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APPARATUS FOR OPERATING A CMOS
IMAGER HAVING A PIPELINED ANALOG TO
DIGITAL CONVERTER

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS-REFERENCE TO RELATED
APPLICATIONS

Notice: More than one reissue application has been filed

Jor the reissue of U.S. Pat. No. 6,909,392, The reissue appli-
cations ave (1) reissue application Ser. No. 11/812,785 filed
on Jun. 21, 2007, (2) Ser. No. 11/569,441 (the present
application) filed on Aug. 31, 2007, and (3) Ser. No. 11/869,
442 also filed on Aug. 31, 2007. The applications Ser. Nos.
11/869,44] and 11/869,442 are continuation of reissue
application Ser. No. 11/812,785.

This application 1s a continuation of application Ser. No.
10/061,938, filed Oct. 25, 2001 ([scheduled to issue as] U.S.
Pat. No. 6,646,583, which issued on Nov. 11, 2003), which
claims priority from provisional Application No. 60/243,324
filed Oct. 25, 2000. The subject matter of applications Ser.
Nos. 10/061,938 and 60/243,324 filed Oct. 25, 2000 are

hereby incorporated by reference.

BACKGROUND

The basic operation of a CMOS active pixel sensor 1s
described in U.S. Pat. No. [5,471,215) 5,471,515. This kind
of image sensor, and other similar image sensors, often oper-
ate by using an array of photoreceptors to convert light form-
ing an 1mage, into signals indicative of the light, e.g. charge
based signals. Those signals are often analog, and may be
converted to digital by an A/D converter. Image sensors
which have greater numbers of elements 1n the 1mage sensor
array may produce more signals. In order to handle these
signals, either more A/D converters must be provided, or the
existing A/D converters need to digitize the data from these
image sensors at higher signal rates. For example, a high
precision CMOS active pixel sensor may require an A/D
converter which 1s capable of 10 bits of resolution at 20
Megasamples per second.

Image sensors of this type are often limited by the avail-
able area or “real estate” on the chip, a and the available
power for driving the chip. An advantage of using CMOS
circuitry 1s that power consumption of such a circuit may be
mimmized. Therefore, the power consumption of such a cir-
cuit remains an important criteria. Also, since real estate on
the chip may be limited, the number of A/D converters and
their size should be minimized.

A/D converters with this kind of resolution, in the prior
art, may have a power consumption of about 25 mw using a
3.3 volt power supply.

SUMMARY

In accordance with one embodiment, a CMOS image sen-
sor includes an analog to digital converter to convert suc-
cessive analog signals, vepresenting at least a portion of an
image, into successive digital signals. Multiple clock cycles
may be used by the converter to fully convert an analog

signal into a corresponding digital signal. The conversion of

one analog signal into a corresponding digital signal may be
offset in time and partially overlapping with the conversion
of a successive analog signal into its corresponding succes-
sive digital signal.
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2

The present application describes a system, and a special
A/D converter using individual successive approximation
A/D converter cells which operate 1n a pipelined fashion.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects will now be described in detail
with reference to the accompanying drawings, wherein:

FIG. 1 shows a block diagram of a circuit on a chip
including an 1mage sensor and A/D converter;

FIG. 2 shows relative timing of A/D converter cells;

FIG. 3 shows an embodiment with built-in calibration in
the system:;

FIGS. 4A and 4B show two alternative schemes for imple-
menting the A/D converter timing and control.

DETAILED DESCRIPTION

According to the present system, a plurality of successive
approximation A/D converter cells are provided. The
embodiment recognizes that the pixel analog data 1s arriving
at a relatively high rate, e.g. 20 Mhz. A plurality of A/D
converters are provided, here twelve A/D converters are
provided, each running at 1.6 megasamples per second. The
timing of these A/D converters are staggered so that each
A/D converter 1s ready for 1ts pixel analog input at precisely
the right time. The power consumption of such cells 1s rela-
tively low; and therefore the power may be reduced.

In the embodiment, an A/D converter with 10 bits of reso-
lution and 20 megasamples per second 1s provided that has a
power consumption on the order of 1 mW. Twelve individual
successive approximation A/D converter cells are provided.
Each requires 600 ns to make each conversion. Since twelve
stages are necessary, the total data throughput equals twelve/
600 ns=20 megasamples per second. Each successive
approximation A/D converter requires 12 complete clock
cycles to convert the 10 bit data. The first clock cycle
samples the mput data, then 10 clock cycles are used to
convert each of the bits. A single clock cycle 1s used for data
readout.

A block diagram 1s shown 1n FIG. 1. FIG. 1 shows how a
single chip substrate 100 includes a photo sensor array 110.
Photosensor array 110 can be an array of, for example,
photodiodes, photogates, or any other type of photorecep-
tors. The output 115 of the array 110 1s coupled to a timing
circuit 120 which arranges the data to be sent to the A/D
converter array 130. The data 1s sent such that each A/D
converter recerves data at a different, staggered time.

FIG. 2 shows how the timing and switching of the data 1s
carried out. The mput signals from the 1mage sensor array
110 are staggered and provided to the A/D converters at
different times, preferably one clock cycle apart. FIG. 2
shows the relative timing of four of the twelve A/D converter
cells. The first row 200 for example may represent the first
A/D converter. Data that 1s input during cycle No. 1 1s avail-
able at the output of the A/D converter during cycle No. 12.
Different data from different ones of the converters are out-
put 1n each cycle.

FIG. 3 shows a block diagram of each of the twelve A/D
converter elements. The elements may operate using capaci-
tors formed by a capacitor array 300. In this embodiment,
unit cell capacitors are formed. The capacitor array 300 1s
formed, for example, of N different elements, each of which
are 1dentical. Matching each of these capacitors may ensure
linearity. A switching element 310 may switch the capacitor
combinations 1n the proper way to convert a specific bit. As
conventional 1n a successive approximation A/D converter,
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different bits are obtained and output during different clock
cycles. Hence the clock mput at 315 may select the different
bits which are used and may hence select the number of the
capacitor elements which are used.

This system may adaptively assign the channels to A/D
converters 1n a different way than conventional. Conven-
tional methods of removing fixed patterned noise, therefore,
might not be as effective. Therefore, 1t becomes 1mportant
that these A/D converters have consistent characteristics. In
this embodiment, calibration may be used to compensate for
olfsets between the comparators of the system.

Successive approximation A/D converters as used herein
may have built-in calibration shown as elements 320. Any
type of internal calibration system may be used.

The mventors also realize that comparator kickback noise
may become a problem within this system. That comparator
itself may produce noise which may aflect the signal being
processed. In this embodiment, a single preamplifier, here
shown as a follower 330, 1s introduced between the signal
and the comparator.

This system also requires generation of multiple timing,
and control signals to maintain the synchronization. Each
successive approximation A/D converter requires about 20
control signals. The timing 1s offset for each of the twelve
different A/D converters. Therefore, digital logic 1s used to
replicate control signals after a delay.

In one embodiment, shown 1n FIG. 4A, a plurality of tlip-
tflops, here D type flip-tlops, are used to delay the respective
signals. In FIG. 4A, the control signals showed as A 1n and B
in are separately delayed using a series of tlip-flops; with A
in delayed by flip-tlops 400, 408, 409; and B 1n delayed by
tlip-tflops 404, 421, 422. For example, the control signal A 1n
1s delayed by flip-tlop 400 to produce signal Al, line 405,
which 1s the first control signal for the first A/D converter
402. Similarly, the B 1n control signal 1s delayed by tlip-tlop
404 to produce the B1 control signal for the A/D converter
402. The A1 signal 405 also drives the input of the second D
tlip-tflop 408. The output of thip-tlop 408 similarly drives
tlip-tflop 409 and the like. Each successive output such as
405 1s then delayed by the next tlip-tlop 408, and used as the
respective second control (here A2, B2) for the A/D convert-
ers.

Each cycle of the A/D converter may require finer timing

than can be offered by a usual clock. Hence, the clock input
410 may be a divided higher speed clock.

Two D type flip-tlops are required to delay each signal.
Any signal which 1s only half a clock cycle 1n length may
require falling edge flip-tlops, 1n addition to the rising edge
tlip-tflops, and may also require additional logic.

FIG. 4B shows an A/D converter cell with a trigger signal
that 1s staggered by one or two flip-flops according to the
master clocks. All of the local control signals may be gener-
ated locally within the A/D converter. Delayed versions of
the clock are still obtained. For example, the D type tlip-
tlops 450 produces a delayed version 452. Delayed version
452 triggers the next the flip-tlop 454 to produce delayed
version 456. Each of the delayed versions, such as 452, 1s
turther processed by the logic block 460. Logic block for 60
outputs the two control signals A1 and B1. For example, the
control signal A1 may be output directly, with control signal
B1 being delayed by a series of logic gates or transistors.
Since this system uses fewer flip-flops, and only a single

input signal, 1t may allow for improved symmetry between
the A/D converters.

Although only a few embodiments have been disclosed 1n
detail above, other modifications are possible. For example,
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4

different logic techniques may be used herein. In addition,
while the above describes specific numbers of bits, the same
techniques are applicable to other numbers of elements. For
example, this system may be used with as few as three
clements, with the three successive approximation devices
staggered to recerve one out of every three inputs.

The above has described matched unit cell capacitors, but
it should also be understood that other capacitors could be
used. Conventional capacitors which are not matched in this
way can be used. In addition, the capacitors can be scaled

relative to one another by some amount, e.g. in powers of
two.

All such modifications are intended to be used within the
following claims.

What 1s claimed 1s:

[1. An analog-to-digital (A/D) converter, comprising:

an input, for receving a series of analog signals;

an output, for outputting a series of digital signals respec-
tively corresponding to said series of analog signals;

a plurality of A/D cells, each of said A/D cells for convert-
ing one of said series of analog signals to a correspond-
ing one of said series of digital signals; and

a control circuit, coupled to said mput, said output, and
said plurality of A/D cells;

wherein said control circuit operates said input, said
output, and said plurality of A/D cells so that each suc-
cessive A/D cell 1s assigned, at a different time, to con-
vert a different one of each successive analog signal
from said series of analog signals to a corresponding
digital signal in said series of digital signals.}

[2. The analog-to-digital converter of claim 1, wherein
said different time correspond to a different period of a clock
signal provided to said analog-to-digital converter.}

[3. The analog-to-digital converter of claim 1, wherein
cach of said A/D cells further comprises a calibration
clement, said calibration element being set so that each A/D
cell coverts the same analog signal present at said iput to a
same digital value at said output.]

[4. The analog-to-digital converter of claim 1, wherein
cach of said A/D cells further comprises a noise suppression
element.}

[5. The analog-to-digital converter of claim 4, wherein
said noise suppression element comprises a transistor.}

[6. The analog-to-digital converter of claim 1, wherein
cach A/D cell performs an A/D conversion 1n a same amount
of time.]

[7. The analog-to-digital converter of claim 1, wherein
cach A/D cell performs an A/D conversion using successive
approximation.}

[8. The analog-to-digital converter of claim 1, wherein
said control circuit operates to cause said analog-to-digital
converter to begin converting a different one of said series of
analog signals on each of a series of successive clock sig-
nals.]

[9. The analog-to-digital converter of claim 1, wherein
said control circuit operates to cause said analog-to-digital
converter to output a series ol digital signals on each of a
series of successive clock signals.]

[10. A method for converting a series of analog signals to
a corresponding series of digital signals, comprising:

receving over a period of time, a series of analog signals;

assigning each analog signal from said series of analog
signals as they are recetved to an available A/D cell for
analog-to-digital conversion to a corresponding digital
signal; and

outputting a different digital signal corresponding to a
respective analog signal from said series of analog sig-
nals as each A/D cell finishes its analog-to-digital con-
version;
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wherein at least two A/D cells are performing respective
analog-to-digital conversions while another A/D cell
outputs one of said digital signals.]

[11. The method of claim 10, further comprising:

calibrating each A/D cell so that an analog-to-digital con-
version performed on a same analog signal by any A/D
cell results in a same digital signal.]

[12. The method of claim 10, wherein said step of assign-
ing comprises a step of suppressing comparator kickback
noise during said analog-to-digital conversion.]

[13. The method of claim 10, wherein each A/D cell per-
forms an analog-to-digital conversion 1n a same amount of
time.]

[14. The method of claim 10, wherein each A/D cell per-
form an analog-to-digital conversion using successive
approximation. }

15. A system comprising:

an input to rveceive light that forms an image;

an array of photorveceptors of a CMOS active pixel sensor
to convert the image into a plurality of successive ana-
log signals;

an analog to digital (A/D) converter comprising a plural-

ity of successive approximation A/D converter cells;
and

a controller to assign each of the plurality of successive
analog signals to the A/D converter, wherein the A/D
converter is configured to convert each of the plurality
of successive analog signals to a respective each of a
plurality of successive digital signals during time pevi-
ods that are offset and partially overlapping.

16. The system of claim 15, wherein each of the plurality

of successive analog signals vepresents a vespective pixel of

the image.

17. The system of claim 16, whevein the A/D converter is
disposed on the same chip as the photoreceptors.

18. The system of claim 17, wherein each of the time pevi-
ods are offset by one clock cycle.

19. The system of claim 15, whevein the A/D converter is
disposed on the same chip as the photorveceptors, and the
photoreceptors arve photodiodes.

20. A camera having a lens to receive and focus light, the
camera further comprising:

an array of photorveceptors of a CMOS active pixel sensor
to convert the focused light into a plurality of succes-
sive analog signals;

an analog to digital (A/D) converter comprising a plural-
ity of A/D converter cells; and

a controller to assign a respective analog signal of the
plurality of successive analog signals to the A/D con-
verter at staggered times that are offset from each other,
wherein the A/D converter is configured to convert each
respective analog signal of the plurality of successive
analog signals to a respective digital signal during time
periods that are at least partially overlapping.

21. The camera of claim 20, wherein the rvespective digital

signal comprises at least a respective first bit.

6

22. The camera of claim 21, wherein the respective digital
signal comprises ten bits.
23. The camera of claim 20, wherein each of the plurality

of A/D converter cells is a successive approximation A/D
5 converter cell.

24. The camera of claim 23, wherein the staggerved times
are offset by one clock cycle.
25. The camera of claim 20, wherein the staggered times
are offset by one clock cycle.
10  26. A system comprising.
an apparatus to receive light and to form an image theve-
from;
an array of pixels disposed on a semiconductor substrate
to generate electrical signals associated with the
15 image;
an input to an analog to digital (A/D) conversion unit to
receive a plurality of analog signals associated with the
image,; and

an output from the A/D conversion unit to provide a plu-

rality of digital signals corresponding to the analog
signals during a second period of time after the first
period of time, wherein between the first and second
periods of time the A/D conversion unit is to contain
different numbers of bits of vespective portions of the
digital signals corresponding to the analog signals in
different states of conversion.

27. The system of claim 26, wherein the plurality of digital
signals comprises at least three digital signals correspond-
ing to at least three respective analog signals.

28. The system of claim 27, further comprising an ampli-
fier to amplify the plurality of analog signals before the ana-
log signals are to be received by the A/D conversion unit.

29. The system of claim 26, further comprising an ampli-
fier to amplify the plurality of analog signals before the ana-

3 Jog signals are to be received by the A/D conversion unit.
30. A system comprising.

20

25
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a conversion circuit comprising a pixel arrvay disposed on
a semiconductor substrate and oviented to receive light
associated with an image, the conversion circuit config-

40 ured to convert the light into successive analog signals;

a gain circuit, disposed on the substrate, coupled to the
conversion circuit to receive the successive analog sig-
nals from the conversion circuit and to amplify the suc-

44 cessiive analog signals; and

an analog to digital (A/D) conversion circuit, disposed on
the substrate, coupled to the gain circuit to receive the
successive analog signals from the gain circuit during a
first time period and to convert the successive analog
signals into corresponding successive digital signals,
wherein the A/D conversion circuit is to determine at
least some bits of the corresponding successive digital
signals during a second time period that begins after
the first time period ends.

31. The system of the claim 30, wherein the successive

analog signals comprises at least three analog signals.
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : RE42,117 E Page 1 of 1
APPLICATION NO. : 11/896441

DATED . February 8, 2011

INVENTOR(S) . Eric R. Fossum et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

Column 1, line 25, delete the words “filed Oct. 25, 2000”.

Column 5, line 24, delete the words “successive approximation”.
Column 5, line 38, “are offset” should read --1s offset--.

Column 6, line 56, “signals comprises™ should read --signals comprise--.

Signed and Sealed this

David J. Kappos
Director of the United States Patent and Trademark Office
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