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(57) Abstract: An image sensor{30] having a two-dimensional array of CMOS pixel sensors[50], a row decoder[55] and a column
& decoder[54] is disclosed. The two-dimensional array of CMOS pixel sensors[51] is organized as a plurality of rows and columns that
& are addressed with the aid of row and column decoders. At least one of the column decoder or the row decoder is located between two
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scintillation material that overlies the two-dimensional array. The internally located decoder or decoders facilitate sensors in which
the two-dimensional array includes a rectangular array having a chamfered corner such that rows or columns that extend into the
chamfered corner have lengths that are less than rows or columns, respectively, that do not extend into the corners.
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CMOS Image Sensors Adapted for Dental Applications

Background of the Invention

Dental x-rays are typically taken with a film that is placed in the patient’s mouth. The
film is exposed through the teeth by an x-ray source that resides outside the patient’s head.
While this method has been in use for many years, it has its disadvantages. First, the patient
is exposed to a significant dose of x-rays. This dose is accumulative over the patient’s
lifetime. Second, the time, cost, and equipment needed to process the film increases the cost
of the dental examination. Third, the chemicals utilized in processing the film pose a

disposal problem.

These problems have led to several attempts to replace the film component of the
traditional x-ray examination with a solid-state sensor that is placed in the patient’s mouth to
record the x-ray image. In such systems, a layer of scintillation material is used to convert
the x-rays to visible light. The visible light is then imaged onto a solid-state imaging array.
Since solid-state x-ray sensors of this type are significantly more sensitive to x-rays than the
films utilized today, the x-ray dosage can be reduced by typically a factor of 10. In addition,
the sensor is re-used, and hence, the cost and disposal problems associated with the
conventional x-ray system are avoided. Finally, since the image is in digital form, systems

based on solid-state sensors are easily adapted to paperless office systems.

Ideally, the sensor that is placed within the patient’s mouth has smooth edges to avoid
injury to the patient’s gums during the examination. Accordingly, sensors that have
chamfered corners are preferred. Unfortunately, conventional solid-state imaging sensors
have a shape that is predominately rectangular. This shape is the result of the need to utilize
the silicon substrate as efficiently as possible and the conventional processes in which the
dies are eventually separated from a wafer by sawing the wafer into rectangular pieces.
Hence, to provide a die in which the corners are removed, the die must be made significantly
larger to allow the sensor to be located in the interior of the die and still provide sufficient

space to cut-off the corners without harming the sensor region.
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Sensors having chamfered corners based on CCD imaging arrays are known to the art.
For example, US patent 5,510,623, teaches a CCD x-ray dental sensor with chamfered
corners. However, sensors based on CCD arrays are less than ideal for intra-oral x-ray
sensors. In particular, CCD sensors are more sensitive to degradation by x-rays than CMOS
image sensors. Hence, an x-ray shielding layer is needed between the scintillation layer and
CCD array to protect the CCD array from x-rays that are not converted in the scintillation
layer. This layer degrades the image. In addition, CCD arrays require relatively high
voltages to operate and are more expensive to fabricate than CMOS sensors. Since cost is an
important factor in achieving acceptance of a new imaging system by the dental community,
these additional costs can be a serious barrier to the introduction of solid-state imaging
systems. Hence, it would be advantageous to have an x-ray imaging system based on a

CMOS image sensor.

Summary of the Invention

The present invention includes an image sensor having a two-dimensional array of
CMOS pixel sensors, a row decoder and a column decoder. The two-dimensional array of
CMOS pixel sensors array are organized as a plurality of rows and columns. The pixel
sensors in each column are connected to a corresponding bit bus by a row select switch that
connects the pixel sensor in the row to that bit bus in response to a row select signalon a
corresponding row select line. The row decoder generates the row select signal on a selected
one of the row select lines in response to a row address that is coupled thereto. The column
decoder connects a selected one of the bit buses to an interface connecting the image sensor
to a circuit that is external to the image sensor. One of the column decoder or the row
decoder is located between two of the rows or two of the columns, respectively. X-rays are
converted to light that is detected by the image sensor by a layer of scintillation material that
overlies the two-dimensional array. In one aspect of the invention, the two-dimensional array
includes a rectangular array having a chamfered corner such that the rows or columns that
extend into the chamfered corner have lengths that are less than the rows or columns,

respectively, that do not extend into the corners.

Brief Description of the Drawings



10

15

20

25

30

WO 2008/013607 PCT/US2007/013526

Figure 1 is a block diagram of a prior art conventional CMOS image sensor.
Figure 2 is a top view of the desired configuration for a dental sensor.
Figure 3 is a side view of the desired configuration for a dental sensor.
Figure 4 is a block diagram of a prior art CMOS imaging array.

Figure 5 illustrates a pixel array according to one embodiment of the present

invention.

Figure 6 illustrates another embodiment of a pixel array chip according to the present

invention.

Figure 7 illustrates another embodiment of a pixel array chip according to the present

invention.
Figure 8 is a top view of dental sensor 80.
Figure 9 is a side view of dental sensor 80.

Figure 10 is a schematic drawing of one embodiment of a pixel element that can be

utilized in the present invention.

Figure 11 is a schematic drawing of a pixel cell that utilizes a distributed ADC

according to one embodiment of the present invention.

Detailed Description of the Preferred Embodiments

The manner in which the present invention provides its advantages can be more easily
understood with reference to Figure 1, which is a block diagram of a prior art conventional
CMOS image sensor. CMOS image sensor 20 includes a two-dimensional pixel array 21,
which is the active area for image measurement, and some peripheral circuits that do not

contribute to image sensing. These circuits generally include a logic controller 24, and row
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and column decoders 22 and 23. The individual pixels are read out over bit lines that
terminate in a row decoder/sense amplifier. Sensor die 25 is normally rectangular, and the

pixel array normally does not extend to all four edges of the die.

Light from the image generates a charge signal inside each pixel. After a fixed
integration time, the pixel charge signals are read out from the array and are eventually
digitized to form a digital image. The readout of the pixel array is facilitated by the row and
column decoders, and operates much like a digital memory readout. The row decoder selects
a row of pixels at a time. Each pixel’s output in that row is connected to a corresponding bit
line that is shared by a column of the pixels. The column decoder connects one pixel signal
at a time to the output until it finishes all the pixels in that row. The row decoder then selects
the next row of pixels in the array, and the feadout procedure repeats until the whole array is
read out. In a conventional CMOS image sensor layout, the row and column decoder are
located outside the 2D pixel array; the row decoder has the same height as the array, and the

column decoder has the same width as the array.

The problems inherent with the conventional CMOS design shown in Figure 1 when
that design is used to construct a dental sensor can be more easily understood with reference
to Figures 2 and 3, which illustrate the desired configuration for a dental sensor. Figure 2 is a
top view of sensor 30, and Figure 3 is a side view of sensor 30. Sensor 30 is preferably
constructed on a single die 31 with the imaging array 33 positioned in the middle of the die.
The sensor utilizes a scintillation layer 32 to convert the x-rays to visible light that is
recorded by imaging array 33. The sensor is positioned in the patient’s mouth with the aid of
a member 34 that is gripped between the teeth of the patient. The height, H, of the sensor
must be sufficient to cover both the upper and lower teeth of the patient, but not so large as to
cause the patient discomfort when the patient bites down on member 34. As noted above, the
corners of the sensor are preferably chamfered to prevent patient discomfort arising from a
sharp corner being forced against the patient’s gums or one of the soft surfaces in the

patient’s mouth.

Refer again to Figure 1. One method for adapting imaging array 21 for use in dental
sensor 30 would be to use an imaging array that has the boundary shown at 35 in Figure 2

with the remaining circuitry distributed in the area outside of boundary 35. However, as
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noted above, the row and column decoders must be the same width and height, respectively,
as the imaging array. Hence, unless the imaging array is reduced to a height h, this constraint
cannot be accommodated. A similar problem applies to the column decoder along one of the
horizontal edges of die 31. If the imaging array is so reduced, the border region will be too
large to provide the necessary image height. In addition, the wasted space on the edges that
are not used for the column and row decoders or other circuitry substantially increases the

cost of the sensor.

Refer now to Figure 4, which is a block diagram of a prior art CMOS imaging array.
Imaging array 40 is constructed from a rectangular array of pixel cells 41. Each pixel cell
includes a photodiode 46 and an interface circuit 47. The details of the interface circuit
depend on'the particular pixel design. However, all of the pixel circuits include a gate that is
connected to a row line 42 that is used to connect that pixel to a bit line 43. The specific row
that is enabled at any time is determined by a bit address that is input to a row decoder 45.
The row select lines are a parallel array of conductors that run horizontally in the metal layers
over the substrate in which the photodiodes and interface circuitry are constructed. As noted
above, row decoder 45 has a length that is equal to that of the vertical dimension of the pixel

array, since all of the row conductors must terminate on the row decoder.

The various bit lines terminate in a column processing circuit 44 that typically
includes sense amplifiers and column decoders. The bit lines are a parallel array of
conductors that run vertically in the metal layers over the substrate in which the photodiode
and interface circuitry are constructed. Each sense amplifier reads the signal produced by the
pixel that is currently connected to the bit line processed by that sense amplifier. The sense
amplifiers may generate a digital output signal by utilizing an analog-to-digital converter
(ADC). Atany given time, a single pixel cell is readout. The specific column that is readout
is determined by a column address that is utilized by a column decoder to connect the sense
amplifier/ADC output from that column to circuitry that is external to the imaging array. As
noted above, the width of the column decoder is the same as the width of the imaging array,

since all of the bit lines must terminate on the column decoder.

The present invention overcomes these problems by placing the row and column

decode circuitry in the interior of the pixel array at locations such that the decode circuitry
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can extend the full width and height of the pixel array even when the corners of the pixel
array are chamfered. Refer now to Figure 5, which illustrates a pixel array according to one
embodiment of the present invention. Pixel array 50 includes a plurality of pixel cells 51 that
operate in a manner analogous to cells 41 discussed above. Pixel array 50 also includes a
row decoder 55 and a column decoder 54 that includes the sense amplifiers discussed above.
The row decoder selects the pixels in one row at a time that are to be connected to the bit
lines shown at 53 by placing a select signal on one of the row lines shown at 52. However,

the row and column decoders are located within the body of the pixel array.

Since the row and column decoders are located within the pixel array, a column and a
row of pixels are displaced within the array. The sensor having pixel array 50 is intended for
placement in the mouth in a manner in which the sensor is held in position by the patient
biting down on a tab that is approximately at the center of the pixel array. Since there are no
teeth to image at the location of the tab, the displacement of a few rows in the center of the

pixel array is of little consequence.

It should be noted that the row decoder requires significantly less space than the
column decoders that must also include other circuitry such as the sense amplifiers. Hence,
the row encoder typically will require only the displacement of a single row of pixels. The
size of the area that is lost is small compared to the resolution needed to provide a useable x-
ray image. Hence, any lost pixels can be re-created by interpolating the pixel values on each

side of the displaced column.

The above-described embodiments show the row/column address lines and the
column decoder output in the same plane as the decoder circuitry. However, this is only for
illustrative purposes. In practice, the relevant conductors are located in the metal layers over

the decode circuitry.

While the above-described embodiments utilize a pixel array with the decoders in the
middle of the array, other arrangements can be utilized so long as the decoders are placed at a
location in which the decoders can extend over the entire array width and length. Refer now
to Figure 6, which illustrates another embodiment of a pixel array chip according to the

present invention. Pixel array chip 60 is constructed on a die 62 whose corners 63 have been
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chamfered for patient comfort. Pixel array chip 60 includes a pixel array 61 having a
plurality of rows and columns of CMOS photodiode elements that are addressed via a row
encoder 64 and a column encoder 65 that includes the sense amplifiers for reading the output
of the individual pixel elements. Row encoder 64 is placed as close to edge 66 as possible.
and still span the entire height of pixel array 61. Similarly, column encoder 65 is placed as
close as possible to the bottom edge of die 62 and still span the entire width of pixel array 61.
The additional logic circuits are placed in the silicon substrate in region 67, which is laid out
on active layers of the substrate and metal layers that overlie the substrate. The input-output
pads for connecting pixel array chip 60 to external circuitry are deposited on the two top most

metal layers over region 67.

The size of the pixel array chip is sufficiently large that in some embodiments of a
dental sensor according to the present invention, two chips are preferred to reduce the die
size. In this case, only two of the corners on each chip need to be chamfered. Refer now to
Figure 7, which illustrates another embodiment of a pixel array chip according to the present
invention. Pixel array chip 70 includes a pixel array 71 on a die 72. Pixel array 71 has a
plurality of rows and columns of photodiode elements that are addressed by a row decoder 74
and a column decoder 75 that includes the sense amplifiers used for reading the output of the
individual pixel elements that are connected to the bit lines within pixel array 71. The
additional circuitry and input/output pads are located in region 77 in a manner analogous to

that described above with respect to pixel array chip 60 shown in Figure 6.

Chip 70 is designed to be butted to another chip of the same configuration to form a
dental sensor. Refer now to Figures 8 and 9, which illustrate a compound dental sensor
constructed from two such pixel array chips. Figure 8 is a top view of dental sensor 80, and
Figure 9 is a side view of dental sensor 80. Dental sensor 80 includes pixel array chips 81
and 82, which are bonded to a substrate 84 that includes a tab 83 that is gripped between the
patient’s teeth during the x-ray procedure. A layer of scintillation material 85 is bonded to
the top surface of the pixel array chips to convert the x-rays into visible photons that are

detected by the photodiodes in the pixel arrays.

Refer again to Figure 7. Since only two corners of each pixel array chip can come

into contact with the roof or floor of the patient’s mouth, only these corners need to be
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chamfered as shown at 73. Hence, the column decoder and the associated sense amplifiers
can be placed outside of pixel array 71. Row decoder 74 is again placed within pixel array
71 as near to the left edge of pixel array 71 as possible and still provide a row decoder that

spans the height of pixel array 71.

As noted above, the pixel elements in the pixel array are arranged in a rectangular
array of rows and columns. In the regions that terminate on the chamfered corners, the rows
and columns are terminated at or near the boundary of the die; however, the pixel

arrangement is still one of rows and columns.

In the embodiments discussed above, the pixel array is chamfered by making a linear
cut to remove the corners in question. However, other forms of removing the corners can be
utilized. For example, a boundary that is a portion of a regular polygon is well adapted to

semiconductor fabrication lines.

As noted above, each pixel element includes a photodiode and processing circuitry
that allows the charge stored on that photodiode to be connected to a bit line at the time the
pixel element is readout. The nature of this processing circuitry depends on the particular
image sensor design. Refer now to Figure 10, which is a schematic drawing of one
embodiment of a pixel element that can be utilized in the present invention. Pixel 90 includes
four transistors 91-94 in each pixel along with the photon-sensing element such as
photodiode 97. Photodiode 97 is a pinned photodiode. Transistor 92 is a reset transistor that
is used to set a fixed voltage on node 98 prior to the pixel accumulating charge. Transistor
91 is used to transfer the charge from the photodiode to node 98 after the image has been
recorded. Transistor 93 acts as a source follower to provide the drive current needed to
transfer the signal to bit line 96. Transistor 94 is a éate that connects the pixel to the bit line

in response to a signal on the row line 95.

In one embodiment of the present invention, the sense amplifier/ADC function is
distributed within the pixel array to further reduce the amount of circuitry that must be placed
in the column decoder circuit block discussed above. In a conventional x-ray imaging
system, the charge accumulated by each photodiode is converted into a voltage signal and

amplified at the pixel level and transferred to the bit lines. The signal from each pixel is



10

15

20

25

30

WO 2008/013607 PCT/US2007/013526

further amplified at the end of the bit lines by the sense amplifiers and the amplified signal is

then digitized to provide a digital light value corresponding to each pixel.

This approach has two problems. First, the signal transferred on the bit lines is
relatively small and subject to noise. To reduce the noise, the speed at which the signal is
readout is reduced, which increases the readout time. Second, the circuitry associated with
the sense amplifier and analog to digital converters requires a significant amount of space.
This space must be allocated either at the edge of the pixel array or in the space that includes
the column decoder. In either case, the space that must be allocated to this circuitry reduces

the number of rows of pixels.

In one embodiment of the present invention, these problems are overcome by utilizing
space within each pixel that is not needed for the photodiode area. The size of each pixel is
determined by two factors. First, the pixel must be large enough to accommodate a
photodiode that has sufficient area to deteét the photons generated in the scintillator when the
teeth are exposed to an acceptable level of x-rays. While reducing x-ray exposure is
desirable, there is a point at which a still larger photodiode is not needed since the level of
exposure is already significantly below the level currently used in conventional dental x-ray

examinations and deemed to be safe.

Second, the size of each pixel is determined by the resolution in the x-ray image.
Reducing the size of each pixel below some minimum size determined by the resolution in
the optical image generated by the scintillator does not provide a ’signiﬁcant improvement in
the resolution of the image of the teeth. The resolution is determined by the scintillator and
the distance between the teeth and the image sensor. In the case of a CMOS x-ray sensor, the
optimum pixel size is of the order of 25 microns on a side. That is, providing a pixel array in
which each pixel is smaller than this size and increasing the number of pixels to fill the image
area does not result in a significantly better image. Of this pixel area, a small reduction of the
photodiode area, i.e., less than 10 percent, will not affect the pixel signal integrity noticeably.
This leaves a sufficient area of silicon that can be utilized for other circuitry. In this
embodiment, this space is used to construct a portion of the circuitry that would normally
reside in the sense amplifier/ADC/row decoder block, and hence, reduce the circuitry and

area needed to implement the sense amplifier/ADC/row decoder block.
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In particular, a “distributed ADC” and memory are constructed in each pixel. The
charge accumulated by the pixel is digitized in the pixel by the ADC and stored in the
memory. The contents of the memory are then readout over the “bit lines”. As a result, the
sense amplifier/ADC/row decoder block does not need to include the analog sense amplifiers

and ADC circuitry. Hence, less space is required for this block.

Refer now to Figure 11, which is a schematic drawing of a pixel cell that utilizes a
distributed ADC according to one embodiment of the present invention. Pixel cell 100
includes a photodiode 197 that is connected to a gate transistor 191 and a reset transistor 192
that operate in a manner analogous to that described above. Afier the pixels in the array
containing pixel cell 100 have been exposed, thé charge on each of the photodiodes is
digitized. At the start of the digitization process, the charge stored on photodiode 197 is
coupled to node 102 by applying a signal to gate 191. The counter is then reset and begins to
count clock pulses while the potential on the other input of the comparator 103 (RAMP
signal) is increased. The potential on the ramp line is linearly (or exponentially if dynamic
range compression is implemented) related to the count that has accumulated in counter 104.
When the ramp potential is equal to the potential at node 102, the comparator 103 generates a
stop signal that is applied to counter 104. Hence, counter 104 is left with a count that is
related to the potential at node 102. Afier all of the pixels have been digitized in this manner,
the pixels are readout one row at a time using a row decoder that operates a set of row select
switches 105 that connect the counter output to a bit bus 106, which serves a function
analogous to the bit lines described above. In this embodiment, the bit bus includes one line
per bit in counter 104. Hence, the counter is readout in parallel down bit bus 106. While this
embodiment utilizes a bit bus that reads out the counter bits in parallel, embodiments in
which the bits in the counter are shifted down a single conductor bit line can also be

constructed.

The circuitry for generating the ramp signal and clock signals can be located in the

column decoder or row decoder areas or the areas shown at 77 in Figure 7 or 67 in Figure 6.

While the above embodiments utilize a count up ADC, other forms of ADC could be

utilized. For example, the comparator could trigger when the ramp becomes less than the
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signal generated by the photodiode. In this case, the ramp starts at a high value and decreases
with time. Similarly, the counter could be replaced by a latch in which the bits are set using a

successive approximation method for digitizing the signal from the photodiode.

The above-described embodiments utilize an arrangement in which the columns in the
imaging array. are approximately perpendicular to the gap between the patient’s upper and
lower rows of teeth. However, embodiments in which the image sensor is turned by 90
degrees such that the rows are approximately perpendicular to this gap can also be .
constructed. Furthermore, the terms row and column are arbitrary and thus could be

interchanged.

The embodiments of the present invention described above utilize a photodiode to
convert the light incident on each pixel to a charge. However, other forms of photosensor

such as a phototransistor could be utilized.

Various modifications to the present invention will become apparent to those skilled
in the art from the foregoing description and accompanying drawings. Accordingly, the

present invention is to be limited solely by the scope of the following claims.
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WHAT IS CLAIMED IS:

1. An image sensor comprising:

a two-dimensional array of CMOS pixel sensors organized as a plurality of rows and
columns, said pixel sensors in each column being connected to a corresponding bit bus by a
row select switch that connects said pixel sensor in said row to that bit bus in response to a

row select signal on a corresponding row select line;

a row decoder that generates said row select signal on a selected one of said row

select lines in response to a row address being coupled thereto;

a column decoder that connects a selected one of said bit buses to an interface
connecting said image sensor to a circuit that is external to said image sensor, wherein one of
said column decoder or said row decoder is located between two of said rows or two of said

columns, respectively; and

a layer of scintillation material overlying said two-dimensional array, said

scintillation material emitting light in response to x-rays impinging thereon.

2. The image sensor of Claim 1 wherein a first one of said rows has a length that is
greater than a second one of said rows, and wherein said column decoder is longer than that

of said second one of said rows.

3. The image sensor of Claim 1 wherein one of said columns has a length that is
greater than a second one of said columns, and wherein said row decoder has a length that is

greater than that of said second one of said columns.

4, The image sensor of Claim 1 further comprising a tab extending outward from said
two-dimensional array and positioned such that when a patient bites on said tab, said two-
dimensional array is positioned such that said pixel sensors will form an x-ray image of said

patients teeth when said patient’s teeth are exposed to an x-ray source.
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5. The image sensor of Claim 1 wherein said x-ray image comprises an area that does
not contain an image of said patients teeth when said image sensor is positioned in said
patient’s mouth and exposed to x-rays and wherein said one of said row decoder or said
column decoder is located entirely in a region of said two-dimensional array corresponding to

said area.

6. The image sensor of Claim 1 wherein said pixel sensors comprise:

a photosensor;

a comparator that compares a voltage generated by said photosensor with a reference
voltage, said comparator generating a stop signal when said reference signal is in a

predetermined relationship with said voltage;

a counter that counts pulses from a clock input until said stop signal is generated, said

counter storing a digital count value; and

a gate circuit connected to one of said row select lines that transfers said digital count
value to said bit bus corresponding to that pixel sensor in response to a signal on that row

select line.

7. The image sensor of Claim 1 wherein said two-dimensional array comprises a
rectangular array having a chamfered corner such that rows or columns that extend into said
chamfered corner have lengths that are less than rows or columns, respectively, that do not

extend into said corners.
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