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ON-FOCAL-PLANE ANALOG-TO-DIGITAL
CONVERSION FOR CURRENT-MODE
IMAGING DEVICES

This application claims the benefits of the U.S. Provi-
sional Application Nos. 60/024,750 and 60/024,752, both
filed on Aug. 21, 1996, the disclosure of which is incorpo-
rated herein by reference in its entirety.

FIELD OF THE INVENTION

The present invention generally relates to analog-to-
digital conversion, and more particularly, to current-mode
analog-to-digital converters for on-focal-plane imaging
devices.

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.

BACKGROUND OF THE INVENTION

Analog-to-digital conversion is widely used in electronic
systems. Some conventional electronic systems package an
analog-to-digital converters (ADC) on a separate integrated
circuit. To reduce the size, power consumption, and manu-
facturing and design cost, it is often desirable to integrate
ADCs and other functional circuits on a single circuit chip.
Such integration also improves the system reliability, noise
resistance and chip-to-chip interfacing.

One application for the integrated ADC technology is in
the field of semiconductor imaging devices. A typical semi-
conductor imager includes an array of photo sensors and
processing circuits. An optical image captured by the imager
is first converted into analog electrical signals and then
processed by the processing circuits in either analog mode or
digital mode. A digital image sensor senses an optical image
and outputs a digital representation of the image. Many
applications requires digital image sensors for digital image
manipulation, digital data storage and transmission.
Therefore, analog-to-digital converters are needed in the
signal train of a digital image sensor.

In addition to considerations of circuit size, power
consumption, and cost, integrating ADCs with a sensing
array of a digital image sensor allows the analog signals to
be converted into the digital format at an early stage in the
signal chain and thus significantly improves the noise per-
formance. This is in part because an early analog-to-digital
conversion reduces signal degradation due to noise and
nonlinearities in analog transmission and processing.

SUMMARY OF THE INVENTION

It is an object of the present invention to achieve on-focal-
plane analog-to-digital conversion in a semiconductor imag-
ing device based on a current-mode circuitry.

It is another object of the invention to provide a high
speed and high resolution current-mode ADC with a mini-
mal ADC error caused by the integration gain and circuit
noise.

It is a further object of the invention to provide a current-
mode ADC with reduced chip area and power consumption.

One embodiment of the imaging device in accordance
with the invention includes a current-mode sensing array
with sensing pixels in rows and columns and an on-focal-
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plane ADC array. The ADC array has a plurality of current-
mode ADCs each corresponding to one column of sensing
pixels in the sensing array. The ADCs are electrically
parallel to one other and process analog signals from col-
umns in parallel. Preferably, the architecture utilizes a
CMOS charge-integrating amplifier, resulting in an ADC
well suited for CMOS compatible focal-plane applications.

The current-mode ADC according to one aspect of the
invention may include at least one first-order 2-A modulator
based on a current copier cell with a constant bias that is
independent of the input signals. The first-order Z-A modu-
lator comprises a current integrator, a current comparator
and a negative digital-to-analog feedback loop. Two or more
of such a first-order 2-A modulator may be cascaded to form
a second-order or multiple-order incremental Z-A ADC to
achieve high-precision and high-resolution analog-to-digital
conversion.

These and other aspects and advantages of the present
invention will become more apparent in light of the follow-
ing detailed description, the accompanying drawings, and
the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A, 1B, and 1C are block diagrams showing
examples of imagers with on-focal-plane ADC converters of
the invention.

FIG. 2Ais a circuit of a current-mode active pixel sensor
pixel having a photo diode for light sensing.

FIG. 2B shows the current pulse sequence of the circuit of
FIG. 2A.

FIG. 3Ais a circuit of a current-mode active pixel sensor
pixel having a photogate for light sensing.

FIG. 3B shows the current pulse sequence of the circuit of
FIG. 3A.

FIG. 4 is a diagram of a current-mode active pixel sensing
array with on-chip circuits for reducing fixed pattern noise.

FIG. 5A is a block diagram illustrating a first-order X-A
analog-to-digital converter.

FIG. 5B is a diagram showing the digital output of the
device in FIG. 5A.

FIG. 5C is a block diagram showing the general layout of
a second-order incremental 2-A ADC.

FIG. 6A is a circuit of a N-channel current copier cell
according to one embodiment of the invention.

FIG. 6B is a diagram showing the pulse sequence for
operation of the circuit of FIG. 6A.

FIG. 6C is a circuit of a P-channel current copier cell
according to one embodiment of the invention.

FIG. 6D is a diagram showing the pulse sequence for
operation of the circuit of FIG. 6C.

FIG. 7A shows one embodiment of a current integrator
according to the invention.

FIG. 7B is a diagram of the control pulse sequence for the
circuit of FIG. 7A.

FIG. 8A shows one embodiment of a current generator
according to the invention.

FIG. 8B is a diagram of the control pulse sequence for the
circuit of FIG. 8A.

FIGS. 9A and 9B respectively show 1-bit digital-to-
analog converters for the first and second modulation loops
for the circuit of FIG. 5C.

FIG. 10 shows one embodiment of the current comparator
in the circuit of FIG. 5C.
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FIG. 11Ais a block diagram showing one implementation
of the second-order incremental 2-A ADC of the invention.

FIG. 11B is a diagram of the control pulse sequence for
the circuit of FIG. 11A.

FIGS. 11C, 11D, 11E and 11F show equivalent circuits of
the circuit of FIG. 11A during different clock cycles.

FIG. 12A is a chart showing the transfer curve of a 12-bit
current-mode ADC at 5 KHz conversion rate in accordance
with the invention.

FIG. 12B is a chart showing the differential non-linearity
as a function of digitization steps of a 12-bit current-mode
ADC at 5 KHz conversion rate in accordance with the
invention.

DETAILED DESCRIPTION OF THE
INVENTION
Architecture of Sensing Array with On-Focal-Plane ADC

One or more analog-to-digital converters may be imple-
mented on a focal plane of a semiconductor imaging device
with various architectures depending on the specific require-
ments of the applications.

FIG. 1A shows one architecture of such implementation
according to the invention. A sensor array 100 includes a
plurality of sensing pixels arranged in rows and columns.
Each sensing pixel has a semiconductor photo sensor and an
integrated ADC. Thus, an optical stimulus received by each
pixel is directly converted into a digital signal and the output
of the sensor array 100 is a digital representation of the input
image. Pixel addressing circuits, i.e., row select 102 and
column select 108, are used to address any one or multiple
pixels and fetch data from selected pixels. The digital output
is produced at a multiplexer 106.

Another architecture integrates a single ADC on the focal
plane of a sensor. Referring to FIG. 1B, an analog sensor
array 112 converts an input image into an array of analog
electrical signals. An ADC 114 that is connected to both the
row select 102 and column select 108 converts the analog
signals into digital signals according to a sequence deter-
mined by the row select 102 and column select 108.

FIG. 1C shows yet another architecture that integrates a
one-dimensional ADC array 118 to the analog sensor array
112. Two configurations may be implemented in this archi-
tecture. The first configuration uses an ADC array with same
number of ADCs as the number of columns in the analog
sensor array 112. Each column is designated to one ADC.
The second configuration uses an ADC array in which the
number of ADCs is less than the number of columns. One
ADC is thus connected to two or more columns by multi-
plexing. In either configuration, all ADCs are in parallel with
respect to one another so that each ADC can operate at a
lower rate than the single ADC in FIG. 1A.

The photo sensor in each pixel for the array 100 or 112 in
FIGS. 1A, 1B, and 1C can be any photo sensing element
such as a photo transistor, a photodiode, a CCD detector, a
charge injection device or a hybrid focal plane array. A
preferred photo sensor is a CMOS active pixel sensor
(“APS”) which 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. One type of such APS
devices is disclosed in U.S. Pat. No. 5,471,515 to Fossum et
al., the disclosure of which is incorporated herein by refer-
ence.

A focal-plane analog-to-digital converter in a digital
imager may eliminate a number of noise sources associated
with analog circuits such as cross-talk, clock pickup, power
supply noise, electromagnetic interference, and off-chip

5

10

15

20

25

30

35

40

45

50

60

65

4

analog cabling noise. In particular, integration of ADCs in
parallel (FIGS. 1A and 1C) can reduce the clock rate at
which an integrated ADC operates to achieve the full video
frame comparing to analog circuits with an off-chip serial
ADC since the serial data rate in the signal chain is typically
the highest rate in the entire imaging system which intro-
duces white noise with a maximum bandwidth. The parallel
on-chip ADC architecture also alleviate effects of clock
noise and other capacitively-coupled noise sources that are
known to increase with increasing data rates. In addition,
multiple sampling, or over-sampling, of the detector signal
can be effectively performed on the focal plane to further
increase the signal-to-noise ratio. On-focal-plane ADCs can
also lead to a reduction in the total power dissipation in the
focal plane array.

Furthermore, digital signals can be digitally processed
on-chip as a further level of integration. For example,
on-chip digital signal processing can be used for autono-
mous sensor control, e.g. exposure control, or for control, of
windowed region-of-interest readout. Image compression
can also be achieved on-chip to reduce off-chip drive
requirements.

The incorporation of high resolution ADCs on focal-plane
arrays has proved to be a difficult challenge. There is much
less silicon area available on focal-plane arrays than on
stand-alone ADCs. An ADC with serial architecture would
be required to operate with the highest bandwidth of all
focal-plane components, since the conversion rate would be
the same as the pixel data rate. In certain applications such
as a scientific application, a typical pixel data rate can range
from about 100 KHz to a over 100 MHZ. The reliability of
CMOS at such high data rates circuits is also a concern.

High ADC converting resolutions generally requires over-
sampling techniques that drive the ADC clock rate even
higher. On-chip ADCs would also increase focal-plane
power dissipation because of the required high speed opera-
tion of several analog circuits; compared to the single driver
amplifier used in conventional focal-plane readouts.
Therefore, the serial on-focal-plane ADC architecture as is
shown in FIG. 1B may be applied in applications with a
relatively low resolution (e.g., usually 8 bits or lower) and
a slower frame rate.

The architecture of FIG. 1A implements maximum par-
allelism by integrating one ADC on each readout pixel in the
focal-plane array. Since a relatively small area is available
for each pixel in most applications (typical pixel size is
about 30 um?), a non-conventional compact ADC approach
is desirable for such implementation.

The system of FIG. 1C: is an example of the semi-parallel
architecture in which multiple pixels share one on-focal-
plane ADC in the ADC: array 118. This architecture pro-
vides a compromise between reduction of ADC operation
rate and reducing pixel size. The system of FIG. 1C would,
for example, utilize an ADC for every column of the readout.
This affords few problems with area in one dimension and
tight, but feasible, design space in the other dimension based
on the degree of integration of the columns. Such tall,
skinny, ADCs would operate, in parallel, on one row of
image data at a time.

A number of ADC techniques are available for use in
focal-plane applications. These conversion methods differ
from each other in terms of operating speed, power
consumption, achievable accuracy, and chip area. An impor-
tant difference between on-focal-plane ADC and a single
chip monolithic ADC, is that an on-focal-plane ADC must
occupy a relatively small chip area. The real estate becomes
an even more serious concern for column-parallel





















