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(57) Abstract: In an image sensor having a plurality of pixels which photoelectrically convert a subject image, a plurality of pairs
of focus detection pixels including first focus detection pixels (Sua) and second focus detection pixels (Sus) are arranged while be-
ing distributed. The layouts of the first focus detection pixel (SHA) and the second focus detection pixel (Sus) are switched in
pairs of focus detection pixels adjacent in the focus detection direction. Focus detection is performed using image waveforms ob-
tained from the first focus detection pixel (Sus) and the second focus detection pixel (Sus) whose layouts are switched. This re-
duces focus detection errors generated when the pixels included in the pairs of focus detection pixels receive light fluxes from dif-
ferent portions of the subject.
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DESCRIPTION

IMAGE-CAPTURING APPARATUS

TECHNICAL FIELD

[0001] The present invention relates to a focus
detection method in an image sensor capable of
capturing a still image and/or a moving image using a
number of photoelectric conversion elements which are
two-dimensionally arrayed, and in an image-capturing
apparatus using the image sensor.

BACKGROUND ART

[0002] Conventionally, Japanese Patent Laid-Open
Nos. 2000-292686 and 2001-305415 disclose techniques of
imparting a phase-difference detection function to an
image sensor to implement high-speed phase-difference
detection type AF without using a dedicated AF sensor.
[0003] In Japanese Patent Laid-Open No. 2000-
292686, each of the light-receiving units of some
pixels in an image sensor is divided into two parts to
impart a pupil division function, thereby forming focus
detection pixels. Phase-difference detection type AF
is implemented using the focus detection pixeis
afranged at a predetermined interval. Note that the
focus detection pixels incapable of capturing an image
are handled as defective pixels, and image information
corresponding to them is generated by interpolating

neighboring image-capturing pixel information.
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[0004] Japanese Patent Laid-Open No. 2001-305415
discloses generating image information of focus
detection pixels by adding up outputs from the two
light-receiving units of each focus detection pixel,
instead of intefpolating neighboring image-capturing
pixel information.

[0005] However, since the focus detection pixel in
the Japanese Patent Laid-Open Nos. 2000-292686 and
2001-305415 has a light-receiving unit that is divided
in two, the light-receiving efficiency lowers,
resulting in a narrower dynamic range and a lower S/N
ratio.

[0006] Japanese Patent Laid-Open No. 2000-156823
discloses a technique which uses some pairs of pixels
in an imége sensor as focus detection pixels by
decentering the sensitive regions of light-receiving
units in opposite directions with respect to the
optical axes of on-chip microlenses. Phase-difference
detection type AF is performed based on a pair of AF
waveforms obtained from such a pair of focus detection
pixels. 1In Japanese Patent Laid-Open No. 2000-156823,
the image information of the focus detection pixels is
generated by interpolating neighboring image-capturing
pixel information, as in Japanese Patent Laid-Open No.
2000-292686.

[0007] Japanese Patent Laid-Open No. 2000-156823

can suppress degradation in the light-receiving
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efficiency of the focus detection pixels, but has the
following problems.

[0008] Since each pair of focus detection pixels
whose light-receiving units have sensitive regions
decentered in the opposite directions includes
different pixels, the individual pixels receive light
fluxes from different portions of a subject image.
Hence, image waveforms having a phase shift
corresponding to the interval between the pixels
included in the pair of focus detection pixels are
obtained. The shift amount is not constant and is hard
to correct because it changes depending on the pattern
of the subject. This causes a focus detection error.
Additionally, in Japanese Patent Laid-Open No. 2000-
156823, since two pixels that form a pair of focus
detection pixels are spaced apart from each other, a

focus detection error occurs at higher probability.

DISCLOSURE OF INVENTION
[0009] The present invention has been made in
consideration of the problems of the prior arts, and
provides an image-capturing apparatus capable of
reducing focus detection errors which are generated
when pixels included in a pair of focus detegtion
pixels receive light fluxes from different portions of
a subject.

[0010] Aécording to an aspect of the present



WO 2010/005104 PCT/JP2009/062766

invention, there is provided an image-capturing
apparatus comprising: an image sensor including a
plurality of pixels which photoelectrically convert a
subject image, in which a plurality of pairs of focus
detection pixels to detect focus of a lens which forms
the subject image by phase difference detection are
arranged in the plurality of pixels at a predetermined
pitch, each pair of focus detection pixels consists of
a first focus detection pixel and a second focus
detection pixel; and detection means for detecting,
based on a phase difference between a first image
waveform and a second image waveform obtained from the
first focus detection pixels and the second focus
detection pixels af the plurality of pairs of focus
detection pixels, respectively, a focusing status of
the lens, wherein in the two adjacent pairs of focus
detection pixels in a direction perpendicular to the
phase difference detection, layouts of the first focus
detection pixel and the second focus detection pixel
are switched, and the detection means detects the
focusing status of the lens using the first image
waveform and the second image waveform obtained from
the plurality of pairs of focus detection pixeis in
which the layouts of the first focus detection pixels
and the second focus detection pixels are switched.
[0011] Further features of the present invention

will become apparent from the following description of
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exemplary embodiments with reference to the attached

drawings.

BRIEF DESCRIPTION OF DRAWINGS
[0012] Fig. 1 is a view showing an example of- the
arrangement of a digital camera exemplified as an
image-capturing apparatus according to the first
embodiment of the present invention;
[0013] Fig. 2 is a view schematically showing an
example of the circuit arrangement of an image sensor
according to the first embodiment of the present
invention;
[0014] Fig. 3 is a view showing a section of two
vertical pixels of the image sensor and their
peripheral circuits according to the first embodiment
of the present invention;
[0015] Fig. 4 is a driving timing chart of the
image sensor according to the first embodiment of the
present invention;
[0016] Figs. 5A and 5B are views showing an
example of the layout and structure of image-capturing
pixels in the image sensor according to the first
embodiment of the present invention;
[{0017] Figs. 6A and 6B are views showing an
example of the layout and structure of focus detection
pixels (AF pixels) for dividing the pupil in the

horizontal direction (lateral direction) of a
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photographing lens according to the first embodiment of
the present invention;

[0o018] Figs. 7A and 7B are views showing an
example of the layout and structure of focus detection
pixels for dividing the pupil in the vertical direction
(longitudinal direction) of the photographing lens
according to the first embodiment of the present
invention;

[0019] Fig. 8 is a schematic view for explaining
pupil division according to the first embodiment of the
present invention;

[0020] Fig. 9 is a schematic view for explainind
an example of a focus detection region ahd an image
acquired upon focus detection in the digital camera
according to the first embodiment of the present
invention;

[0021] Fig. 10 is a view for explaining the layout
rule of pairs of focus detection pixels according to
the first embodiment of the present invention;

[0022] Fig. 11 is a view for explaining a shift
between an A image waveform and a B image waveform,
which is generated when a first pair of focus detection
pixels Sya and Sy includes different pixels;

[0023] Fig. 12 is a view for explaining a shift
between an A image waveform and a B image waveform,
which is generated when a first pair of focus detection

pixels Sya and Sy includes different pixels;
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[0024] Fig. 13 is a view showing a layout example
of first pairs of focus detection pixels Sy and Sy in
4 x 4 = 16 blocks according to the first embodiment of
the present invention;

[0025] Fig. 14 is a view showing A image waveforms
and B image waveforms obtained upon application to the
pairs of focus detection pixels arranged as shown in
Fig. 13 while shifting the pattern as in Fig. 11;
[0026] Fig. 15 is a view for explaining the layout
rule of focus detection pixels in the image sensor
according to the first embodiment of the present
invention;

[0027] Fig. 16 is a flowchart for explaining the
overall operation of the digital camera according to
the first embodiment of the present invention;

[0028] Fig. 17 is a flowchart for explaining
details of the focus detection processing of the
digital camera according to the first embodiment of the
present invention;

[0029] Fig. 18 is a flowchart for explaining
details of the shooting processing of the digital
camera according to the first embodiment of the present
invention;

[0030] Fig. 19 is a view for explaining the layout
rule of focus detection pixels in an image sensor
according to the second embodiment of the present

invention;
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[0031] Fig. 20 is a view for explaining the layout
rule of focus detection pixels in an image sensor
according to the third embodiment of the present
invention;

[0032] Fig. 21 is a view for explaining the layout
rule of focus detection pixels in an image sensor
according to the fourth embodiment of the present
invention; and

[0033] Fig. 22 is a view for explaining the layout
rule of focus detection pixels in an image sensor
according to the fifth embodiment of the present

invention.

BEST MODE FOR CARRYING OUT THE INVENTION
[0034] Exemplary embodiments of the present
invention will now be described in detail in accordance
with the accompanying drawings.
[0035] [First Embodiment]

Fig. 1 is a view showing an example of the
arrangement of a digital camera exemplified as an
image-capturing apparatus according to the first
embodiment of the present invention.

[0036] A first lens group 101 is placed at the
front end of a photographing optical system (imaging
optical system) and held to be movable in the optical
axis direction. A shutter 102 functions not only as a

shutter for controlling the exposure time in shooting a
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still image but also as an aperture which controls the
light amount in shooting by adjusting the opening
diameter. A second lens group 103 placed on the rear
side (image sensor side) of the shutter 102 can move in
the optical axis direction integrally with the shutter
102 so as to implement a zoom function together with
the first lens group 101.

[0037] A third lens group 105 serves as a focus
lens and is movable in the optical axis direction. An
optical low-pass filter 106 is placed in front of an
image sensor 107 to reduce false colors and moiré in a
captured image. The image sensor 107 includes, for
example, a CMOS sensor and its peripheral circuits. 1In
this embodiment, the image sensor 107 is a two-
dimensional single multicolor filtered image sensor in
which m x n light-receiving elements are two-
dimensionally arrayed in the horizontal and vertical
directién, and on-chip primary color mosaic filters in
a Bayer matrix are formed on them. The color filters
limit the wavelength of transmission light which
becomes incident on the light-receiving element of each
pixel.

[0038] A zoom actuator 111 makes a cam cylinder
(not shown) pivot to drive the first lens group 101
and/or the second iens group 103 in the optical axis
direction under the control of a zoom driving circuit

129. A shutter actuator 112 drives the shutter 102 to
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a predetermined opening diameter at a predetermined
open/close timing under the control of a shutter
driving circuit 128.

[0039] A focus actuator 114 drives the third lens
group 105 in the optical axis direction under the
control of a focus driving circuit 126.

[0040] An electronic flash 115 is a flash
illumination device using a xenon tube. It may be an
illumination device including an LED that continuously
emits light. An AF assist light output unit 116
projects a mask image having a predetermined opening
pattern onto the field, thereby assisting focus
detection in shooting in a dark place or for a low-
contrast subject.

[0041] A CPU 121 includes an arithmetic unit, ROM,
RAM, A/D converter, D/A converter, and communication
interface circuit (none are shown), and controls the
operation of the entire digital camera. The CPU 121
executes programs stored in the ROM to control various
kinds of circuits, thereby implementing the functions
of the digital camera.such as AF, AE, image proceséing,
and recording.

[0042] An electronic flash control circuit 122 .
controls lighting of the electronic flash 115 in the
shooting operation. An assist light control circuit
123 controls lighting of the AF assist light output

unit 116 in the focus detection operation. An image
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sensor driving circuit 124 controls the operation of
the image sensor 107, and also A/D-converts an image
signal read from the image sensor 107 and outputs it to
the CPU 121. An image processing circuit 125 applies
image processing such as y conversion, color,
interpolation, and JPEG coding to an image signal.
[0043] The focus driving circuit 126 drives the
focus actuator 114 based on a focus detection result to
move the third lens group 105 in the optical axis
direction, thereby adjusting focus. The shutter
driving circuit 128 drives the shutter actuator 112 to
control the opening diameter and open/close timing of
the shutter 102. The zoom driving circuit 129 drives
the zoom actuator 111 in accordance with a zoom
operation that is input when, for example, the user
presses a zoom operation switch included in an
operation switch group 132.

[0044] A display device 131 is, for example, an
LCD and displays information about the shooting mode of
the digital camera, a preview image before shooting and
a verification image after shooting, information about
the in-focus state upon focus detection, and the like.
The operation switch group 132 includes a power switch,
release (shooting trigger) switch, zoom operation
switch, and shooting mode selector switch. A recording
medium 133 is, for example, a detachable semiconductor

memory card and records captured images.
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[0045] Fig. 2 is a view schematically showing an
example of the circuit arrangement of the image sensor
107 according to this embodiment.

[0046] Fig. 2 illustrates pixels 30-11 to 30-42 on
two columns x four rows of a number of pixels included
in the image sensor 107. In this embodiment, the image
sensor 107 has 3,000 horizontal pixels x 2,000 vertical
pixels (a total of 6,000,000 pixels) as effective
pixels. The pixel pitch is 2 pum. The image-capturing
screen size 6 mm x 4 mm.

[0047] Referring to Fig. 2, each pixel includes a
photoelectric conversion unit 1 formed from a MOS
transistor gate and a depletion layer under it, é
photogate 2, and a transfer switch MOS transistor 3. A
reset MOS transistor 4, source follower MOS transistor
5, and horizontal selector switch MOS trahsistor 6 are
provided in correspondence with each pair of pixels in
the vertical direction. A source follower load CMOS
transistor 7 resets a vertical output line in
accordance with a control pulse ¢L. A dark output
transfer MOS transistor 8, bright output transfer MOS
transistor 9, dark output integration capacitér Cey 10,
and bright output integration capacitor Cgs 11
accumulate dark and bright voltages in éccordance with
control pulses ¢Ty and ¢Ts.

[0048] The image sensor 107 also includes

horizontal transfer MOS transistors 12, hérizontal
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output line reset MOS transistors 13, differential
amplifier 14, horizontal scanning circuit 15, and
vertical scanning circuit 16.

[0049] Fig. 3 is a view showing a section of two
vertical pixels (e.g., pixels 30-11 and 30-21) and
their peripheral circuits.

[0050] Referring to Fig. 3, reference numeral 17
denotes a p-well; 18, a gate oxide film; 19, a first
poly-Si layer of the photogate 2; 20, a second poly-Si
layer of the photogate 2; and 21, an n'-floating
diffusion portion (FD). The FD 21 is connected to
another photoelectric conversion unit via another
transfer MOS transistor. The structure in Fig. 3
realizes size reduction by using the FD 21 as the
drains of the two transfer switch MOS transistors 3 in
Fig. 2, and improves the sensitivity by decreasing the
capacity of the FD 21. The FD 21 may be connected by
an Al interconnection.

[0051] The operation of the image sensor 107 will
be described next with reference to the timing chart in
Fig. 4. Fig. 4 is a timing chart in a full pixel
independent output mode.

[0052] First, the control pulse ¢L goes high in
accordance with the timing output from the vertical
scanning circuit 16 to turn on the load CMOS
transistors 7 and reset the vertical output lines.

Additionally, control pulses ¢Rq, ¢PGgo, and ¢PGeo go
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high to turn on the reset MOS transistors 4 and set the
first poly-Si layers 19 of the photogates 2 at high
level.

[0053] At time ty, a control pulse ¢Sy, goes high to
turn on the horizontal selector switch MOS transistors
6 and select the pixel units of the first and second
lines. At time (to + Tp), the control pulse ¢Ry goes
low so that each FD 21 stops reset and is set in a
floating state while making the gate-to-source path of
each source follower MOS transistor 5 through. During
a period Tl from the time t;, the control pulse ¢Ty
goes high to perform a source follower operation so
that the FDs 21 output a dark voltage to the dark
output integration capacitors Cry 10.

[0054] To make the pixels of the first line
perform photoelectric conversion output, a control
pulse ¢TXoo of the first line goes high to turn on the
transfer switch MOS transistors 3. After that, during
a period T, from time t,, the control pulse ¢PGyy goes
low. The voltage relationship at this time raises a
potential well that has spread under each photogate 2,
and completely transfers the light generation carrier
to the FDs 21. If complete transfer is possible, a
control pulse ¢TX need not always be a pulse and may be
a fixed potential.

[0055] From the time t, to (t, + T:), charges from

the photoelectric conversion units 1 are transferred to
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the FDs 21. The potential of each FD 21 changes in
accordance with the light amount. At this time, the
source follower MOS transistors 5 are in the floating
state. Hence, during a period T; from time t3, the
control pulse ¢Ts goes high to output the potential of
the FDs 21 to the bright output integration capacitors
Crs 11. At this point of time, the dark output
integration capacitors Cqy 10 and the bright output
integration capacitors Cgs 11 store the dark outputs
and bright outputs of the pixels of the first line.
[0056] At time t4, a control pulse ¢HC temporarily
goes high to turn on the horizontal output line reset
MOS transistors 13 and reset the horizontal output
lines. During the horizontal transfer period, the dark
output integration capacitor Cry 10 and the bright
output integration capacitor Cgs 11 output the dark
output and bright output of the pixels to the
horizontal output lines in accordance with a scan
timing signal from the horizontal scanning circuit 15.
At this time, the differential amplifier 14 calculates
a differential output Vgyr between the dark output and
the bright output. This enables to obtain a signal
having a high S/N ratio by removing the random noise
and fixed pattern noise of the pixels.

[0057] Photocharges of the pixels 30-12 and 30-22
are stored in the corresponding dark output integration

capacitor Cpy 10 and bright output integration
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capacitor Cys 11 simultaneously with the photocharges
of the pixels 30-11 and 30-21. The dark output and
bright output of the pixels 30-12 and 30-22 are read
out to the horizontal output lines by delaying the
timing pulse from the horizontal scanning circuit 15 by
one pixel and then output from the differential
amplifier 14.

[0058] In this embodiment, an arrangement for
calculating the differential output Vgyr in the image
sensor 107 has been described. The same effect can be
obtained even using a conventional CDS (Correlated
Double Sampling) circuit‘outside the image sensor.
[0059] After the bright output is output to the
bright output integration capacitor Cps 11, the control
pulse ¢Ro goes high to turn on the reset MOS transistor
4 and reset the FD 21 to a power supply Vpp. After
horizontal transfer of the first line has ended, the
second line is read-accessed.

[0060] To read-access the second line, a control
pulse ¢TXeo and the control pulse ¢PGe, are driven in
the same way. High pulses are supplied as the control
pulses ¢Ty and ¢Ts to store photocharges in the dark
output integration capacitor Cry 10 and the bright
output integration capacitor Cps 11, thereby extracting
the dark output and bright output. The above-described
driving allows to independently read-access the first

and second lines.
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[0061] After that, the vertical scanning circuit
performs scanning to read-access the (2n+1)th and
(2n+2)th lines in the same way, thereby executing full
pixel independent output. More specifically, when n =
1, a control pulse ¢S; goes high first. Next, a
control pulse ¢R; goes low, and the control pulses ¢Ty
and ¢TXo1 then go high. Subsequently, a control pulse
¢PGo; goes low, the control pulse ¢Ts goes high, and the
control pulse ¢HC temporarily goes high to read out the
pixel signals of the pixels 30-31 and 30-32. After
that, control pulses ¢TX.: and ¢PGe; and the same
control pulses as described above are applied to read
out the pixel signals of the pixels 30-41 and 30-42.
[0062] Figs. 5A to 7B are views for explaining the
structures of image-capturing pixels and focus
detection pixels (AF pixels).

[0063] The image sensor 107 of the embodiment
adopts a Bayer matrix in which pixels having a G
(green) spectral sensitivity are arranged as two
diagonal pixels of 2 x 2 = 4 pixels, and pixels having
R (red) and B (blue) spectral sensitivities are
respectively arranged as two remaining pixels. The
pixels of the Bayer matrix include focus detection
pixels which have a structure to be described later and
are distributed in accordance with a predetermined rule.
[0064] Figs. 5A and 5B show an example of the

layout and structure of.image—capturing pixels
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according to this embodiment.

[0065] Fig. 5A is a plan view of 2 x 2 image-
capturing pixels. As described above, in the Bayer
matrix, two G pixels are arranged in a diagonal
direction, and R and B pixels are arranged as the two
remaining pixels. Such a 2 x 2 array is repeated all
over the image sensor 107.

[0066] Fig. 5B is a view showing a section taken
along a line A - A in Fig. 5A and the optical path from
the photographing optical system.

[0067] ML indicates an on-chip microlens placed at
the forefront of each pixel; CFg, an_R (Red) color
filter; and CFg, a G (Green) color filter. PD
schematically represents the photoelectric conversion
unit of each pixel. CL indicates an interconnection
layer which forms a signal line to transmit various
signals in the CMOS image sensor. TL schematically
represents the photographing optical system.

[0068] The on-chip microlens ML and the
photoelectric conversion unit PD for an image-capturing
pixel are configured to receive a light. flux that has
passed through the photographing optical system TL as
effectively as possible. In other words, the on-chip
microlens ML makes an éxit pupil EP of the
photographing optical system TL conjugate with the
photoelectric conversion unit PD. The effective area

of the photoelectric conversion unit PD is designed to
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be large. Fig. 5B shows the incident light flux to the
R pixel. However, the G and B (Blue) pixels have the
same structure. Hence, the exit pupil EP corresponding
to each of the R, G, and B image-capturing pixels has a
large diameter. This allows effective reception of a
light flux from a subject and improve the S/N ratio of
an image signal.

[0069] Figs. 6A and 6B show an example of the
layout and structure of focus detection pixels (AF
pixels) for dividing the pupil in the horizontal
direction (lateral direction) of the photographing lens
according to the embodiment.

[0070] Fig. 6A is a plan view of 2 x 2 pixels
including a pair of focus detection pixels. To obtain
an image-capturing signal, G pixels constitute the main

component of luminance information. Human's image
recognition characteristic is sensitive to luminance
information. Hence, if G pixels are lost, image
quality degradation is readily noticeable. On the
other hand, pixels of colors other than green and, more
specifically, R pixels or B pixels acquire color
information. Human's image recognition characteristic
is insensitive to color information. Hence, even if
several pixels to acquire color information are lost,
image quality degradation is hard to notice. In this
embodiment, of the 2 x 2 pixels, G pixels are left as

image-capturing pixels, and a pair of focus detection
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pixels Sya and Sy is arranged at the positions of the R
and B pixels.

[0071] Fig. 6B is a view showing sections (i.e.,
sections of the pair of focus detection pixels) taken
along lines A - A in Fig. 6A and the optical path from
the photographing optical system.

[0072] The on-chip microlens ML and the
photoelectric conversion unit PD have the same
structuré as in the image-capturing pixel shown in Fig.
5B. In this embodiment, the signal of a focus
detection pixel is not used as an image signal. Hence,
a colorless, transparent filter CFy is arranged in
place of a color separation filter. Additionally,
since a pair of pixels divides the pupil, the position
of each opening portion in the interconnection layer CL
shifts in one direction with respect to the centerline
of the corresponding on-chip microlens ML. That is,
the positions of openings of the first AF pixel Sy and
second AF pixel Sz, which form a pair of focus
detection pixels, shift in directions opposite to each
other.

[0073] More specifically, an opening portion OPya
of the focus detection pixel Sya shifts rightward in
the horizontal direction and therefore receives a light
flux that has passed through an exit pupil EPya on the
left side of the photographing lens TL. Similarly, an

opening portion OPys of the focus detection pixel Sgs
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shifts leftward in the horizontal direction and
therefore receives a light flux that has passed through
an exit pupil EPgg on the right side of the
photographing lens TL. A luminance waveform acquired
by a plurality of focus detection pixels Sua
periodically arrayed in the horizontal direction will
be defined as an A image waveform (first image
waveform). A luminance waveform acquired by a
plurality of focus detection pixels Sygs periodically
arrayed in the horizontal direction will be defined as
a B image waveform (second image waveform). Detecting
the relative positions of the A and B image waveforms
enables to detect the out-of-focus amount (defocus
amount) of a subject having a luminance distribution in
the horizontal direction.

[0074] Note that the pair of focus detection
pixels Sya and Sys allows detecting the focus of a
subject having a luminancé distribution in their array
direction, that is, along a vertical line. However, it
is impossible to detect the focus of a horizontal line
that is a subject having a luminance distribution only
in a direction perpendicular to the array direction.

In this embodiment, to enable focus detection for the
latter subject, focus detection pixels for dividing the
pupil in the vertical direction (longitudinal
direction) of the photographing lens are also provided.

[0075] Figs. 7A and 7B show an example of the
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layout and structure of focus -detection pixels for
dividing the pupil in the vertical direction
(longitudinal direction) ?f the photographing lens
according to the embodiment.

[0076] Fig. 7A is a plan view of 2 x 2 pixels
including focus detection pixels. As in Fig. 6A, G
pixels are left as image-capturing pixels, and a pair
of focus detection pixels Sy and Syp 1s arranged at the
positions of the R and B pixels.

[0077] Fig. 7B is a view showing sections (i.e.,
sections of the pair of focus detection pixels) taken
along lines A - A in Fig. 7A and the optical path from
the photographing optical system.

[0078] Aé is apparent from comparison with Fig. 6B,
the structure of the focus detection pixels is the same
except that the pixels in Fig. 7B separate the pupil in
the vertical direction. More specifically, an opening
portion OPyc of the focus detection pixel Syc shifts
downward in the vertical direction and therefore
receives a light flux that has passed through an exit
pupil EPyc on the upper side of the photographing lens
TL. Similarly, an opening portion OPyp of the focus
detection pixel Syp shifts upward in the vertical
direction and therefore receives a light flux that has
passed through an exit pupil EPyp on the lower side of
the photographing lens TL.

[0079] A subject image acquired by a plurality of
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focus detection pixels Syc periodically arrayed in the
vertical direction will be defined as a C image
waveform. A subject image acquired by a plurality of
focus detection pixels Syp periodically arrayed in the
vertical direction will be defined as a D image
waveform. Detecting the relative positions of the C
and D image waveforms enables to detect the out-of-
focus amount (defocus amount) of a subject having a
luminance distribution in the vertical direction.
[0080] The focus detection pixel Sya Or Syc will
sometimes be referred to as a first AF pixel, and the
focus detection pixel Syg or Syp will sometimes be
referred to as a second AF pixel hereinafter.

[0081] Fig. 8 is a schematic view for explaining
pupil division according to the first embodiment.
[0082] Referring to Fig. 8, OBJ representé a
subject, and IMG, an optical image of the subject OBJ.
[0083] As described with reference to Figs. S5A and
5B, an image-capturing pixel receives a light flux that
has passed through the overall exit pupil region EP of
the photographing lens. On the other harid, a focus
detection pixel has a pupil division function, as
described with reference to Figs. 6A to 7B. More
specifically, the focus detection pixel Sya in Figs. 6A
and 6B receives a light flux that has passed through
the left pupil when the rear end of the lens is viewed

from the imaging plane, that is, the pupil EPuy in Fig.
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8. Similarly, the focus detection pixels Sgs, Sw, and
Svp receive light fluxes that have passed through the
pupils EPgg, EPyc, and EPyp, respectively. The focus
detection pixels Sua, Sus, Sve, and Syp are arranged to
be periodically distributed on the entire image sensor
107. This enables to detect focus in the overall
imaging region.

[0084] Fig. 9 is a schematic view for explaining
an example of a focus detection region and an image
acquired upon focus detection in the digital camera
according to this embodiment.

[0085] Referring to Fig. 9, a subject image formed
on the imaging plane of the image sensor 107 includes a
person at the center, a tree in a close range on the
left side, and distant mountains on the right side.
[0086] The image sensor of this embodiment
includes the first pair of focus detection pixels Sy
and Sy to detect focus of a subject having a luminance
distribution in the horizontal direction and the second
pair of focus detection pixels Syc and Syp to detect
focus of a subject having a luminance distribution in
the vertical direction. First pairs of focus detection
pixels and second pairs of focus detection pixels are
arranged to be distributed on the entire image sensor
107 at a uniform density.

[0087] A method of arranging the first pairs of

focus detection pixels Syy and Sys and the second pairs
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of focus detection pixels Syc and Syp will be described
later in detail. To detect the phase difference in the
horizontal direction, a pair of image signals obtained
from the first pair of focus detection pixels Sya and
Syr is used. To detect the phase difference in the
vertical direction, a pair of image signals obtained
from the second pair of focus detection pixels Syc and
Syp is used. Hence, in this specification, the first
pair of focus detection pixels will also be referred to
a pair of phase difference detection pixels in the
horizontal direction, and the second pair of focus
detection pixels will also be referred to a pair of
phase difference detection pixels in the vertical
direction. It is possible to set a focus detection
region for phase difference detection in the horizontal
and vertical directions at an arbitrary position of the
imaging region by setting a region including pairs of
first and second focus detection pixels.

[0088] In the example shown in Fig. 9, a human
face exists at the center of the screen. For example,
when the image processing circuit 125 épplies a known
face recognition technique to the captured image and
detects the existence of the face, a focus detection
region can be set around the face region.

[0089] More specifically; a focus detection region
AFARy (x1,yl) for phase difference detection in the

horizontal direction and a focus detection region



WO 2010/005104 PCT/JP2009/062766

- 26 -

AFAR, (x3,y3) for phase difference detection in the
vertical direction can be set around the face fegion,
as shown in Fig. 9. Note that the subscript h
represents the horizontal direction, and (x1l,yl) and
(x3,y3) represent the pixel coordinate values of the
upper left corners of the focus detection regioné. The
focus detection region AFARn(x1l,yl) includes 30 first
pairs of focus detection pixels Suya and Sgs. The focus
detection region AFAR,(x3,y3) includes 30 second pairs
of focus detection pixels Syc and Syp.

[0090] Let AFSIGy(Al) be the A image waveform for
phase difference detection which is generated by
horizontally joining image signals obtained by the 30
first AF pixels Supa included in the focus detection
region AFARp(x1,yl). Similarly, let AFSIGL,(Bl) be the B
image waveform for phase difference detection which is
generated by horizontally joining image signals
obtained by the 30 second AF pixels Sgs.

[0091] The horizontal phase difference between the
A image waveform AFSIG,(Al) and the B image waveform
AFSIGL(Bl) is calculated by known correlation
calculation, thereby obtaining the out-of-focus amount
(defocué amount) in the horizontal direction.

[0092] In the focus detection region AFARy(x3,y3)
as well, a C image waveform AFSIG,(C3) and a'D image
waveform AFSIG,(D3) are obtained from the 30 focus

detection pixels Syc and the 30 focus detection pixels
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Syp, respectively, and the out-of-focus amount in the
vertical direction is calculated.

[0093] The two out-of-focus amounts detected in
the two focus detection regions AFARy(x1,yl) and

AFAR, (x3,y3) are compared, and a more reliable value is
employed.

[0094] On the other hand, the trunk portion of the
tree on the left side of the screen mainly contains
vertical line components, that is, a luminance
distribution in the horizontal direction. Hence, the
trunk portion is determined to be a subject suitable
for phase difference detection in the horizontal
direction. A focus detection region AFARj(x2,y2) for
phase difference detection in the horizontal direction
is set. The ridgeline portion of the mountains on the
right side of the screen mainly contains horizontal
line components, that is, a luminance distribution in
the vertical direction. Hence, a focus detection
region AFAR,(x4,y4) for phase difference detection in
the vertical direction is set.

[0095] As described above, in this embodiment, the
focus detection regions for phase difference detection
in the horizontal and vertical directions can be set in
arbitrary regions of the screen (image sensor). It is
therefore possible to appropriately perform focus
detection independently of the position of a subject in

the screen and the direction of luminance distribution.
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[0096] Fig. 10 is a view for explaining the layout
"rule of pairs of focus detection pixels according to
this embodiment. Fig. 10 illustrates only the layout
of the first pairs of focus detection pixels Sya and Sgg
to help the explanation and understanding.
[0097] The image-capturing pixels are divided into
blocks each formed from a square region having a
predetermined size. A first pair of focus detection
pixels Supa and Syz is arranged in each square region.
Let BLK (unit: pixel) be the length of one side of the
square region. One block is a square region including
BLK [pixel] x BLK [pixel]. In the first embodiment,
BLK = 8 [pixel]. A—square region whose each side has a
length corresponding to 8 [pixel] is defined as a block.
[0098] Referring to Fig. 10, the address of the
pixel at the lower left corner of each block is defined
aé (0,0). The address is defined such that as the
pixel position moves by one pixel rightward in the
horizontal direction, the second term of the address is
incremented by one, and as the pixel position moves by
one pixel upward in the vertical direction, the first
term of the address is incremented by one. In this
embodiment, according to this definition, the first AF
pixel Spa is arranged at the pixel (1,0) of each block,
and the second AF pixel Sys is arranged at the pixel
(0,1).

[0099] As described as a problem of the prior arts,
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since the first AF pixel Szy and the second AF pixel Sgs
are arranged at different positions, received image
waveforms have a shift. The shift amount is
proportional to the distance between the first AF pixel
Sua and the second AF pixel Syg included in one pair of
focus detection pixels. It can arrange them close to
each other at a distance shorter than the pitch of the
pair of focus detection pixels. 1In thé first
embodiment, the first AF pixel Syx and the second AF
pixel Sy are arranged adjacent to each other at a
minimum distance. the that for the same reason, the
first AF pixel Syc and the second AF pixel Syp included
in the second pair of focus detection pixelé are also
arranged adjacent to each other, as will be described
~later.
[0100] The first pair of focus detection pixels
Sua and Sys for phase difference detection in the
horizontal direction receives only light fluxes that
have passed through the regional pupilg EPya and EPyg
obtained by dividing the exit pupil EP of the
photographing lens TL in the horizontal direction, as
described with reference to Figs. 6A and 6B.
[0101] Hence, directly using the first pair of
focus detection pixels Sga and Sys as image-—capturing
pixels may adversely affect the image guality. To
generate the image information of the focus detection-

pixels, a measure such as interpolation based on image
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signals obtained from neighboring image-capturing
pixels is necessary.

[0102] As described above, the output of the G
pixel relatively largely contributes to luminance
information and therefore largely affects the image
quality as compared to the outputs of the B and R
pixels.

[0103] For this reason, in this embodiment, to
suppress the inflﬁence on the image quality while
arranging the first AF pixel Syx and the second AF
pixel Sys adjacent to each other, the first AF pixel Sga
and the second AF pixel Syzs are arranged at the
positions of the R and B pixels which are adjacent in
the diagonal direction. Note that for the same reason,
the first AF pixel Syc and the second AFlpixel Svp
included in the second pair of focus detection pixels
are also arranged at the positions of the R and B
pixels which are adjacent in the diagonal direction, as
will be described later.

[0104] In a block adjacent in the horizontal
direction, the first AF pixel Syx and the second AF
pixel Sy are arranged at the same addresses. As a
result, the first AF pixels Syy and the second AF
pixels Syp are distributed at the pitch BLK [pixel] in
the horizontal direction. Image signals obtained from
the plurality of focus detection pixels Sy are

horizontally joined to generate one image signal (A
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image waveform) to calculate the phase difference in
the horizontal direction. Image signals obtained from
the plurality of second AF pixels Sy, which are
included in the pairs of focus detection pixels
together with the plurality of first AF pixels Syx used
to generate the A image waveform, are horizontally
joined to generate the other image signal (B image
waveform) to calculate the phase difference in the
horizontal direction.

[0105] As described with reference to Fig. 8, the
A image waveform and the B image waveform are formed by
light fluxes that have passed through the different
regional pupils EPygy and EPyp of the exit pupil EP of
the photographing lens TL. For this reason, the phase
difference between the A image waveform and the B image
waveform changes depending on the focusing status of
the photographing lens. The principle of focus
detection of this embodiment is calculating the phase
difference and detecting the focusing status of the
photographing lens.

[0106] The shift between the A image waveform and
the B image waveform generated by the first pair of
focus detection pixels Sya and Sy formed from different
pixels will be explained with reference to Figs. 11 and
12.

[0107] Fig. 11 illustrates a state in which five

blocks 1 to 5 are aligned in the horizontal direction,
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each of which includes the first AF pixel Sy for focus
detection arranged at the address (1,0) and the second
AF pixel Spp for focus detection arranged at the
address (0,1).

[0108] Assume that an image of a subject 201 which
includes a white vertical line_portion 203 having a
width of 2*BLK {pixel] and sandwiched between black
portions 202 is formed in an in-focus state on the
imaging plane of the image sensor 107. In the in-focus
state, the A image waveform and the B image waveform
obtained from the first AF pixel Sz and the second AF
pixel Syp should be identical without any phase
difference.

[0109] (1) of Fig. 11 represents a state in which
the white vertical line portion 203 is located from the
left end of block 2 up to the right end of block 3.
Placing focus on first AF pixels Sua(al) tp Suya (ad) of
the respective blocks, the first AF pixel is black in
block 1, white in block 2, white in block 3, black in
block 4, and black in block 5. Similarly, placing
focus on second AF pixels Suyp(bl) to Syp(b5), the second
AF pixel is black in block 1, white in block 2, white
in block 3, black in block 4, and black in block 5.
[0110] (1) of Fig. 12 shows an A image waveform
and a B image waveform obtained in the state (1) in Fig.
11.

[0111] Referring to Fig. 12, signals al to ab are
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obtained from the first AF pixels Sya(al) to Suya{(ad) in
blocks 1 to 5. Signals bl to b5 are similarly obtained
from the second AF pixels Sgs(bl) to Sys(b5) in blocks 1
to 5. As indicated by (1) of Fig. 12, the A image
waveform and the B image waveform obtained in the state
(1) in Fig. 11 match each other, and the focusing

status is correctly determined as "in-focus".

[0112] (2) of Fig. 11 represents a state in which
the same pattern as in (1) moves rightward by one pixel.
More specifically, the white vertical line portion 203
is located from the boundary between the pair of focus
detection pixels Sya and Syp of block 2 up to the
boundary between the pair of focus detection pixels Sy
and Sy of block 3.

[0113] Placing focus on the first AF pixels Sua,

the first AF pixel is black in block 1, black in block
2, white in block 3, white in block 4, and black in
block 5. On the other hand, placing‘focus on the

second AF pixels, the second AF pixel is black in block
1, white in block 2, white in block 3, black in block 4,
and black in block 5. That is, the first AF pixel Sya
and the second AF pixel Syz see different patterns in
blocks 2 and 4.

[0114] (2) of Fig. 12 shows an A image waveform
and a B image waveform obtained in the state (2) in Fig.
11. In this state, the A image waveform and the B

image waveform have a phase difference corresponding to
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one pitch. Although an in-focus state is obtained
‘actually, the focusing status is determined as "out-of-
focus" because the A image waveform and the B image
waveform have the phase difference. That is, the
focusing status is not correctly determined.

[0115] In (3) of Fig. 11 representing a state in
which the same pattern as in (1) further moves
rightward by one pixel, both the focus detection pixels
Sya and Sy in block 2 are black, and both the focus
detection pixels Syza and Sy in block 4 are white.
Accordingly, an A image waveform and a B image waveform
obtained match each other, as indicated by (3) of Fig.
12.

[0116] From then on, the first AF pixel Sy, and
the second AF pixel Sys correspond to the same .color of
the pattern in all blocks up to (9) of Fig. 11 and (9)
of Fig. 12, which represent a state in which the
pattern moves rightward by eight pixels. Hence, the A
image waveform matches the B image waveform.

[0117] In the first embodiment, the focus
detection pixels Suya and Sy used in a pair are arranged
adjacent to each other to make the distance between
them as short as possible. In this layout, only when
an gdge of the subject image is located at the boundary
between the first AF pixel Sza and the second AF pixel
Sys, as indicated b§ (2) of Fig. 11, the A image

waveform does not match the B image waveform regardless
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of the in-focus state.

[0118] In the example of Fig. 11, the first AF
pixel Spa and the second AF pixel Sy included in a
first pair of focus detection pixels are arranged
adjacent to each other. The horizontal pitch of the
first pairs of focus detection pixels is 8 [pixel].
Hence, the probability that the edge of the subject
image will be located at the boundary between the first
AF pixel Spa and the second AF pixel Syp is supposed to
be almost 1/8.

[0119] On the other hand, assume that focus
detection pixels of different types (corresponding to
Sua and Sys) are arranged at a pitch 1/2 that of focus
detection pixels of the same type (e.g., Su), as
disclosed in patent reference 3 described above. 1In
this case, the probability that the focus detection
pixels Spa and Syp in the same block will see different
patterns is very high and almost 1/2.

[0120] Figs. 11 and 12 show an example of a simple
subject image to help the explanation and understanding.
A general subject image often has a number of edges.
For this reason, blocks in which the first AF pixel Spa
and the second AF pixel Syp see the same pattern and
blocks in which the first AF pixel Syy and the second
AF pixel Sy see different patterns are mixed. The
ratio of the blocks determines the magnitude of

detection errors. In this embodiment, the first AF
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pixel Sya and the second AF pixel Sygs included in a
first pair of focus detection pixels are arranged
adjacent to each other. This suppresses the
probability that the first and second AF pixels will
see different patterns, and reduces focus detection
errors.

[0121] A method of arranging, in the vertical
direction, the first pairs of focus detection pixels
Sun and Syz for phase difference detection in the
horizontal direction according to this embodiment will
be described next.

[0122] Fig. 13 is a view showing a layout example
of the first pairs of focus detection pixels Sya and Syp
in 4 x 4 = 16 blocks according to this embodiment.
[0123] _ Fig. 14 shows A image waveforms and B image
waveforms obtained upon application to the pairs of
focus detection pixels arranged as shown in Fig. 13
while shifting the pattern as in Fig. 11.

[0124] In this case, a set of first pairs of focus
detection pixels Syp and Sy arranged on the uppermost
block line will be referred to as a first horizontal
line. A set of first pairs of focus detection pixels
Sua and Sy of the second block line will be referred to
as a second horizontal line. Similarly, the remaining
sets of first pairs of focus detection pixels will
subsequently be referred to as a third horizontal line

and a fourth horizontal line.
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[0125] In each block of the first horizontal line,
the first AF pixel Sya of the first pair of focus
detection pixels is arranged at the address (1,0), and
the second AF pixel Syp is arranged at the address
(0,1). Hence, as described with reference to (2) of
Fig. 11, if an edge of the subject image is located at
the boundary between the focus detection pixels Syzx and
Sge, the B image waveform shifts leftward with respect
to the A image waveform, as indicated by the first
horizontal line (2) in Fig. 14.

[0126] On the other hand, in this embodiment, the
layout of the first and second AF pixels in the blocks
of the second horizontal line is opposite to that in
the first and third horizontal lines. That is, the
position of the first AF'pixel Sua 1s switched to the
address (0,1), and the position of the second AF pixel
Suys i1s switched to the address (1,0).

[0127] More generally speaking, the layouts of the
first and second AF pixels are switched in two pairs of
focus detection pixels, which are adjacent in a
direction perpendicular to the pupil division direction
and whose first and second AF pixels have boundaries at
the same position.

[0128] As a result, if the edge of the subject
image is located at the.boundary between the focus
detection pixels Sya and Sye, the B image waveform

shifts rightward with respect to the A image waveform,.
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as indicated by the second horizontal line (2) in Fig.
14.

[0129] The boundary positions between the focus
detection pixels Sya and Syz in the first horizontal
line are the same as those in the second horizontal
line. Hence, if the edge position of the subject is
the same between the first and second horizontél lines,
the phase shift between the A image waveform and the B
image waveform occurs simultaneously in the first and
second horizontal lines. The shift amounts are equal,
and the shirts occur in opposite directions.

[0130] In this embodiment, two sets of image
waveforms obtained from the two pairs of focus
detection pixels, which are adjacent in the direction
perpendicular to the pupil division direction and whose
first and second AF pixels have boundaries at the same
position, are averaged or added. This makes it
possible to cancel out the shift between image
waveforms when the edge of the subject image is located
at the boundary between the AF pixels and further
suppress the focus detection error occurrence
probability.

[0131] The first and second horizontal lines
correspond to subject portions which are different in
the vertical direction. For this reasén, one of the
lines may correspond to a contrast pattern unsuitable

for focus detection. The contrast pattern unsuitable
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for focus detection is, for example, a low-contrast
subject or a subject whose sharpness is very poor. If
the reliability of the image waveform obtained from the
first horizontal line is clearly different from that of
the image waveform obtained from the second horizontal
line, averaging may be done after assigning a weight to
the more reliable image waveform. For example, if the
reliability of the image waveform obtained from the
first horizontal line is low, the image waveforms can
be averaged after weighting the image waveform detected
in the second horizontal line twice with respect to the
image waveform detected in the first horizontal line.
[0132] Alternatively, image signals may be added
instead of averaging the image waveforms obtained from
the first and second horizontal lines.

[0133] As shown in Fig. 14, concerning A image
waveforms al to a5 and B image waveforms bl to b5
obtained from the first horizontal line and A image
waveforms al to a5 and B image waveforms bl to b5
obtained from the second horizontal line, the outputs
of the respective pixels are added. The obtained A
image waveforms al to a5 and B image waveforms bl to b5
have no phase shift even when the edge of the subject
image is located at the boundary between the focus
detection pixels Suya and Syp, as indicated by "after
pixel addition" (2) in Fig. 14.

[0134] In this way, the outputs of focus detection
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pixels located at the same position in the pupil
division direction in two focus detection pixel pair
lines which are adjacent in the direction perpendicular
to the pupil division direction are added. This also
reduces focus detection errors that occur when the pair
of focus detection pikels includes different pixels.
[0135] In the third horizontal line, fifth
horizontal line,..., the first AF pixel Sy and the
second AF pixel Sy are arranged in the same manner as
in the first horizontal line. 1In the fourth horizontal
line, sixth horizontal line,..., they are arranged in
the same manner as in the second horizontal line.
[0136] Fig. 13 extracts only the 4 x 4 block
region for the descriptive convenience. Applying the
layout rule shown in Fig. 13 to the entire region of
the image sensor 107 makes it possible to reduce, at an
arbitrary portion of the imaging region, focus
detection errors generated when each pair of focus
detection pixels includes different pixels.

[0137] The layout of the pair of horizontal phase
difference detection pixels (first pair of focus
detection pixels) Suya and Syp according to the
embodiment has been described above.

[0138] A rule applied to arrange the pair of
vertical phase difference detection pixels Syc and Syp
in addition to the pair of horizontal phase difference

detection pixels Sya and Sy will be described next with
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reference to Fig. 15.

{0139] As described above, the focus detection
pixels Sua, Sus, Sve, and Syp receive only light fluxes
that have passed through the regional pupils EPya, EPgs,
EPyc, and EPyp on the left, right, upper, and lower
sides of the exit pupil EP of the photographing lens TL.
Hence, directly using the focus detection pixels as
image-capturing pixels édversely affects the image
quality. To prevent this, the image information of the
focus detection pixels needs to be generated by, for
example, performing interpolation based on outputs from
neighboring image-capturing pixels.

[0140] If the focus detection pixels Sua, Sus, Svcr
and Syp are distributed nonuniformly, some regions may
include many pixels to be generated by interpolation,
or the amount of information to be used for
interpolation may be insufficient, resulting in an
adverse effect on the image quality. To avoid this,
the second pair of focus detection pixels Syc and Syp
for phase difference detection in the vertical
direction is arranged at the intermediate position
between two adjacent pairs of horizontal phase
difference detection pixels Sy and Sz in both the
horizontal and vertical directions.

[0141] In this embodiment, the pairs of horizontal
phase difference detection pixels Sya and Sys are

arranged in a square pattern at an equal pitch (8
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[pixel]) in both the horizontal and vertical directions.
In this case, the pairs of vertical phase difference
detection pixels Syc and Syp are arranged in a square
pattern while being shifted by a 1/2 pitch in both the
horizontal and vertical directions. A staggered
arrangement is obtained as a whole.

[0142] As shown in Fig. 15, assume that the first
AF pixel Sya and the second AF pixel Sy included in the
first pair of focus detection pixels are arranged at
the addresses (1,0) and (0,1) in each block. In this
case, the first AF pixel Syc and the second AF pixel Syp
included in the second pair of focus detection pixels
are arranged at addresses (5,4) and (4,5) in each block.
This enables to reduce image quality degradation caused
by nonuniformly distributed focus detection pixels.
[0143] Note that to cancel out an image signal
shift generated when an edge of the subject image ié
located at the boundary between a pair of pixels, the
layouts of the first and second AF pixels in each pair
of horizontal phase difference detection pixels Sy and
Sus are switched in every other horizontal line. For
the same reason, the layouts of the first and second AF
pixels in each pair of vertical phase difference
detection pixels Syc and Syp are switched in every other
vertical line.

[0144] More specifically, the layouts of the first

-and second AF pixels are switched in two pairs of focus
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detection pixels, which are adjacent in the direction
perpendicular to the pupil division direction and whose
first and second AF pixels have boundaries at the same
position.

[0145] Referring to Fig. 15, in each block of the
first vertical line, the first AF pixel Syc of the
second pair of focus detection pixels is arranged at
(5,4), and the second AF pixel Syp is arranged at (4,5).
Hence, as described concerning the horizontal phase
difference detection pixels Sya and Sys with reference
Figs. 11 and 12, if an edge of the subject image is
located at the boundary between the pixels Syc and Syp,
the D image waveform shifts upward with respect to the
C image waveform.

[0146] On the other hand, in each block of the
second vertiéal line, the first AF pixel Syc of the
second pair of focus detection pixels is arranged at
(4,5), and the second AF pixel Syp is arranged at (5,4).
The layouts of the first AF pixel Sy¢ and the second AF
pixel Syp are switched. Hence, if an edge of the
subject image is loéated at the boundary between the
pixels Syc and Syp, the D image waveform shifts downward
with respect to the C image waveform.

[0147] The boundary positions between the focus
detection pixels Syc and Syp in the first vertical line
are the same as those in the second vertical line.

Hence, if the edge position of the subject in the first
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vertical line is the same as in the second vertical
line, the phase shift between the C image waveform and
the D image waveform occurs simultaneously in the first
and second vertical lines. The shift amounts are equal,
and the shirts occur in opposite directions. This is
based on the same principle as‘that described
concerning the pairs of horizontal phase difference
detection pixels Syza and Sy with reference to Fig. 14.
[0148] As described above, in this embodiment, two
sets of image waveforms obtained from the two pairs of
focus detection pixels, which are adjacent in the
direction perpendicular to the pupil division direction
and whose first and second AF pixels have boundaries at
the same position, are averaged or added. This makes
it possible to cancel out the shift between image
waveforms when the edge of.the subject image is located
at the boundary between the AF pixels and further
suppress the focus detection error occurrence
probability. |

[0149] In the third vertical Iine, fifth vertical
line, ..., the first AF pixel Sy and the second AF
pixel Syp are arranged in the same manner as in the
first vertical line. In the fourth vertical line,
sixth vertical line,..., they are arranged in the same
manner as in the second vertical line.

[0150] Even for the C image waveform and the D

image waveform, averaging may be done after assigning a
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weight corresponding to the reliability, or the image
waveforms may be added instead of averaging.
[0151] The pair of horizontal phase difference
detection pixels Sya and Sy and the pair of vertical
phase difference detection pixels Syc and Syp are
arranged in this way. This allows simultaneous

reduction in image quality degradation caused by
nonuniformly distributed pairs of focus detection
pixels, and

deduction in focus detection errors generated when
the pair of focus detection pixels are formed from
different pixels.
[0152] Figs. 16 to 18 are flowcharts for
explaining the focusing and shooting operations of the
digital camera according to this embodiment.
[0153] Fig. 16 is a flowchart for explaining the
overall operation of the digital camera according to
this embodiment.
[0154] When the user turns on the power switch in
the operation switch group 132, the CPU 121 confirms
the operations of the actuators and image sensor in the
camera, initializes the memory contents and execution
programs, and executes a pre-shooting operation in step
S103.
[0155] In step S105, the CPU 121 starts the image-
capturing operation of the image sensor 107 via the

image sensor driving circuit 124. The image processing
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circuit 125 processes a captured image to generate a
display image (having a resolution lower than an image
to be recorded). The image processing circuit 125 also
detects a human face from the display image.

[0156] In step S107, the CPU 121 sequentially
outputs, to the display device 131, display images
generated by the image processing circuit 125, thereby
causing the display device 131 to funétion as an EVF.
The user decides the composition for shooting while
viewing the image displayed on the display device 131.
[0157] In step S109, the CPU 121 acquires, from
the image processing circuit 125, the face detection
result and, if a face is detected, information about
the face region. When a face has been detected, the
process advances from step S111 to step S113, and the
CPU 121 sets the focusing mode to a face AF mode. The
face AF mode indicates an AF mode for setting a focus
detection region in the face region.

[0158] If no face has been detected from the
display image, the process advances from sﬁep S111 to
step S115, and the CPU 121 sets the focusing mode to a
multipoint AF mode. The multipoint AF mode indicates a
mode for dividing the shooting region into a plurality
of regions (e.g., 3 x 5 = 15 regions), detecting focus
in each divided region, and setting, as a final focus
detection region, a divided region including a main

subject estimated from the focus detection result and
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subject luminance information.

[0159] After the AF mode is decided in step S113
or S115, the CPU 121 decides the focus detection region
in step S117. In step S121, the CPU 121 determines
whether the pre-shooting switch is turned on. If the
switch is not turned on, the process returns to step
S105 to repeatedly execute the process from image
sensor driving to focus detection region decision in
step S117.

[0160] In step S121, the CPU 121 detects the state
of the pre-shooting switch in the operation switch
group 132. If the switch is ON, the process advances
to step S131. If the switch is not ON, the process
returns to stép S105. The pre-shooting switch may be
turned on when the user presses, for example, the
release button‘halfway.

[0161] Fig. 17 is a flowchart for explaining
details of focus detection processing in step S131.
[0162] In step S133, the CPU 121 reads, based on
layout information stored in advance, focus detection
pixels included in the focus detection region decided
in stép S117 via the image sensor driving circuit 124.
[0163] In sep S137, the CPU 121 joins signals read
from the first AF pixel groups and second AF pixel
groups in the first pair of focus detection pixels and
the second pair of focus detection pixels, thereby

generating pairs of image waveforms for phase
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difference detection as shown in Figs. 9, 12, and 14.
More specifically, the pair of signals AFSIG,(Al) and
AFSIGL{(Bl) or the pair of signals AFSIGy(C3) and
AFSIGy(D3) shown in Fig. 9 is generated.

[0164] In step S139, the CPU 121 performs
correlation calculation of the pair of image waveforms,
thereby calculating the phase difference between the
iqége waveforms.

[0165] In step S141, the CPU 121 determines the
reliability of the correlation calculation result. The
reliability indicates the degree of coincidence of the
pair of image waveforms (waveform similarity). If the
degree of coincidence is high, the reliability of the
focus detection result is high in general. When a
plurality of focus detection regions are selected, a
phase difference based on a reliable pair of image
waveforms can be used.

[0166] In step S143, the CPU 121 calculates the
final out-of-focus amount based on the phase difference
obtained from the reliable pair of image waveforms, and
ends the focus detection processing. |

[0167] Referring back to Fig. 16, the CPU 121
determines in step S151 whether the out-of-focus amount
calculated in the focus detection processing is equal
to or smaller than a tolerance (the focusing status can
be determined as "in-focus"). If the out-of-focus

amount is larger than the tolerance, the CPU 121
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determines the focusing status as "out-of-focus", and
drives the focus lens (third lens group) 105 by a
predetermined amount iﬁ a predetermined direction via
the focus driving circuit 126 in step S153. The
process in steps S131 and S153 is repeatedly executed
until the focusing status is determined as "in-focus"
in step S151.

[0168] | Upon determining in step S151 that an in-
focus state has been obtained, the CPU 121 displays the
in-focus state on the display device 131 in step S155,
and the process advances to step S157.

[0169] In step S157, the CPU 121 determines
whether the shooting start switch is turned on. If the
switch is not turned on, the CPU 121 maintains the
shooting standby state in step S157. If the shooting
start switch is turned on in step S157, the process
advances to step S161 to execute shooting processing.
The shooting start switch may be turned on when the
user presses, for example, the release button fully.
[0170] Fig. 18 is a flowchart for explaining
details of the shooting processing in step S161.

[0171] In step S163, the CPU 121 controls the
opening amount and open/close timing of the shutter 102
via the shutter driving circuit 128, thereby performing
exposure processing. As in a common procedure,
automatic exposure control processing is executed in

parallel to the focus detection processing to decide
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the f-number and shutter speed, although not
specifically described above.

[0172] In step S165, the CPU 121 performs image
read, that is, full pixel read for recording image
generation via the image sensor driving circuit 124.
[0173] In step S167, the CPU 121 interpolates the
lost pixels of the read image signal using the image
processing circuit 125. The lost pixels include
defective pixels generated in the manufacture of the
image sensor 107 and focﬁs detection pixels. As
described above, the focus detection pixels have no R,
G, and B color filters. They receive light from only
parts of the exit pupil. Hence, image signals of the
focus detection pixels are generated by interpolation
based on the information of neighboring image-capturing
pixels, like normal defective pixels.

[0174] In step S169, the CPU 121 causes the image
processing circuit 125 to execute image signal
processing so-called development processing such as
color interpolation, y correction, and edge enhancement
of the image and image processing such as coding in
accordance with settings.

[0175] In step S171, the CPU 121 records the
captured image in the recording medium 133.

[0176] In step S173, the CPU 121 displays the
captured image on the display device 131, and ends the

shooting processing.



WO 2010/005104 PCT/JP2009/062766

- 51 -

[0177] As described above, according to this
embodiment, when arranging pairs of focus detection
pixels having a pupil division function at some pixels
included in the image sensor, pixels in each pair are
arranged adjacent to each other, thereby lowering the
focus detection error occurrence probability.
Additionally, the pair of pixels is arranged at the
positions of the R and B pixels adjacent to each other.
This suppresses the influence on the image quality as
compared to a case in which the pair of pixels is
arranged at the positions of the G pixels.

[0178] The layouts of the first and second AF
pixels are switched in two pairs of focus detection
pixels, which are adjacent in the direction
perpendicular to the pupil division direction and whose
first and second AF pixels have boundaries at the same
position. Two sets of image waveforms obtained from
the two adjacent pairs of focus detection pixels are
averaged or added. This further suppresses the focus
detection error occurrence probability.

[0179] [Second Embodiment]

The second embodiment of the present invention
will be described next. An image-capturing apparatus
according to the second embodiment is the same as in
the first embodiment except the layout of focus
detection pixels in an image sensor 107. Only the

layout of focus detection pixels will be described
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below as the characteristic feature of this embodiment.
[0180] Fig. 19 is a view showing an example of
layout of pairs of focus detection pixels in 4 x 4 = 16
blocks according to the second embodiment of the
present invention.

[0181] In the first embodiment, the first pairs of
focus detection pixels Spa and_&m to detect the phase
difference in the horizontal direction and the second
pairs of focus detection pixels Syc and Syp to detect
the phase difference in the vertical direction are
arranged in a square pattern. The first pairs of focus
detection pixels Sya and Sy and the second pairs of
focus detection pixels Syc and Syp are arranged while
being shifted by a 1/2 pitch in the horizontal and
vertical directions so:that a staggered arrangement is
obtained as a whole.

[0182] In the second embodiment, a plurality of
lines in which a plurality of pairs of focus detection
pixels having the same pupil division direction are
arranged at an equal pitch in the pupil division
direction are arranged in a direction perpendicular to
the pupil division direction. The pairs of focus
detection pixels in a line adjacent in the direction
perpendicular to the pupil division direction are
arranged while beihg shifted by a 1/2 pitch in the
pupil division direction. For example, horizontal

lines in which a plurality of first pairs of focus
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detection pixels Sya and Syz are arranged at an equal
pitch in the horizontal direction are arranged in the
vertical direction while being shifted by a 1/2 pitch
in the horizontal direction alternately, as a
characteristic feature. In two horizontal lines
adjacent in the vertical direction, the horizontal
pitch of the first pairs of focus detection pixels is
1/2. This improves the resolution of an image waveform
in the vertical direction.

[0183] A set of first pairs of focus detection"
pixels Sga and Sys arranged on the uppermost block line
will be referred to as a first horizontal line. A set
of first pairs of focus detection pixels Suza and Syz of
the second block line will be referred to as a second
horizontal line. Similarly, the remaining sets of
first pairs of focus detection pixels will subsequently
be referred to as a third horizontal line and a fourth
horizontal line,.... This is the same as in Fig. 15
described in the first embodiment.

[0184] As in the first embodiment, in each block
of the first horizontal line, the first AF pixel Sy of
the first pair of focus detection pixels is arranged at
an address (1,0), and the second AF pixel Sy is
arranged at an address (0,1).

[0185] In each block of the second horizontal line,
the first AF pixel Sga of\the first pair of focus

detection pixels is arranged at an address (1,4), and
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the second AF pixel Sy ié arranged at an address (0,5).
That is, the first pair of focus detection pixels Spa
and Sys in the second horizontal line is arranged at a
position shifted by a 1/2 pitch in the horizontal
direction with respect to the first horizontal line.
[0186] When both signals obtained by the AF pixels
in the first horizontal line and those obtained by the
AF pixels in the second‘horizontal line are used, image
waveforms equivalent to those having a double
resolution in the horizontal direction can be obtained.
[0187] The first pairs of focus detection pixels,
that is, the first and second AF pixels included in the
pairs of focus detection pixels arranged in the third
horizontal line have boundaries at the same positions
as in the first pairs of focus detection pixels in the
first horizontal line, and are adjacent in the
direction perpendicular to the pupil division direction.
[0188] Hence, in each block, the first AF pixel
Sun of the first pair of focus detection pixels is
arranged at the address (0,1), and the second AF pixel
Sus is arranged at the address (1,0), as in the second
horizontal line of the first embodiment. That is, the
layouts of the first AF pixel Sy and the second AF
pixel Syp are switched with respect to the first
horizontal line.

[0189] Similarly, the first pairs of focus

detection pixels, that is, the first and second AF
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pixels included in the pairs of focus detection pixels
arranged in the fourth horizontal line have boundaries
at the same positions as in the first pairs of focus
detection pixels in the second horizontal line, and are
adjacent in the direction perpendicular to the pupil
division direction.

[0190] Hence, in each block of the fourth
horizontal line, the first AF pixel Suzn of the first
pair of focus detection pixels is arranged at the
address (0,5), and the second AF pixel Sy is arranged
at the address (1,4). That is, the layouts of the
first AF pixel Syc and the second AF pixel Syp are
switched with respect to the second horizontal line.
[0191] In this embodiment, the boundary positions
between the focus detection pixels Syy and Sy in the
first horizontal line are the same as those in the
third horizontal line. Hence, if the edge position of
a subject is the same between the first and third
horizontal lines, the phase shift between the A image
waveform and the B image waveform occurs simultaneously
in the first and third horizontal lines. The shift
amounts are equal, and the shirts occur in opposite
directions. The same relationship holds even between
‘the second aﬁd fourth horizontal lines.

[0192] In this embodiment, two sets of image
waveforms obtained from the two pairs of focus

detection pixels, which are adjacent in the direction
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perpendicular to the pupil division direction and whose
first and second AF pixels have boundaries at the same
position, are averaged or added. This makes it
possible to cancel out the shift between image
waveforms when the edge of the subject image is located
at the boundary between the AF pixels and further
suppress the focus detection error occurrence
probability.

[0193] In this embodiment, the positions of the
first pairs of focus detection pixels in the second and
fourth horizontal lines are shifted by a 1/2 pitch with
respect to those in the first and third horizontal
lines, thereby obtaining a staggered arrangement. This
improves the resolution in the horizontal direction.
[0194] On the other hand, second pairs of focus
detection pixels Syc and Syp for phase difference
detection in the vertical direction are arranged in a
square pattern, as in the first embodiment. This is
because if the second pairs of focus detection pixels
Svc and Syp are also arranged by shifting the pairs of
focus detection pixels adjacent in the direction
(horizontal direction) perpendicular to the pupil
division direction by a 1/2 pitch in the pupil division
direction (vertical direction), the focus detection
pixels are nonuniformly distributed at some portions.
[0195] As described in the first embodiment, if

the focus detection pixels Sua, Sus, Svc, and Syp are
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distributed nonuniformly, the number of neighboring
pixels necessary for interpolation processing may be
insufficient, resulting in anvadverse effect on the
image quality. In this embodiment, to prevent this,
the first pairs of focus detection pixels Syzay and Syp
are arranged while being shifted by a 1/2 pitch in
every other horizontal line, whereas the second pairs
of focus detection pixels Syc and Syp are arranged in a
square pattern. This improves the resolution in the
horizontal direction and suppresses image quality
degradation caused by nonuniformly distributed focus
detection pixels.

[0196] Note that in this embodiment as well, the
layouts of the first and second AF pixels in each
second pair of focus detection pixels Sy¢ and Syp are
switched in every other vertical line. More
specifically, the layouts of the first and second AF
pixels are switched in two pairs of focus detection
pixels, which are adjacent in the direction
perpendicular to the pupil division direction and whose
first and second AF pixels have boundaries at the same
position.

[0197] As ‘'shown in Fig. 19, in each block of the
first vertical line, the first AF pixel Syc of the
second pair of focus detection pixels is arranged at
(5,4), and the second AF pixel Syp is arranged at (4,5),

as in the first embodiment.
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[0198] On the other hand; in each block of the
second vertical line, the first AF pixel Syc of the
second pair of focus detection pixels is arranged at
(4,5), and the second AF pixel Syp is arranged at (5,4).
That is, the layouts of the first AF pixel Syc and the
second AF pixel Syp are switched with respect to the
first vertical line.

[0199] In this embodiment as well, two sets of
image waveforms obtained from the twolpairs of focus
detection pixels, which are adjacent in the direction
perpendicular to the pupil division direction and whose
first and second AF pixels have boundaries at the same
position, are averaged or added. This makes it
possible to cancel out the shift between image
waveforms when the edge of the subject image is located
at the boundary between the AF pixels and further
suppress the focus detection error occurrence
probability.

[0200] The focusing and shooting operations of the
image-capturing apparatus using the image sensor 107
including pairs of focus detection pixels arranged in
the above-described manner are the same as in the first
embodiment, and a description thereof will not be
repeated.

[0201] As described above, in the second
embodiment, a plurality of lines in which a plurality

of pairs of focus detection pixels having the same
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pupil division direction are arranged at an equal pitch
in the pupil division direction are arranged in the
direction perpendicular to the pupil division direction,
as in the first embodiment. The pairs of focus
detection pixels of one type in a line adjacent in the
direction perpendicular to the pupil division direction
are arranged while being shifted by a 1/2 pitch in the
pupil division direction. That is, the pairs of focus
detection pixels of the other type remain in a square
pattern, whereas the pairs of focus detection pixels of
one type have a staggered arrangement.

[0202] This makes it possible to improve the
resolution of image waveforms obtained by the pairs of
focus detection pixels of one type and accurately
detect focus, in addition to the effects of the first
embodiment.

[0203] Arranging only the pairs of focus detection
pixels of one type in a staggered arrangement allows to
suppress degradation in the quality of a captured image
caused by nonuniformly distributed focus detection
pixels.

[0204] In this embodiment, an example has been
described in which the pitch of the pairs of focus
detection pixels for phase difference detection in the
horizontal direction is changed. However, the pitch of
the pairs of focus detection pixels for phase

difference detection in the vertical direction may be
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changed.
[0205] [Third Embodiment]

The third embodiment of the present invention
will be described next. An image-capturing apparatus
according to the third embodiment is the same as in the
first embodiment except the layout of focus detection
pixels in an image sensor 107. Only the layout of
focus detection pixels will be described below as the
characteristic feature of this embodiment.

[0206] Fig. 20 is a view showing an example of
layout of pairs of focus detection pixels in 4 x 4 = 16
blocks according to the third embodiment of the present
invention.

[0207] In the first and second embodiments, an
image sensor using color filters in a Bayer matrix has
been described. More specifically, an image sensor has
been described in which pixels having a G (green)
spectral sensitivity are arranged as two diagonal
pixels of one unit including 2 x 2 = 4 pixels, and
pixels having R (red) and B (blue) spectral
sensitivities are respectively arranged as two
remaining pixels. The third embodiment is directed to
the layout of pairs of focus detection pixels in an
image sensor which adopts a pixel array including
pixels having the G (green) spectral sensitivity in a
higher proportion for the purpose of acquiring higher-

resolution luminance information.
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[0208] The color filters of the image sensor 107
of this embodiment will be described first. Twelve G
pixels, two R pixels, and two B pixels exist in one
unit made of 4 x 4 = 16 pixels. More specifically, the
address of the.pixel at the lower left corner of a
block including 4 x 4 = 16 pixels is defined as (0,0).
The address is defined such that as the pixel position
moves rightward in the horizontal direction, the second
term of the address is incremented by one, and as‘the
pixel position moves upward in the vertical direction,
the first term of the address is incremented by one.
Based on this address rule, R pixels are arranged at
(3,0) and (1,2), B pixels are arranged at (1,0) and
(3,2), and G pixels are arranged at all the remaining
12 pixels.

[0209] In the above-described Bayer matrix, 50% of
all pixels are G pixels. In the array of this
embodiment, however, the proportion of G pixels is 75%.
As described above, the output of the G pixel
relatively largely contributes to luminance information
and therefore largely affects the image quality as
compared to the outputs of the B and R pixels. For
this reason, in this embodiment, the proportion of G
pixels is raised to acquire higher—resolution‘luminance
information.

[0210] Referring to Fig. 20, a plurality of first

pairs of focus detection pixels Sya and Sys provided on
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the uppermost block line in the vertical direction will
be referred to as a first horizontal line; the second
block line from the upper end as a second horizontal
line; the third block line as a third horizontal line;
and the fourth block line as a fourth horizontal line.
A plurality of second pairs of focus detection pixels
Sye and Syp provided on the leftmost block line in the
horizontal direction will be referred to as a first
vertical line; the second block line from the left end
as a second vertical line; the third block line as a
third vertical line; and the fourth block line as a
fourth vertical line.

[0211] As in the first and second embodiments,
image-capturing pixels are divided into blocks each
formed from a square region having a predetermined size,
and a first pair of focus detection pixels Suya and Sgs
and a second pair of focus detection pixels Syc and Sy
are arranged in each block. In the third embodiment, a
square region including 8 x 8 pixels is defined as one
block, as in the first and second embodiments.

[0212] As for addresses representing pixel
positions in a block, the address of the pixel at the
lower left corner is defined as (0,0). The address is
defined such that as the pixel position moves rightward
in the horizontal direction, the second term of the
address is incremented by one, and as the pixel

position moves upward in the vertical direction, the
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first term of the address is incremented by one.

[0213] The layout rule of the first pairs of focus
detection pixels Sya and Sys for phase difference
detection in the horizontal direction will be described
first using these addresses. 1In the first horizontal
line, the first AF pixel Suya of each first pair of
focus detection pixels is arranged at an address (3,0),
and the second AF pixel Sy is arranged at an address
(1,0).

[0214] As described above, to suppress image
quality degradation, the focus detection pixels &@ and
Sus are arranged at the positions of R and B pixels.
The positions of the first pair of focus detection
pixels Suya and Sz in the horizontal direction can be
coincident as much as possible because they detect
focus based on a contrast pattern in the horizontal
direction. Additionally, as described above, the
interval between the first AF pixel Sy and the second
AF pixel Sy of the pair of focus detection pixels can
be short.

[0215] To satisfy these conditions as much as
possible, in the third émbodiment, the first AF pixel
Sua and the second AF pixel Sy are vertically arranged
to make the horizontal positions match and also to be.
adjacent while avoiding the G pixels. This layout
reduces focus detection errors generated when the first

AF pixel Sya and the second AF pixel Syz are different
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pixels.

[0216] The horizontal positions of the first AF
pixel Sya and the second AF pixel Spgp of the first pair
of focus detection pixels provided in each block of the
first horizontal line match. If a subject image (e.g.,
vertical line) has a contrast pattern only in the
horizontal direction, the first AF pixel Szx and the
second AF pixel Syz always see the same pattern portion.
Hence, no focus detection error is generated even by
detecting focus usiﬁg image waveforms obtained from
different pixels.

[0217] ‘However, when a subject image has a
contrast pattern not only in the horizontal direction
but also in the vertical direction, the first AF pixel
Sua and the second AF pixel Sy see portions spaced part
by two pixels in the vertical direction. This may
generate focus detection errors a little. Especially
when capturing a line tilted by 45° the focus
detection errors may be large.

[0218] To prevent this, in the third embodiment,
the layouts of the first AF pixel Sy and the second AF
pixel Sy in the second horizontal line are switched
with respect to the first horizontal line, as in the
first and second embodiments. More specifically, in
the second horizontal line, the first AF pixel Sy of
each first pair of focus detection pixels for phase

difference detection in the horizontal direction is
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arranged at the address (1,0), and the second AF pixel
Sus 1s arranged at the address (3,0). Image waveforms
obtained from the first horizontal line and those
obtained from the second horizontal line are averaged
or added to generate a final set of image waveforms,
thereby canceling out the focus detection errors.

[0219] As described above, the layouts of the
first and second AF pixels are switched in two pairs of
focus detection pixels, which are adjacent in the
direction perpendicular to the pupil division direction
and whose first and second AF pixels have boundaries at
the same position. Image waveforms obtained from the
two pairs of focus detection pixels adjacent to each
othervare averaged or added, thereby suppressing the
focus detection error occurrence probability.

[0220] For a subject (e.g., vertical line) having
a contrast pattern only in the horizontal direction, no
focus detection error is generated in both the first
and second horizontal lines even when the focus
detection pixels Sy and Sy are formed from different
pixels.

[0221] However, for example, when a line tilted by
45° is taken, focus detection errors are generated
because the first AF pixel Sya and the second AF pixel
Sus are different pixels spaced apart in the vertical
direction. Even in this case, however, an edge of the

line tilted by 45° simultaneously overlaps the



WO 2010/005104 PCT/JP2009/062766

- 66 -

boundaries in the pairs of focus detection pixels Sga
and Sy in the first and second horizontal lines. Hence,
the phase shift between the A and B image waveforms
simultaneously occurs. The shift amounts are equal,
and the shirts occur in opposite direétions.

[0222] In the third embodiment as well, the image
waveforms of lines adjacent in the direction
perpendicular to the pupil division direction are
averaged or added, thereby canceling the focus
detection errors. This reduces focus detection errors
generated when the first AF pixel to generate an A
image waveform and the second AF pixel to generate a B
image waveform are different pixels.

[0223] In the third horizontal line, the first AF
pixel Sya and the second AF pixel Sy are arranged at
the same addresses as in the first horizontal line. 1In
the fourth horizontal line, the first AF pixel Syz and
the second AF pixel Sy are arranged at the same
addresses as in the second horizontal line. The
layouts of the focus detection pixels Suya and Sys are
switched even in the third and fourth horizontal lines,
like the relationship between the first and second
horizontal lines. For this reason, when image
waveforms obtained from the two lines are averaged or
added to generate final image waveforms, the focus
detection errors can be reduced.

[0224] The layout rule of the pairs of second pair
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of focus detection pixels Syc and Syp for phase
difference detection in the vertical direction
according to this embodiment will be described next .
[0225] In the first vertical line, the first AF
pixel Syc of each second pair of focus detection pixels
is arranged at an address (5,4), and thé second AF
pixel Syp is arranged at an address (5,6). To suppress
image quality degradation, the focus détection pixels
Svc and Syp are arranged at the addresses of R and B
pixels. The positions of the second pair of focus
detection pixels Syc and Syp in the vertical direction
can be coincident as much as possible because they
detect focus based on a contrast pattern in the
vertical direction. Additionally, as described above,
the interval between the first AF pixel Syc and the
second AF pixel Syp of the pair of focus detection
pixels can be short.

[0226] To satisfy these conditions as much as
possible, in the third embodiment, the first AF pixel
Sve and the second AF pixel Syp of the second pair of
focus detection pixels are horizontally arranged to
make the vertical positions match and also to be
adjacent while avoiding the G pixels. This layout
reduces focus detection errors generated when the first
AF pixel Syc and the second AF pixel Syp are different
pixels.

[0227] If a subject (e.g., horizontal line) has a
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contrast pattern only in the vertical direction, no
focus detection error is generated even by detecting
focus using image waveforms obtained from different
pixels, like the relationship between the first and
second horizontal lines. However, when capturing, for
example, a line tilted by 45°, focus detection errors
may be generated.

[0228] To prevent this, in the third embodiment,
the layouts of the first AF pixel Sy¢ and the second AF
pixel Syp in the second vertical line are switched with
respect to the first vertical line, as in the first and
second embodiments. More specifically, in the second
vertical line, the first AF pixel Syc of each second
pair of focus detection pixels for phase differehce.
detection in the vertical direction is arranged at the
address (5,6), and the second AF pixel Syp is arranged
at the address (5,4). Image waveforms obtained from
the first vertical line and those obtained from the
second vertical line are averaged or added to generate
a final set of image waveforms, thereby canceling out
the focus detection errors.

[0229] Both the first pairs of focus detection
pixels and the second péirs of focus detection pixels
are arranged in a square pattern at the same pit;h in
the horizontal and vertical directions. The group of
first pairs of focus detection pixels and the group of

second pairs of focus detection pixels are shifted by a
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1/2 pitch in the vertical and horizontal directions.
[0230] More specifically, when the first focus
detection pixels Sya and Sy are arranged at the
addresses (1,0) and (3,0), the second focus detection
pixels Syc and Syp are arranged at the addresses (5, 6)
and (5,4). This reduced image quality degradation
caused by nonuniformly distributed focus detection
pixels.

[0231] The focusing and shooting operations of the
image-capturing apparatus using the image sensor 107
including pairs of focus detection pixels arranged in
the above-described manner are the same as in the first
embodiment, and a description thereof will not be
repeated.

[0232] As described above, in the third embodiment
as well, when arranging pairs of focus detection pixels
having a pupil division function at some pixels
included in the image sensor, pixels in each pair are
arranged to be close to each other as much as possible
while avoiding the G pixels. This makes it possible to
lower the focus detection error occurrence probability
while suppressing image quality degradation even using
an image sensor having a pixel array including G pixels
in a higher proportion for the purpose of acquiring
higher-resolution luminance information.

[0233] Additionally, the layouts of the first and

second AF pixels are switched in two pairs of focus
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detection pixels, which are adjacent in the direction
perpendicular to the pupil division direction and whose
first and second AF pixels have boundaries at the same
position. Image waveforms obtained from the two
adjacent pairs of focus detection pixels are averaged
or added. This further suppresses the focus detection
error occurrence probability.

[0234] [Fourth Embodiment]

The fourth embodiment of the present invention
will be described next. An image—captdring apparatus
according to the fourth embodiment is the same as in
the first embodiment except the layout of focus
detection pixels in an image sensor 107. Only the
layout of focus detection pixels will be described
below as the characteristic feature of this embodiment.
[0235] Fig. 21 is a view showing an example of
layout of pairs of focus detection pixels in 4 x 4 = 16
blocks according to the fourth embodiment of the
present invention.

[0236] In the first and second embodiments, the
first and second AF pixels included in a pair of focus
detection pixels are always arranged to be adjacent at
an angle of -45°. In the fourth embodiment, the pairs
of focus detection pixels are arranged such that the
layout angle of the first and second AF pixels changes
on every third line.

[0237] The layout rule of first pairs of focus
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detection pixels Sya and Sy will be described with
reference to Fig. 21. In the first horizontal line,
the first AF pixel Sy is arranged at an address (1,0),
and the second AF pixel Sgp 1s arranged at an address
(0,1). 1In the second horizontal line, the layouts of
the first AF pixel Sy and the second AF pixel Syz are
switched, as in the first and second embodiments. That
is, the first AF pixel Syx is arranged at the address
(0,1), and the second AF pixel Sy is arranged at the
address (1,0).

[0238] In the third horizontal line, the first AF
pixel Syxn 1s arranged at an address (2,1), and the
second AF pixel Sy is arranged at the address (1,0).
That is, the layout of the first horizontal line is
inverted in the horizontal direction. Hence, the
layout direction of the first AF pixel Sgx and the
second AF pixel Sy in the first horizontal line
intersects that in the third horizontal line at a right
angle.

[0239] Note that the focus detection pixels are
not arranged at the positions of G pixels in this
embodiment as well. For this reason, the third
horizontal line is shifted by one pixel upward with
respect to the blocks as compared to the first
horizontal line. Hence, in this embodiment, the
vertical pitch of the first pairs of focus detection

pixels is not constant.



WO 2010/005104 PCT/JP2009/062766

- 72 -

[0240] In the first horizontal line, the first AF
pixel Sya and the second AF pixel Sy are arranged in
the direction of -45°. For a subject (e.g., line
tilted by -45°) having a contrast pattern in the
direction of 45°, no focus detection error is generated
even when the first AF pixel Sy and the second AF
pixel Syp are different pixels. However, for a subject
(e.g., line tilted by 45°) having a contrast pattern in
the direction of -45°, focus detection errors are
readily generated by the first AF pixel Sga and the
second AF pixel Sys which are different pixels.

[0241] In the second horizontal line, the first AF
pixel Sya and the second AF pixel Sys are arranged in
the direction of 45°. For a subject having a contrast
pattern in the direction of -45°, no focus detection
error is generated even when the first AF pixel Sya and
the second AF pixel Sy are different pixels. Howevér,
for a subject having a contrast pattern in the
direction of 45°, the focus detection error occurrence
probability is maximized.

[0242] That is, in a situation where focus
detection errors readily become large in the first
horizontal line, focus detection errors hardly occur in
the third horizontal line. Conversely, in a situation
where focus detection errors readily become large in
the third horizontal line, focus detection errors

hardly occur in the first horizontal 1line.
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[0243] In this case, based on the information of
the subject image obtained from the image-capturing
pixels, focus detection is performed using image
waveforms obtained from one of the first and third
horizontal lines, which is determined to generate fewer
fdcus detection errors, thereby reducing the focus
detection errors.’

[0244] In the fourth horizontal line as well, the
first AF pixel Sya is arranged at the address (1,0),
and the second AF pixel Sy is arranged at the address
(2,1) so that the layout direction of the first AF
pixel Sya and the second AF pixel Sy intersects that in
the second horizontal line at a right éngle. Based on
the information of the subject image obtained from the
image-capturing pixels, focus detection is performed
using image waveforms obtained from one of the second
and fourth horizontal lines, which is determined to
generate fewer focus detection errors, thereby reducing
the focus detection errors.

[0245] The vertical phase difference detection
pixels are arranged in a square pattern, as in the
first and second embodiments.

[0246] More specifically, in each block of the
first and third vertical lines, a first AF pixel Sy of
the second pair of focus detection pixels is arranged
at an address (5,4), and a second AF pixel Syp is

arranged at an address (4,5).
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[0247] In each block of the second and fourth
vertical lines, the first AF pixel Sy¢ is arranged at
the address (4,5), and the second AF pixel Syp is
arranged at an address (5,4). That is, the of the
first AF pixel Syc and the second AF pixel Syp are
switched with respect to the first and third vertical
lines. This reduces focus detection errors generated
when the pair of focus detection pixels are formed from
different pixels.

[0248] The focusing and shooting operations of the
image-capturing apparatus using the image sensor 107
including pairs of focus detection pixels arranged in
the above-described manner are the same as in the first
embodiment except the operation of generating image
waveforms for phase difference detection in step S137
(Fig. 17).

[0249] When generating image waveforms for phase
difference detection, a CPU 121 detects the directions
of edges using an image processing circuit 125 based on
the information of a subject image obtained from the
image-capturing pixels. From lines that cross the
edges, the CPU 121 detects a set of lines on which the
layout directions of the first and second AF pixels
intersect at right angles. Out of the set of lines,
image waveforms obtained from a line in which the edge
direction intersects the pixel array direction at an

angle close to 90° are used to generate image waveforms
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for phase difference detection. Alternatively, without
detecting the set of lines, image waveforms obtained
from a line which is supposed to have sufficient
reliability for the edge direction may simply be used.
[0250] As described above, in the fourth
embodiment, lines in which the layout directions of the
first and second AF pixels intersect at right angles
are provided in the focus detection pixel layout of the
first embodiment. Focus detection is performed using
image waveforms obtained from a line determined to be
more reliable based on the information of a subject
image. This further suppresses focus detection error
occurrence.

[0251] [Fifth Embodiment]

The fifth embodiment of the present invention
will be described next. 1In the first to fourth
embodiments, the image sensor includes rectangular
pixels arrayed in the horizontal and vertical
directions. As a characteristic feature of the fifth
embodiment, an image sensor having a so-called
honeycomb structure in which octagonal image-capturing
pixels are arrayed while being tilted at 45° is used.
[0252] Fig. 22 is a view showing an example of
layout of focus detection pixels in an image sensor 107
according ﬁo this embodiment.

[0253] In the image sensor 107 of this embodiment,

pixels having a G (green) spectral sensitivity are
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arranged as two upper and lower pixels of one unit
including 2 x 2 = 4 pixels tilted by 45°, and pixels
having R (red) and B (blue) spectral sensitivities are
respectively arranged as two, left and right pixels.
[0254] - Referring to Fig. 22, a region having a
size of 5 [pixel] x 10 [pixel] is defined as a block.
A total of four pixels, that is, a first pair of focus
detection pixels Sya and Sypp for phase difference
detection in the horizontal direction and a second pair
of focus detection pixels Syc and Syp for phase
difference detection in the vertical direction are
arranged in each block.

[0255] The plurality of first pairs of focus
detection pixels Sya and Sy on the uppermost block line
in the vertical direction will be referred to as a
first horizontal line; the second block line from the
upper end as a second horizontal.line; the third block
line as a third horizontal line; and the fourth block
line as a fourth horizontal line. A plurality of
second pairs df focus detection pixels Syc and Syp on
the leftmost block line in the horizontal direction
will be referred to as a first vertical liﬁe; the
second block line from the left end as a second
vertical line; the third block line as a third vertical
line; and the fourth block line as a fourth vertical
iine.

[0256] The layout rule of the first pairs of focus
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detection pixels Spya and Sys will be described. 1In the
first and third horizontal lines, the first AF pixel
Sua 1s arranged at an address (1,0), and the second AF
pixel Sys is arranged at an address (0,0).

[0257] In the second and fourth horizontal lines,
the layouts of the first AF pixel Sya and fhe second AF
pixel Sys are switched, as in the first and second
embodiments. That is, the first AF pixel Sy, is
arranged at the address (0,0), and the second AF pixel
Spgp 1s arranged at the address (1,0).

[0258] In this embodiment as well, the first and
second AF pixels are arranged to be adjacent in this
way. The first AF pixel Syza and the second AF pixel Sgs
of each first pair of focus detection pixels for phase
difference detection in the horizontal direction are
arranged at the same position in the horizontal
direction. They are arranged at the positions of R and
B pixels while avoiding G pixels.

[0259] The second pair of focus detection pixels
Svc and Syp for phase difference detection in the
vertical direction will also be described. 1In the
first and third vertical lines, the first AF pixel Syc
is arranged at an address (3,4), and the second AF
pixel Syp is arranged at an address (3,6). In the
second and fourth vertical lines, the layouts of the
first and second AF pixels are switched. That is, the

first AF pixel Syc is arranged at the address (3,6),
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and the second AF pixel Syp is arranged at the address
(3,4).

[0260] Image waveforms obtained from the first and
third horizontal lines and those obtained from the
second and fourth horizontal lines are averaged or
added to generate image waveforms to be finally used
for phase difference detection.

[0261] Additioﬁally, image waveforms obtained from
the first and third vertical lines and those obtained
from the second and fourth vertical lines are averaéed
or added to generate image waveforms to be finally used
for phase difference detection.

[0262] The focusing and shooting operations of the
image-capturing apparatus using the image sensor 107
including pairs of focus detection pixels arranged in
the above-described manner are the same as in the first
embodiment, and a description thereof will not be
repeated.

[0263] As described above, the present invention
is also applicable to an image sensor having a
honeycomb structure, and the same effects as in the
first embodiment can be obtained.

[0264] More specifically, when arranging pairs of
focus detection pixels having a pupil division function
at some pixels included in the image sensor, pixels in
each pair are arranged adjacent to each other, thereby

lowering the focus detection error occurrence
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probability. Additionally, the pair of pixels is
arranged at the positions of the R and B pixels
adjacent to each other. This suppresses the influence
on the image quality as compared to a case in which the
pair of pixels is arranged at the positions of the G
pixels.

[0265] The layouts of the first and secbnd AF
pixels are switched in two pairs of focus detection
pixels, which are adjacent in a direction perpendicular
to the pupil division direction and whose first and
second AF pixels have boundaries at the same position.
Imége waveforms obtained from the two pairs of focus
detection pixels adjacent to each other are averaged or
added, thereby further.suppressing the focus detection
error occurrence probability.

[0266] While the present invention has been
described with reference to exemplary embodiments, it
is to be understood that the invention is not limited
to the disclosed exemplary embodiments. The scope of
the following claims is to be accorded the broadest
interpretation so as to encompass all such
modifications and equivalent structures and functions.
[0267] This application claims the benefit of
Japanese Patent Application No. 2008-179461, filed on
July 9, 2008, which is hereby incorporated by reference

herein in its entirety.
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CLAIMS

1. An image-capturing apparatus comprising:

an image sensor including a plurality of pixels
which photoelectrically convert a subject image, in
which a plurality of pairs of focus detection pixels to
detect focus of a lens which forms the subject image by
phase difference detection are arranged in the
plurality of pixels at a predetermined pitch, each pair
of focus detection pixels consists of a first focus
detection pixel and a second focus detection pixel; and

detection means for detecting, based on a phase
difference between a first image waveform and a second
image waveform obtained from the first focus detection
pixels and the second focus detection pixels of the
plurality of pairs of focus detection pixels,
respectively, a focusing status of the lens,

wherein in the two adjacent pairs of focus
detection pixels in a direction perpendicular to the
phase difference detection, layouts of the first focus
detection pixel and the second focus detection pixel
are switched, and

the detection means detects the focusing status
of the lens using the first image waveform and the
second image waveform obtained from the plurality of
pairs of focus detection pixels in which the layouts of
the first focus detection pixels and the second focus

detection pixels are switched.
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2. The apparatus according to claim 1, wherein the
detection means generates the first image waveform
either by averaging or adding one set of image
waveforms obtained from the first focus detection
pixels whose layouts are switched and generates the
second image waveform either by averaging or adding one
set of image waveforms obtained from the second focus
detection pixels whose layouts are switched.
3. The apparatus according to claim 1, wherein the
first focus detection pixel and the second focus
detection pixel constitute each pair of focus detection
pixels are arranged at a distance shorter than the
predetermined pitch.
4. The apparatus according to claim 1, further
comprising color filters in which a plurality of colors
including at least green are periodically arranged to
limit a wavelength of incident light for each pixel of
the image sensor,

wherein the first focus detection pixel and the
second focus detection pixel of each pair of focus
detection pixels are arranged to be adjacent in pixels
on which colors other than green of the color filteré
are arranged.
5. The apparatus according to claim 1, wherein the
plurality of pairs of focus detection pixels include at
least one of:

a first pair of focus detection pixels including
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the first focus detection pixel and the second focus
detection pixel whose opeﬁing positions are different
in a horizontal direction of the image sensor, and

a second pair of focus detection pixels including
the first focus detection pixel and the second focus
detection pixel whose opening positions are different

in a vertical direction of the image sensor.
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