a2 United States Patent

US006787749B1

10y Patent No.: US 6,787,749 B1

Zhou et al. 5) Date of Patent: Sep. 7, 2004
(54) INTEGRATED SENSOR WITH FRAME (58) Field of Search ............... 250/208.1; 348/307-309,
MEMORY AND PROGRAMMABLE 348/302, 303, 317-319
RESOLUTION FOR LIGHT ADAPTIVE .
IMAGING (56) References Cited
U.S. PATENT DOCUMENTS
(75) Inventors: Zhimin Zhou, Santa Clara, CA (US); )
Eric R. Fossum, La Crescenta, CA 5262871 A * 11/1993 Wilder et al. ..covocrnen 348/307
(US); Bedabrata Pain, Los Angeles, SA02171 A 3/1995 Tagami etal. ......... 250/208.1
CA (US) 5471515 A 11/1995 Fossum et al. ............... 377/60
5,717,199 A * 2/1998 Carbone et al. ......... 250/208.1
. . . . . 5,909,026 A * 6/1999 Zhouetal. ... 250/208.1
(73) Assignee: California Institute of Technology, 6,057,539 A * 5/2000 Zhou et al. .............. 250/208.1

Pasadena, CA (US)

(*) Notice:  Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.
(21) Appl. No.: 09/512,145

(22) Filed: Feb. 23, 2000
Related U.S. Application Data

(63) Continuation of application No. 09/323,556, filed on Jun. 1,
1999, now Pat. No. 6,057,539, and a continuation of appli-
cation No. 08/867,835, filed on Jun. 3, 1997, now Pat. No.

* cited by examiner

Primary Examiner—Thanh X. Luu
(74) Antorney, Agent, or Firm—Fish & Richardson P.C.

(7) ABSTRACT

An image sensor operable to vary the output spatial resolu-
tion according to a received light level while maintaining a
desired signal-to-noise ratio. Signals from neighboring pix-
els in a pixel patch with an adjustable size are added to
increase both the image brightness and signal-to-noise ratio.
One embodiment comprises a sensor array for receiving
input signals, a frame memory array for temporarily storing
a full frame, and an array of self-calibration column inte-
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INTEGRATED SENSOR WITH FRAME
MEMORY AND PROGRAMMABLE
RESOLUTION FOR LIGHT ADAPTIVE
IMAGING

This application is a continuation (and claims the benefit
of priority under 35 USC 120) of U.S. application Ser. No.
09/323,556, filed Jun. 1, 1999 now U.S. Pat. No. 6,057,539
and U.S. application Ser. No. 08/867,835, filed Jun. 3, 1997
now U.S. Pat. No. 5,909,026; and claims the benefit of
priority under 35 USC 119(e)(1) of U.S. provisional appli-
cation serial No. 60/030,646, filed Nov. 12, 1996. The
disclosure of the prior application is considered part of (and
is incorporated by reference in) the disclosure of this appli-
cation.

ORIGIN OF THE INVENTION

The invention described herein was made in the perfor-
mance of work under a NASA contract and is subject to the
provisions of Public Law 96-517(35 U.S.C. 202) in which
the Contractor has elected to retain title.

FIELD OF THE INVENTION

The present invention relates to semiconductor image
sensors, and more specifically, to an imaging device with
on-chip frame memory suitable for imaging applications
under low lighting conditions.

BACKGROUND OF THE INVENTION

An active pixel sensor (“APS”) is a light sensing device
with sensing circuitry inside each pixel. Each active pixel
includes a light sensing element and one or more active
transistors within the pixel itself. The active transistors
amplify and buffer the signals generated by the light sensing
elements in the pixels. In comparison with the widely used
charge coupled devices (CCDs), an APS device has a
number of unique and beneficial features. These features
include the ability to receive and process input signals with
the active pixels without the charge transfer process inherent
in CCDs. An APS device is also compatible with CMOS
processes.

Elimination of the charge transfer allows APS devices to
have a higher readout rate than those of CCDs and also to
maintain their performance as the array size increases.
Compatibility with CMOS processes allows many signal
processing functions and operation controls to be integrated
on an APS chip. Use of CMOS circuitry with APS devices
also reduces cost of manufacturing and power consumption.
Moreover, the active pixels of APS devices allow non-
destructive readout and random access.

One configuration of APS sensors is disclosed in U.S. Pat.
No. 5,471,515 by Fossum et al., the disclosure of which is
incorporated herein by reference. Such an image sensor
typically operates at a constant finite frame rate with a
constant signal integration time. The frame rate and the
integration time are often preset for normal operating con-
ditions under which illumination is usually sufficient. The
performance of such a conventional image sensor suffers
when the illumination is below the typical level to which the
image sensor is configured. Since the frame integration time
is usually preset for a predetermined normal light condition,
little signal may be collected under a low light condition
with an illumination level below the predetermined normal
light condition. Conversely, too much signal may also be
collected when input light level is higher than the predeter-
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mined level. Thus, a clear image of a target can be difficult
to obtain under different light conditions.

One conventional technique to circumvent this problem
under low light conditions uses averaging the signals from
a plurality of neighboring pixels in order to reduce the noise
level. This averaging technique improves the signal-to-noise
ratio of the image sensor. The averaging process, however,
also reduces the image resolution. Suppose a patch of NxN
pixels are averaged, the signal-to-noise ratio is then
improved by a factor of NV while the resolution is reduced
by a factor of N. One limitation of this averaging technique
is that the signal level achieved from averaging essentially
remains unchanged compared to the signal levels of the
selected neighboring pixels. Additional signal amplification
is thus needed to obtain a brighter image.

SUMMARY OF THE INVENTION

The present disclosure describes a new approach to the
above-addressed problem in image sensors. Instead of aver-
aging signals from selected neighboring pixels, signals of
the neighboring pixels are preferably added together accord-
ing to the present invention. In contrast to the prior-art
method, a sensing device in accordance with the invention
increases both the signal and the noise with different factors
so that the overall signal-to-noise ratio improves by the
signal processing. The total signal can be increased by a
factor of N for a square patch of NxN neighboring pixels.
The total noise comparatively increases by a factor of (N)2.
This allows the signal-to-noise ratio to increase by a factor
of (N)'2. One of the advantages of the present invention is
significant enhancement in both the signal level and the
signal-to-noise ratio.

An APS image sensor with an adaptive resolution based
on the above new technique is disclosed herein. One
embodiment comprises an APS array for receiving input
signals, a column buffer array for generating photo-induced
electrical signals indicative of the input signals, a frame
memory array for storing signals from the APS array, a
column integrator array for signal summation for rows
selected by a row decoder, and an output integrator for signal
summation for columns selected by a column selector.

One aspect of the APS image sensor of the present
invention allows increasing the magnitude of the output
image with a reduced spatial resolution under low illumi-
nation.

Another aspect of the APS image sensor of the present
invention allows dynamically adjusting the image resolution
and maintaining the output signal level above a preset level
according to the conditions of a target object.

Still another aspect is a self-calibration feature of the
column integrator array that allows substantial elimination
of the column-wise fixed pattern noise in the signals both
prior to and during the signal integration.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects and advantages of the present
invention will become more apparent in light of the follow-
ing detailed description, as illustrated in the accompanying
drawings, in which:

FIG. 1a is a schematic illustrating a preferred chip archi-
tecture of an APS image sensor in accordance with the
present invention.

FIG. 1) is a block diagram showing an exemplar 4-bit
command word generator for light adaptive resolution
adjustment, which is a part of a resolution control circuit.
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FIG. 2 shows a signal chain of the APS image sensor of
the present invention including the active pixel layout, the
column buffer circuit, the frame memory circuit, the column
integrator circuit, and the output integrator circuit.

FIGS. 3a, 3b, 3c, and 3d show the equivalent circuit
diagram of the column integrator during (a) calibration reset,
(b) calibration sampling, (c)reset prior to integration, and (d)
integration.

FIGS. 4a, 4D, 4c, 44, 4e, 4f, 4g, 4h, 4i, and 4j show various
electrical signals of an APS image sensor of the present
invention in the time domain in a preferred operation mode
for calibrating the fixed pattern noise.

FIGS. 5a, 5b, 5c, 5d, Se, 5f and 5g depict various
electrical signals of the preferred APS image sensor in the
time domain in an example of programmable resolution
readout process.

FIG. 6 shows an image with full resolution taken with a
tested image sensor in accordance with the present inven-
tion.

FIGS. 7a-7b and 8a-8b show signal enhancement by
changing the kernel size in a tested image sensor in accor-
dance with the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

The description of the present invention will use a CMOS
APS device as an example for implementation. However, it
should be understood that the method and design can also be
implemented in other active pixel sensors, and may be
usable in other image-acquiring systems.

A chip construction 100 of the APS image sensor in
accordance with the invention is shown in FIG. 1a. An active
pixel array 110 with a plurality of active light-sensing pixels
for receiving radiation from an target object is connected to
a sensor row decoder 112 which operates to address rows of
APS pixels. A column buffer array 120 has multiple buffer
cells with each corresponding to a column of the APS array
110. Each column buffer cell receives signals from an
addressed active pixel of the APS array 110 to generate a
signal. That signal is induced only based on the received
radiation in that active pixel.

A frame memory array 130 has memory cells with an
one-to-one correspondence with the active pixels of the APS
array 110. The radiation-induced signals of a full frame
image captured by the APS array 110 are stored in an
on-chip frame memory 130 prior to the signal integration.
This on-chip frame memory 130 provides a convenient
vehicle for light-adaptive imaging and can be further used in
a time delay integration (“TDI”). A memory row decoder
132 is used to randomly access and select rows of memory
cells in the frame memory 130.

A column integrator array 140 performs parallel signal
summation for different rows of cells in the frame memory
130. The summed signals are stored in a column memory
array 150 which usually includes a series of capacitors
corresponding to the rows of the frame memory 130. A
column select circuit 160 is used to randomly access and
select cells in the column memory 150 (equivalently, col-
umns of the frame memory 130) to be added with one
another by an output integrator 170.

The APS chip 100 also includes a control circuit (not
shown) for controlling the operation of the image sensor
including operation of the clock generator circuits for
synchronization, resolution adjustment, and the operation of
the readout circuits.
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The resolution of the output image can be determined by
programmably changing the summation kernels in the frame
memory 130 with the memory row decoder 132 and the
column select 160. This operation can be controlled by a
resolution control circuit (see FIG. 1b). The resolution
control circuit monitors the magnitude of the received signal
level from the APS array 110 so that the size of the
summation Kernel can be determined for a subsequent signal
processing.

A threshold circuit with different levels of threshold
values is used to determine the illumination condition and
thereby adjust the kernel size. The smallest kernel size is one
pixel for the highest resolution under good illumination. The
resolution control circuit automatically increases the kernel
size if the input signal decreases.

FIG. 1b shows a 4-bit command word generator 180 as
one embodiment of the resolution control circuit. This
circuit is used to adjust the resolution based on one frame of
data by controlling the operation of the addressing circuit of
the imaging array.

The command word generator 180 includes a plurality of
comparators 181-184 connected in parallel so that all
receive the imager output. Each of the comparators has a
different threshold level. FIG. 1b shows four comparators
181, 182, 183, and 184 with threshold levels V,,, 0.5 V,,,
0.25 V,,, and 0.125 V,,, respectively. Each comparator is
connected to an associated digital counter and decoder
185-188 to produce one of the bits of the 4-bit word. One
way to determine a bit of a comparator is to assign “1” to a
comparator if the signal is higher than the threshold value
and “0” if the signal is lower than the threshold value. This
allows the circuit to achieve 2%=16 different resolutions
based on the 4-bit word.

In one mode for the command word generator 180, one
pixel data sampled at the output of the sensor array is
compared with four binary scaled threshold voltages. Refer-
ring back to FIG. 1a, the data may be sampled from the
sensor array 110 or the frame memory array 130. The signal
in each pixel of a captured frame is sampled and evaluated
by the command word generator 180 in order determine the
summation Kkernel size for a subsequent frame.

One extreme case is that the signals from more than half
the number of the pixels are higher than V,,. Then the 4-bit
word generated by the circuit 180 for each of these bright
pixels is 1111. The control circuit may be programmed to
indicate this case as a satisfactory illumination for the
highest resolution depending on the requirements of an
application. The resolution control circuit then configures
the kernel size to be 1, ie., no signal summation is per-
formed and the resolution is the highest. Conversely, if the
signals from more than half the number of the pixels are
lower than the lowest threshold level (e.g., 0.125 V,,, in FIG.
1b), the 4-bit word is 0000 for each of these pixels. The
control circuit may be programmed to indicate this case as
a poor illumination. The resolution control circuit accord-
ingly is controlled to set the kernel size to a preset maximum
value and a predetermined lowest resolution will be used in
the next frame readout. In adjusting the resolution, this
implementation has one frame latency.

FIG. 2 shows a preferred signal chain 200 for the pre-
ferred chip architecture of FIG. 1a. It should be noted that
the capacitance values in the FIG. 2 only represent typical
values of an embodiment and should not be construed as
limitations of the invention. An active pixel 210 includes a
photogate 211, a transfer gate 212, an output floating diffu-
sion 213, a reset transistor 214, a gate source follower 215,












