
a plpeline delay occurs, but there is no problem in
practical use.

Description of the correction operation of this
embodiment is strictly an example. The essence of
this embodiment is to perform higher speed read by
correcting a column ADC at the same speed as a rate
of a pixel output from the sensor based on a
correction factor extracted from an analog-to-digital
converter itself.. It is obvious that even with any
correction other than the concept that correction can
be performed by internal product like this embodiment
the advantages of this embodiment can be obtained.
ADC may be provided for each column, or a common ADC
may be provided for a plurality of columns. This
embodiment has at least a plurality of analog-to-
digital converters. It is important to correct a
differential nonlinear error with a correction facfor
corresponding to respective analog-to-digital
converters. ‘
(Second‘Embodiment)

As described above, the column ADC is laid out

.in the same width or at a maximum several times as

wide as the pixel. This makes it difficult to ensure
local precision of an analog element. Variations in

the local precision at each column causes variations
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in gain of the amplifier 103 according to a first
embodiment at each column, and use of the same
correction factor would not ensure precision after
correction. Accordingly, it i1s necessary to prepare
correction factors for each column and perform

correction with unique correction factors for each

\column ADC.

Figure 3 shows a configurational example of the
image pickup device having a column ADC according to
a second embodiment of the present invention for
solving the foregoing problems, and has the same
reference numerals for the same portions as those in
Figure 2. A different point from those in he first
embodiment is an added correction factor memory 301,
and the memory 301 operates with a control signal 302
input from the reference timing generator‘208.

The correction factor memory 301 can store
correctionrfactors of the same quantity as that of
ADC203 in each column. The correction unit 211
corrects differential nonlinear errors for each
column based on the correction factors of ADC203 in a
corfesponding column of correction factors of the
same quantity as that of ADC203 in each column.

Figure 4 is a timing chart illustrating
operation of the circuit in Figure 3. Reference
numeral 401 inputs a sensor output converted by the

first analog-to-digital converter of the sensor 201
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after synchronization with the reference timing clock
and, at the same time, loads a correction factor
vector 402 for Correcting an output of the first
analog-to-digital converter from the correction
factor memory 301 into the correction unit 211. At
the next reference timing clock, calculation is
completed to obtain a corrected output A at a timing
403.

The correction unit 211 inputs the second
sensor output 1 and a correction factor vector C for
the next correction at respective timings 404 and 405
after completion of correction in the first column.

In this embodiment, the correction unit 211
inputs a correction factor from the correction factor
memory 301 in synchronization with an output period
of the image sensor 201.

Additional advantage of this embodiment is as
follows: First, correction with correction factors
corresponding to each column permits more exact
correction of differential nonlinear errors for each
column, thus having achieved higher precision. At
this time, the correction factors can improve
correction precision by using a factor extracted by
an actual CMOS sensor.

Moreover, by taking the correction unit 211 as
a single one and updating correction factors in

synchronization with pixels, an area of a calculation
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unit can be significgntly reduced and exact
correction can be attained in synchronization with an
output of the image sensor.

(Third Embodiment)

In a third embodiment according to the present
invention, a correction factor acquirement unit for
acquiring the correction factor from an actual CMOS
image sensor will be described{below. Figures 5A to
5C illustrates I/O characteristics of an analog-to-
digital converter to be corrected according to this
embodiment. Figure 6 illustrates a configurational
example of a column ADC capable of obtaining a
correction factor according to this embodiment. The
same portions as those in Figures 1A and 1B have the
same numerals.

Figure 5A illustrates an example when an
erroneous code occurs just in the center of an input
dynamic range. The f&llowing is a method for
determining one element Cn of the correction factor
as. indicated by reference numeral 501. Figure 6
illustrates an example of a cbrrectable column ADC
circuit capable of determining Cn.

First, an input is provided with a path for
inputting signals 601, 602, 603 from a column and a
path for circulating signals themselves, as well as a
path for inputting a reference voltage Vref indicated

by reference numeral 604. Accordingly, a switch 605
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is changed so as to be selected from three types of
signals.

Next, as a command signal 606, a 2-bit command
signal CMD is prepared to forcibly indicate
externally and overwrite comparison results of
designating presence of subtraction against the
reference voltage Vref. In the contents of the
command signal CMD, 1Fbit is used to instruct need of
adopting a comparison result and another 1-bit is
used to perform designation of a comparison result at
the adoption as 0 or 1.

Operation of this circuit will be described
below. First, forcibly input the reference voltage
Vref. At this time, forcibly give an instruction of
a comparison result as 0 to a command signal CMD.
Upon the above operations, the conversion result of
each ADC indicates a value X1 of a point 502 in
Figures 5A to 5C. The X1 for all columns is first
retained. Next, the comparison result is forcibly
taken as 1 and AD conversion is performed again.
Upon-the AD conversion, an output of each ADC becomes
a value corresponding to a value X2 of a point 503.

By subtfacting this X2 from X1 retained just

now, a value corresponding to Cn in each column can

. be obtained.

An actual erroneous code occurs all over as

illustrated in Figure 5B. However, if a correction
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factor of I/O characteristics in which an erroneous
code exists only in the center can be determined,
elements of correction factors are determined in
order from lower order bit, thus achieving all
elements of correction factors. The reason will be
described below.

In an analog-to-digital converter showing
characteristics as illustrated in Figure 5B, first, a
correction factor of lower order bit is determined.
An area enclosed by a box 504 is an I/O
characteristic of lower order bit, but jumps exist in
ény other area than the central portion. When
further going down to lower order bit recursively,
the I/0 characteristics result in those where an
erroneous code occurs only in the center as indicated
by 505.

One element CO of a correction factor is first
determined for this area, and correction of higher
order bit is performed recursively based on CO to
obtain I/O characteristics of 506 illustrated in
Figure 5C. Upon acquirement-of a correction factor
of lower order bit, the correction factor of higher
order bit is calculated based on a corrected lower
order bit, thus obtaining all correction elements.

As described above, the image sensor 201 has a
correction factor acquirement unit for acquiring

correction factors using analog-to-digital converters
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in Figure 6.

An example of correction of a circulation type
of column ADC is illustrated herein. It 1s obvious
that advantages of this embodiment can be obtained in
the same way for others such as various types of
column ADC forms and correction algorithms.

For applications which is at a timing of this
correction but do not require severe precision,
correction factors are initially determined once,
such as at delivery from a factory, and the values
are used for subsequent photographing.

For applications which are apt to be affected
by temperature changes or secular changes, correction
factors are set so as to be acquired by the time of
starting the first photographing after turning on an
apparatus switch. 1In other words, the correction
factor acquirement unit acquires correction factors
at the initialization of an image pickup device.

The correction factor acquirement unit, having
a vertical blanking period or a period when pixel
outputs are not required between frames or fields in
updating correction factors during the operation,
such as in photographing moving images, may perform
correction operation during the above period to
acquire correction factors again. In photographing'
still images, correction factors may be acquired

before photographing. If the time of acquiring
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correction factors is effectively set at zero, it is
sufficient for the correction factor acquirement unit
to acquire correction factors while a shutter is
opening, that is, during carrier storage  period by
photoelectric conversion of the image sensor 201
performing exposure of a subject.

The correction factors which have been acquired
again, for example, all existing correction factors
are overwritten. Under an environment where external
disturbance is estimated, a correction factor may
have a possibility of having an error due to sudden
external disturbance. Accordingly, it is good to
update the correction factor by taking weighted
averaging with an existing value without overwriting
all correction factors at a time. The weighted
averaging becomes a design parameter of how a newly
acquired correction factor is reliable.

In other words, the correction factor memory
301 updates a correction factor in which a newly
acquired correction factor and a correction factor in
the correction factor memory 301 are weighted-
averaged.

Calculation required to acquire a correction
factor is performed by the digital signal procesging
unit 207 alone, by which advantages such as high-
speed start and load relief of a processing circuit

can be achieved. That is, the digital signal
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processing unit 207 has a correction facto;
calculation unit for calculating correctién factors
based on output digital signals of the image sensor
201.

As described above, for example, in acquiring a
correction factor after turning on an apparatus
switch, in most cases, main computers for'apparatuses
execute other processing for system start.
Calculation of correction factors based on the
acquired output from the sensor 201 adds additional
calculation to a sequence at the time of start, thus
causing relative long start time.

Even during a vertical blanking period, main
computers perform work for determining photographing
conditions of the next frame. To calculate a
correction factor during the period, the number of
lines to be read must be reduced for longer vertical
blanking period.

In the above two cases, application of this
embodiment can eliminate processing with a main
computer for attainment of advantages without need of.
increasing the time necessary until start, if a
correction factor can be calculated locally between
the image sensor 201 and the digital signal
processing unit 207.

What correction factors are different in each

column means that its implications are different, for
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example, if 3-bit AD conversion obtains a maximum
digital code of (1, 1, 1). An internal product of
data (1,1,1)“from pixels and correction factor (C3,
C2, Cl) becomes C3+C2+Cl, that is, a total of
elements of the correction factors. Accordingly,
different correction factors for each column causes
different maximum of correction values for each
column. This causes photoresponse non-uniformity,
thus having an adverse effect on image quality.
Accordingly, the correction unit 211 normalize
the corrected signal by multiplying a total suﬁ of
constructional features of the correction factors
used for the correction by a factor for keeping the
total sum constant, by which photoresponse non-
uniformity can be corrected. Otherwise, by storing
the correction factor normalized so that a total sum
of constructional features may be constant in the
correction factor memory 301, similar advantage can
be achieved. 1In addition to the correction unit 211,
an photo response non-uniformity correction unit. may
be provided to perform photo response non-uniformity
correction. The photo response non-uniformity refers
to percentage of a degree that if tﬁe same quantity
of light is input, outputs of all pixels should
become uniform, but will not become uniform due to
variations in sensitivity of pixels themselves or in

gain of read-out system. In this embodiment, even if
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the same‘voltage is input by an analog-to-digital
converter, the same digital value will not be output.
Accordingly, reaction to the light might become
uneven without correction. On the other hand, this
embodiment can correct PRNU.

The correction unit 211 may be configured so as
to normalize a corrected signal for a constant output
dynamic range. As means for keeping the output
dynamic range constant, this embodiment uses a device
of calculating factors for normalization based on
correction factors, which is not limited to this
methodology. For example, a methodology may be used
which acquires digital outputs when input into all
coulmn ADCs and prepares correction factors so as to
keep the acquired outputs constant.

{Fourth Embodiment)

Figure 7 is a view of a configurational example
of an image pickup device éccording to a fourth
embodiment of the present invention. The same
portions as those in Figure 3 have the same
numerals/characters. In this embodiment, a concrete
design example of the digital signal processing unit
207 will be described below. Figure 7 illustrates an
example of a circuit diagram when a clock of the
digital signal processing unit 207 and a clock of a
pixel data output from the CMOS image sensor 201 are

operated with a different clock.
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Reference numeral 701 denotes a FIFO buffer
capable of storing 3-bit data by several words and is
provided between the image sensor 201 and the
correction unit 211. The FIFO701 inputs a reference
timing pulse of the reference timing generator 208
and synchronously loads digital data of the image
sensor 20.

The data of the FIF0701, after the timing
thereof is adjusted by a latch 702, is output to the
correction unit 211. At that time, the correction
unit 211 uses a clock 704 from the signal processing
timing generator 703 for timing adjustment. An
action of the correction unit 211 is almost the same
as for the second embodiment, except that a clock
used for synchronization is from the signal
processing timing generator 703.

In this embodiment, the correction unit 211
inputs a correction factor from the correction factor

memory 301 in synchronization with an output period

©0f the FIFO701.

Additional advantage of this embodiment is és
follows: For example, a retaiﬁing memory 301 and the
correction unit 211 are described as a dedicated
block, however, in supposing mounting on hardware, a
general-purpose arithmetic device or a main storage
may be used. In that case, it becomes difficult to

always occupy the general-purpose section ocnly for
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correction function implementation.

In such a case, if it is possible to make
FIFO701 retain data from pixels, correction is not
required while the data is being retained.
Accordingly, assignment of other role can be made
during the period by the arithmetic device or the
main storage.

Processing data stored in FIFO701 requires
higher-speed correction than a reference timing pulse,
however, use of another high-speed clock for‘signal
processing like this embodiment would implement high-
speed and exact correction with positive
synchronization.

This embodiment uses FIF0O701, however, for
example, random access memory (RAM) such as frame
memory or line memory may be used in place of FIFO701.
In that case, the correction unit 211 synchronizes
with a reading period of a random access memory and
inputs a correction factor from the correction factor
memory 301.

(Fifth Embodiment)

Next, a fifth embodiment of the present
invention by use of an image sensor implementing a
special seal digital output will be described below.
Figure 8 illustrates an example of an image pickup
device including an image sensor 801 with built-in

column ADC and the digital signal processing unit 207,
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implementing a serial digital output according to the
fifth embodiment of the present invention. The same
portions as those of the above-mentioned embodiment
have the same numerals/characters.

The image sensor 801, including a memory 802 of
1-bit as well as the width of a data output terminal
803 to the outside being 1-bit, is different from the
image sensor 201 of the above-mentioned embodiment,
which includes the memory 204 of 3-bit in each column
as 1llustrated in Figures 2, 3 and 7.

In a circulation type of column ADC, sequential
outputs are made from the higher order bit of each
bit. Accordingly, the sensor 801, upon conversion
completion of a bit, performs sequential outputs
without waiting for the results of all bits. In
other words, the sensor 801 outputs digital signals
sequentially from a fixed higher order bit in each
column.

The digital signal processing unit 207 retains
its serial data output in a memory 804, However,
data from the image sensor 801 is stored in the
memory 804 in such an order as shown in Figure 9,
therefore, no exact correction will be performed if
each 3- bit is output to the correction unit 211 as
it is. A reallocation unit 805, as illustrated by
reference numeral 901, extracts data of bit belonging

to the same column from the memory 804, rearranges
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the data in an correct order from the higher order
bit to lower order bit and outputs the signals to the
correction unit 211. For example, the reallocation
unit 805 extracts data of the 3rd bit, 2nd bit and
lowest order bit of one éplumn from the memory 804
and outputs the data to the correction unit 211.

That is, the reallocation unit 805 reallocates output
digital signals of the image sensor 801 to signals
for each pixel and outputs the signals to the
correction unit 211.

Additional advantage of this embodiment is as
follows: The image sensor 801 is set so as to output
to the outside immediately after conversion from the
higher order bit, thus reducing the volume of the
memory 802 required by the image sensor 801 as well
as a chip area. 1In such an image sensor 801, by
fitting é reallocation unit onto the digital signal
processing unit 207, proper data can be output to the
collection unit 211 to permit attainment of exact
collection.

(Sixth Embodiment) -

Figure 10 is a view of a configurational
example of an image pickup device according to a
sixth embodiment of the present invention. The same
portions as those in Figure 7 have the same
numerals/characters. This image pickup device is

capable of correcting those except differential
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nonlinear errors.

Reference numeral 1001 denotes a second
correction unit for correcting various sensor
characteristics except differential nonlinearity.
Reference numeral 1002 denotes a pixel additional
processing unit for adding adjacent pixels to each
other after correction.

The correction unit 211, after creating

corrected data 1003, outputs the data to a second

correction unit 1001. The second correction unit
1001 is, for example, a fixed pattefn noise removal
unit for removing fixed pattern noise found in the
horizontal direction from digital signals corrected
by the correction unit 211, and a horizontal shading
correction unit for performing horizontal shading
correction. Otherwise, the second correction unit
1001 is, for example, a fixed pattern noise removal
unit for removing fixed patfern noise found in the
vertical airection from digital signals corrected by
the correction unit 211, and a vertical shading
correction unit for performing vertical shading
correction.‘ Then, a pixel additional processing unit
1002, upon inputting an instruction of addition with
an addition instruction signal 1004, adds data
adjacent pixels to each other to lower data rate for
output.

In other words, the pixel additional processing
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unit 1002 adds a plurality of pixel digiﬁal signals
to digital signals corrected by the correction unit
211 and the second correction unit 1001.

Additional advantage of this embodiment is as
follows: Performing shading correction, fixed pattern
noise correction and pixel data addition for data
before correction of differential nonlinear error is
caiculation for improper data, thus causing the
results to have errors. Even if correction of
differential nonlinear errors described in Figure 2
is performed for such erroneous results, exact
results cannot be obtained.

According to this embodiment, by performing
other various corrections and/or weighted addition
processing for highly accurate data with corrected
differential nonlinear error, exact shading
correction, fixed pattern noise correction and
addition processing can be performed.

As addition processing, for example, breaking
down by colors may be performed so that the same
colors are added. In addition, weighted addition may
be performed for moire relief processing. BY adding
line memofy for several lines to an addition block,
addition processing may be performed for two-
dimensional kerne. The advantages of this embodiment
do ﬁot depend upon types of the addition.

(Seventh Embodiment)
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Figure 11 is a view of a configurational
example o6f an image pickup device according to a
seventh embodiment of the present invention. The
same portions as those in Figure 2 have the same
numerals/charactersﬁ For this embodiment, a
combination of the image sensor 201 having a
plurality of output channels and the digital signal'
processing unit 207 will be described below. In this
embodiment, analog-to-digital converters in every
other column are connected to other independent
channels respéctively. Even—-numbered channels are
connected to a first channel 1101 and odd-numbered
channels are connected to a second channel 1102. The
image sensor 201 outputs digital signals of multi-
channels 1101 and 1102.

The two channels 1101 and 1102, after being

multiplexed by a multiplexer 1103, are connected with

a single correction unit 211. The multiplexer 1103
outputs 3~bit digital data output with the same phase
from the multi-channels 1101 and 1102 to the
correction unit 211 with-the phase shifted.

One of advantages of this embodiment is that
hardware can be more compact because only a single
correction unit 211 is enough even if a plurality of
channels exist. Moreover, in this embodiment, an
example of multiplexing the two channels 1101 and

1102 into one channel is described, but even in the
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case of two or more channels, the same advantage can
be achieved.

This embodiment does not limit the location of
the multiplexer 1103, that is, on which side of the
image sensor 201 or the digital signal processing
unit 207 the multiplexer 1103 should be located.

This is because such positioning is not required in
arranging the image sensor 201 and the digital signal
processing unit 207 on an identical semiconductor
substrate.

If the multiplexer 1103 is possible to locate
on the image sensor 201 side, this will yield an
additional advantage of reduction in the number of
wires between the image sensor 201 and the digital
signal processing unit 207.

The digital signal processing unit 207 is
generally produced by a more advanced manufacturing
process than the image sensor 201. Accordingly, if
the multiplexer 1103 is located on the digital signal
processing unit 207, an advantage that the
multiplexer 1103 requiring high-speed operation -can
be easily disposed within an identical chip.
Especially, the number of channels of the multiplexer
1103 will become at least two and, if the switching
speed requested to the multiplexer 1103 becomes
higher, this advantage will not be negligible.

(Eighth Embodiment)
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In a eighth embodiment of the present invention,
changes of the amplification factor of residue will
be described below. A residue signal used herein
refers to a signal obtained by subtracting a
reference level from an analog signal after
completion of each step of AD conversion.

Figure 12 is a graph of residue transfer
function (RTF) characteristics showing an
amplification state of residue according to an eighth
embodiment of the present invention. The graph |
illustrates voltages input into an analog-to-digital
converter on the lateral axis and how the inputs are
conve;téd and returned to inputs of a multi-step
analog-to-digital converter again on the longitudinal
axis.

Reference numeral 1201 denotes RTF
characteristics in an ordinary circulation type of
analog-to-digital converter. If inputs are made from
~VREF to +VREF, residue is amplified to a range from
-VREF to +VREF like an input dynamic range after
processing based on comparison results.

In this embodiment, RTF characteristics are set
so that residue is amplified to less than the input
dynamic range in designing, as indicated by 1202.

The advantage of the eighth embodiment of the
present invention will be described below.

Especially, such an analog-to-digital converter as to
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be dinserted into a column of the image'sensor even if
produced like 1201 at the time of design avoidably
has large variations in manufacturing than ordinary
analog-to-digital converters. Under such é condition,
if residue after amplification exceeds the input
dynamic range like 1203, an overlapped codé which
makes different analog values adapted to the same
digital values occurs as illustrated in Figure 13,
thus making correction by a digital circuit
impossible.

Accordingly, by devising so as not to show RTF
characteristics as indicated by 1203 even in the
worst case in consideration of manufacturing
variations in designing, no overlapped codes are
generated, thus always enabling digital correction.

In this embodiment, the analog-to-digital
converters are set so that the dynamic range of the
residue is under the input dynamic range thereof,
after residue after completion of each step is
voltage-amplified.

The possible cause of deviation of RTF
characteristics is not only manufacturing variations.
Espegialiy, in the circuit diagram of the analog-to-

digital converter as illustrated in Figure 6, such a

deviation is similarly found in a configuration using

a single end type of operational amplifier 103 in

place of full-differential type of operational
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amplifier 103. In this case, a voltage after
amplification of residue exceeds the input dynamic
range because of clock feed through occurring during
hold or output offset voltage of an amplifier.
Application of this embodiment permits digital
correction, especially in a case where layout
conditions are strict and design is difficult to
implement as a highly precise analog circuit like an
image sensor.

Morebvgr, as additional advantage, the single
end type generally requires layout width half that of
a full differential type. An advantage that layout
on an image sensor 1s easy can be achieved.

Design of RTF characteristics in view of
manufacturing variations in this way is not limited
to only the circulation type. For example, in the
case.of a 4;bit analog-to-digital converter, a
double-integration type analog-to-digital converter
with the reduced number of comparison steps such as a
conversion of individual upper and lower two.bits, or
a lamp type analog-to-digital converter with the

reduced number of comparison steps can perform

~digital correction. For these énalog—to—digital

converters, it is sufficient to perform design so
that residue after amplification may not exceed the
input dynamic range including manufacturing

variations, clock feed through and output offset at
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amplification. This enables produce analog-to-
digital converters capable of digital correction
without generating overlapped codes.

As described above, the first to the eighth
embodiments provides higher-speed correction than a
case where twice analog-to-digital conversion result
is used by performing correction for an output
digital signal of an image sensor. Connection of a
circuit for twice analog-to-digital conversion needs
no switching. This can eliminate use of excess
switches or analog devices as much as possible.
Furthermore, erroneous correction can be prevented
for appropriate correction.
| Any of the foregoing embodiments describes only
concrete examples in implementing the present
invention, by which the technical field of the
present invention must not definitely interpreted.

In other woxrds, the present invention may be
implemented in various forms without departing from
teéhnical idea or main features thereof.. Moreover,
embodiments, a configuration having analog-to-digital.
converters in each column is described, which is not
limited to this configuration. For example, analog-
to-digital converters may be provided for each
plurality of columns. It is sufficient that a
plurality of analog-to-digital converters are used as

an image pickup device. Furthermore, the present
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invention directly corrects differential non-linear
errors, but concurrently can correct integrated

~nonlinear errors as well.

5 This application claims priority from Japanese
Patent Application No. 2006-167750 filed on June 16,
2006, which is hereby incorporated by reference

herein.
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CLAIMS

1. An image pickup device comprises:

an image sensor having a plurality of analog-
to-digital converters determining conversion results
from a digital signal of higher order bit through
separate steps of two or more times;

a first correction-unit which has a correction
factor for correcting nonlinear errors of the
plurality of analog-to-digital converters so as to
adapt to the analog-to-digital converters and
corrects a nonlinear error of a digital signal output
from respective analog-to-digital converters based on
a correction factor corresponding to respective
analog-to-digital converters, characterized in that:

the first correction unit corrects the
nonlinear errors after converting the digital signals
from the plurality of analog-to-digital converters
into a serial output.

2. The image pickup device according to claim 1,
characterized in that the first correction unit
corrects the nonlinear errors for each column, based
on a correction factor of an analog-to-digital
Converfer in a corresponding column of correction
factors of the same quantity as those of the analog-
to-digital converters in each column.

3. The image pickup device according to claim 1

or 2, characterized in that the image sensor has a
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correction factor acquirement unit for acquiring the
correction factors with the analog-to-digital
converters.

4. The image pickup device according to claim 1,
characterized in that the image pickup device further
has a correction factor memory for storing the
correction factors and the firstvcorrection unit
inputs the correction factors from the correction
factor memory synchronously with an output period of
the image sensor.

5. The image pickup device according to claim I,
characterized in that the image pickup device further
has the correction factor memory for storing the
correction factors and a FIFO buffer or a random
access memory provided between the image sensor and
the first correction unit, and that the first
correction unit inputs the correction factors from
the correction factor memory synchronously with an
output period of either of the FIFO buffer and the
random access memory.

6. The image pickup device according to claims
1 characterized in that the first correction unit
normalize the corrected signal'by multiplying a total.
sum of constructional features of the correction
factofs by a factor for keeping the total sum
constant. ‘

7. The image pickup device according to claim 1,
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characterized by including a correction factor memory
for storing the correction factor normalized so that
a total sum of constructional features is constant.

8. The image pickup device according to claim 1,
characterized in that the first correction unit
normalizes the corrected signal for a constant output
dynamic range.

9. The image pickup device according to claim 1,

characterized by further including the second

correction unit. for correcting at least one of fixed
pattern noise, horizontal shading, vertical shading
and photoresponse non-uniformity against digital
signals corrected by the first correction unit, and a
pixel additional processing unit for adding a
plurality of pixel digital signéls corrected by the
second correction unit.

10. The image pickup device according to claim
1, characterized by further including a correction
factor acquirement unit for acquiring the correction
factors during any of image pickup device
initialization, vertical blanking period and carrier
storage period by photoelectric conversion of the
image sensor.

11. The image pickup device according to claim
1, characterized in that the image pickup device
further includes a correction'factor memory for

storing the correction factor and the correction
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factor memory updates and stores a correction factor
in which a newly acquired correction factor and a
correction factor in the correction factor memory are
welghted-averaged.

12. The image pickup device according to claim
1, characterized in that the image sensor outputs
digital signals sequentially from determined higher
order bits in each column and further includes a
reallocation unit for reallocating output digital
signals of the image sensor to signals for each pixel
and outputting the signals into the first correction
unit.

13. The image pickup device according to claim
1, characterized in that the image sensor includes a
multiplexer for outputting digital signals of multi-
channels, further shifting a phase relative to
digital signals of the same phase of the multi-
channels and for outputting the signals to the first
correction unit.

14. The image pickup device according to claim
1, characterized in that the analog-to-digital
converters are set so that the dynamic range of the
residue is under the input dynamic range thereof,
after signals obtained by subtracting a reference
level from analog signals after completion of each
step are voltage-amplified.

15. An image pickup device comprises: a pixel
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region with pixels including photoelectric transfer
elements arranged in a two-dimensional form; an image
sensor having a plurality of analog-to-digital

converters converting analog signals from pixels and

‘determining conversion results from digital signals

of higher order bit through separate steps of two or
more times, the pixel region and the plurality of
analog-to-digital converters being arranged on a
common semiconductor substrate; and a correction unit
which has a correction factor for correcting
nonlinear errors of the plurality of analog-to-
digital converters so as to adapt to the analog-to-
digital converters and corrects a nonlinear error of
digital signals output from respective analog-to-
digital converters based on the correction factor
adapting to respective analog-to-digital converters.
16. A signal processing method for an image
pickup device having an image sensor having a
plurality of analog—to—digital converters determining
conversion results. from digital signals of higher
order bit through separate steps of two or more times,
characterized in that the nonlinear errors of the
analog—to—digital converters are corrected after
digital signals from the plurality of analog-to-
digital converters are converted into serial outbuts

for correction of the nonlinear errors.
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