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(57) Abstract: An exemplary electronic light processing cell uses a photo sensor unit to provide an analog electrical output proportional
to an amount of light impinging on the photo sensor. A noise source provides a noise output that is compared by a comparator, during
a plurality of times during a frame of an image, with the analog electrical output to generate a binary digital output representative of
each comparison. A digital counter counts the binary digital outputs during the frame and stores a count at the end of a frame where
the value of the stored count is proportional to the light impinging the photo sensor. The value of the stored count is adapted for use
by an image processing unit to render an image.

[Continued on next page]



WO 2018/093560 A1 {10000 N OO A

EE, ES, FL, FR, GB, GR, HR, HU, IF, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

—  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



WO 2018/093560 PCT/US2017/059194

PIXEL INFORMATION RECOVERY BY OVERSAMPLING
A COMPARISON OF PIXEL DATA AND A NOISE SIGNAL

Background

[01] This invention relates to the recovery of output or event detection from individual
pixel sites and more specifically relates to a technique that digitizes analog voltage from
the unit cell. In one embodiment a capacitor at the unit cell is not required.

[02] A common technique to digitize an analog current output from each photo
detector in an array uses a capacitor to integrate the current output into a proportional
voltage level which is then converted into digital signal by an analog to digital converter.
As pitches, 1.e. the distance between adjacent photo detectors, in large arrays gets smaller
to achieve increasing finer image resolution, the smaller resulting area available for the
capacitors may lead to the use of capacitors with smaller capacitance values. This may
degrade the dynamic range and performance of the processing of the photo detector
output. Thus, there exists a need to be able to accommodate increasingly dense photo

detector arrays and the associated area restrictions per cell site.

Summary

[03] Itis an object of the present invention to satisfy this need.

[04] An exemplary electronic light processing cell uses a photo sensor unit to provide
an analog electrical output proportional to an amount of light impinging on the photo
sensor. A noise source provides a noise output that is compared by a comparator, during
a plurality of times during a frame of an image, with the analog electrical output to
generate a binary digital output representative of each comparison. A digital counter

counts the binary digital outputs during the frame and stores a count at the end of a frame
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where the value of the stored count is proportional the light impinging the photo sensor.

The value of the stored count is adapted for use by an image processing unit to render an
image.

[05] Another embodiment of the present invention includes an exemplary method for

carrying out the steps generally described in the above embodiment.

Description of the Drawings

[06] Features of exemplary implementations of the invention will become apparent
from the description, the claims, and the accompanying drawings in which:

[07] FIG. 1is a block diagram of an exemplary embodiment of a cell in a photo
detector array of the present invention.

[08] FIG. 2 is a diagram showing an exemplary interconnection of cells in an array.
[09] FIG. 3 depicts an exemplary X by Y array of cells.

[10] FIG. 4 is a block diagram of another exemplary embodiment that is similar to the
embodiment of FIG. 1.

Detailed Description

[11] One aspect of the present invention resides in the recognition of the difficulties
associated with accommodating the increasingly smaller area available for each cell in an
array of photo detectors and originating a different approach that eliminates the
requirement of using a capacitor and an A/D converter at each cell site in order to remove
impediments to reducing the total area required at each cell.

[12]  After generally identifying the exemplary circuitry and the interrelationship of the
elements, the operation of the circuitry will then be explained. An exemplary pixel
sensor 105 provides an output current that is proportional to the amount of light 110

impacting it. A transimpedance amplifier 115 converts the output current from the pixel
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sensor 105 into a corresponding proportional voltage output that is coupled to one input
of comparator 125. The other input of comparator 125 receives a uniform uncorrelated
noise voltage that has a magnitude smaller than the smallest sensor analog voltage
desired for detection and a frequency that is an Over-Sampling Ratio (OSR) times faster
than the frame rate desired, e.g. OSR of 4096 - 16,384. The output of the comparator 125
is connected to the data (D) input of the clocked flip-flop 135. The output (Q) of flip-flop
135 is coupled to the up/down count input of up/down counter 140. A serial output 145
from the counter 140 is coupled through latch 155 to a data output (Dout) 160. Another
output 150 from the counter 140 that contains only a portion of the most significant bits
of the count held by the counter 140 is coupled to the latch 155 which holds this value for
use as part of an automatic gain control (AGC) for the amplifier 115. This latched digital
value is coupled via line 165 to the control input 170 of selector 120 which selects one of
different valued resistors 172, 173, 174 and 175 to connect across amplifier 115. The
different value resistors determine correspondingly different levels of amplification for
amplifier 115. The following inputs/lines are used as will be described below: clock 180,
data enable 182, read enable 184 and data in 186.

[13] The voltage level variations from the noise source 130 are selected to have a
magnitude and frequency as described above. The objective is to have sufficient degree
of oversampling so that the cumulative average value contributed by the noise signal is
substantially zero to the Q output count from the flip-flop 135. The up/down count
accumulated and stored in the counter 140 at the end of a frame of clock signals will be
proportional to the output of photo sensor 105. The counter increments if a logic 1 is at
its input, i.e. when the amplified photo sensor output is greater than noise level. The
counter 140 may be of any desired bit length depending on sample rate and resolution
desired, for example, 8 - 12 bits. The counter, at the end of a frame, will hold a binary
number representative of the output of the corresponding photo sensor 105. Data enable
182 and read enable 184 are used by the counter 140 (and other counters in other cells) to
enable data to be written to or read from the counter 140. Data in (Din) 186 is used to
carry digital data to the counter(s). It may carry the stored data output from one counter
in a serial chain of cells to the next counter in the chain in order to serially transfer the

output from each counter at the end of a frame to a memory of a processing unit that will
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further process the data from the photo sensors to create a resulting final image. If
another type photo sensor is used, the amplifier 115 might not be required if sufficient
voltage range is available directly from the sensor for the operation of the comparator
125.

[14] AGC of the output level from amplifier 115 is provided. The latch 155 receives a
number R of the most significant bits (msb) from counter140 via input 150, e.g. R=2
msb. This R binary number is interpreted by selector 120 to select one of S possible
different resistor values which determines the gain of the amplifier 115, e.g. S=4. This
enables the gain of the amplifier to be decreased in proportion to the value of the R bit
number by selecting decreasing values of resistance in the feedback loop around
amplifier 115 as the R number increases, e.g. the R number can increase from O (normal
or no reduction in gain), to 1, to 2, and finally to 3 (assuming a 2 bit R number). AnR
value of “0” indicates that the count has not yet reached a magnitude to have changed the
lesser of the msb from a0 to a 1. The count at the end of a given frame may resultin a O
value for R representing that the light level for the respective photo sensor as amplified
did not reach a corresponding light level for which AGC compensation would be
initiated. The AGC action results in corresponding reductions of the future amplified
output and provides AGC to prevent a potential overflow of the number of bits that can
be held by counter 140 during a frame. In this example, the AGC action is triggered
based on the lesser of the most significant bits held by the counter 140 changing from 0
to 1. The increasing reduction in amplifier gain provides a dynamic AGC action that is
applied as the msb number values increase in the counter. Alternatively, AGC control
can be based on: analog, instead of digital, control levels by generating an analog voltage
based on msb, changes in values of capacitance, instead of resistance, used in the
amplifier feedback loop, differing numbers of msb digits to initiate and control the AGC
action, and various dynamic ranges may include non-linear AGC responses such as by
non-linear amplifier gain control by non-linear steps/changes in feedback element.
Should an amplifier/converter 115 not be required such as due to the use of a different
type of photo sensor, AGC can still be implemented by varying the level of signal from
the sensor such as by a selectable voltage divider that provides controllable levels of

voltage reduction.
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[15] FIG. 2 shows an array 200 of exemplary interconnected cells 205, 210, 215 and
220. Each of these cells may be similar as described with regard to FIG. 1. From an
image output perspective, these cells are connected in series. That is, the digital output
Dout representing the light sensed by the corresponding photo sensor of cell 205 is
connected to the digital input Din of the next adjacent cell 210. Each of the N cells is
connected in series so that the output Dout 225 of the N cell 220 represents the last cell
in the series. For example, each of these serial cells may correspond with a different
photo sensor in one row of an X by Y array of cells aligned in rows and columns. The
binary number residing in the counter of each of the cells at the conclusion of an image
frame is serially clocked from cell to cell so that the output 225 provides a serial input to
memory 235 of the image processing unit 230. Therefore, at the conclusion of an image
frame, memory 235 will contain the separate counter values associated with each of the N
cells. Similarly, the N cells associated with each of the other rows in the array will also
be conveyed at the end of an image frame to memory 235 (or other corresponding
memory) so that the image processing unit 230 will have available a corresponding
digital number representing the sensed information corresponding to each of the photo
sensors in the array. The image processing unit 230 may apply various known image
processing enhancements before rendering a final frame image, such as for display. In
this example, clock 240 of the image processing unit 230 provides a master clock for
each of the cells in the array. The image processing unit 230 may include a
microprocessor, read-only memory, random-access memory and an input/output module
for receiving and transmitting digital information with external elements.

[16] The offset data memory 245 is coupled to the data input Din of the first cell in the
series and may contain a digital value associated with each of the serially connected cells
that is used for compensation to normalize the sensitivity of the different photo sensor’s,
e.g. neutralize so-called "dark current". Respective digital values may be serially clocked
into each of the counters of the cells prior to the beginning of an image frame in order to
neutralize dark current or other dissimilarities among the respective photo sensors.
Although a second memory 245 is shown, the respective all set data could be stored in
memory 235 if convenient. If this offset value is relatively constant, it could be stored

individually in the respective cells and read into the respective counters at the beginning
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of an image frame. Known algorithms stored in the memory of image processing unit
230 may be utilized to control the clocking of the digital data from the cells into memory
235 and the clocking of the offset data into the counters of the respective cells to provide
offset compensation.

[17] FIG. 3 represents an exemplary X by Y array 300 of image capturing cells. This
exemplary array contains 8 rows 305 and 8 columns 310 each consisting of a cell that
includes a photo sensor. In this exemplary array configuration, 8 data outputs Dout 315
containing the sensed information associated with each of the cells in the respective rows
is provided. In order to speed the clocking of the information from the respective
counters, the outputs from the 8 respective rows may be clocked in parallel into memory
235 (or register) and stored for use by the image processing unit 230 in generating a final
image output. Alternatively, if sufficient connections are available and the memory that
receives the sensed information is capable, a parallel transfer from each cell of the
counter value could be used to enhance the speed of operation. Or if speed of data
transfer is not a concern for a particular application, all cells could be connected in series
and the outputs from each cell clocked through a single output communication line to
memory or register for further processing.

[18] FIG. 4is a block diagram of another exemplary embodiment 400 that is similar to
the embodiment 100 of FIG. 1. The elements of embodiment 400 operate similarly as
described above with regard to embodiment 100. Embodiment 400 provides a time to
target or time-of-flight (TOF) mode. A light source, e.g. a laser, 405 outputs a pulse of
light 407 directed towards a target. The initiation of the output of the pulse of light 407 is
controlled by pulse control circuit 410. A light pulse 415 represents a return reflection of
the pulse of light 407 from the target. Photo sensor 105 is utilized to sense the reflected
pulse 415. An output 420 from pulse control 410 provides a signal coupled to line 182
which corresponds to a time-of-flight mode enable signal to the counter 140. This signal
corresponds to the illustrated event signal 425 where a transition from a one to a zero
corresponds to the initiation of the laser pulse. In this embodiment, the magnitude of the
uniform noise source 130 is adjusted so that only the significant signal from the reflected
pulse 415 will cause a change of state of the comparator 125 and hence produce an output

on the Q output of latch 135. In this embodiment, the counter 140 as enabled by the zero
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signal on line 182, begins a consecutive count 430 of the number of clock cycles 435
occurring since the transmission of the pulse 407 by laser 405. Upon the return pulse 415
being sensed, the Q output from latch 135 changes state and provides a signal to the
"up/down" input of counter 140. Unlike embodiment 100, in embodiment 400 this input
to the "up/down" input of counter 140 is utilized to inhibit further counting by the counter
and thus latch the count value of counter 140 to the number of clock cycles occurring
between the transmission of light pulse 407 and the detection of the return pulse 415.

The count value is proportional to the round trip time to and from the target since the
frequency of the clock is a constant and is known. This allows a distance to the target to
be calculated based on the time to the target (1/2 the round trip time) and the known
velocity of the laser pulse. In this embodiment, a distance calculating unit, e.g. a
microprocessing unit, calculates the distance to target by converting the value to round
trip time based on the known frequency of the clock pulses, multiplying the round trip
time times 0.5 to determine the time from the target to the sensor, and multiplying that
times the stored, known speed of travel of the laser pulse to yield a distance (feet, miles,
etc.).

[19] Although exemplary implementations of the invention have been depicted and
described in detail herein, it will be apparent to those skilled in the art that various
modifications, additions, substitutions, and the like can be made without departing from
the spirit of the invention. For example, the sensor may be a multi-mode sensor having
several active mode unit sensors and several passive mode unit sensors. The scope of the

invention is defined in the following claims.
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Claims

1. An electronic light processing cell comprising:
a photo sensor unit provides an analog electrical output proportional to an
amount of light impinging on the photo sensor;

a noise source provides a noise output;

a comparator compares, during a plurality of times during a frame of an image,
the analog electrical output and the noise output and provides a binary digital output
representative of each comparison;

a digital counter counts the binary digital outputs during the frame and stores a
count at the end of a frame where the value of the stored count is proportional the light
impinging the photo sensor, the value of the stored count adapted for use by an image
processing unit to render an image based on a plurality of such values representing

different locations within the frame.

2. The electronic light processing cell of claim 1 further comprising a clock
generator that provides a plurality of clock outputs during each frame and a digital latch

that holds the binary digital output at a given state between clock outputs.

3. The electronic light processing cell of claim 1 further comprising an automatic
gain control (AGC) circuit that changes the level of the analog electrical output based on
the value of the stored count reaching a predetermined value to reduce the rate at which

the value of the counter increases.

4. The electronic light processing cell of claim 3 wherein the photo sensor unit
comprises an amplifier having as its output the analog electrical output, the AGC circuit
reduces an amplification factor of the amplifier reducing the magnitude of the analog

electrical output and hence reducing the rate at which the counter is incremented.

5. The electronic light processing cell of claim 2 wherein the number of clock

outputs during a frame is greater than 4096 in order to sufficiently oversample the binary
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digital output so that the count held by the counter at the end of each frame represents a
value that is proportional to the magnitude of light impinging the photo sensor during the

frame.

6. A method for generating a digital value that is proportional the magnitude of light
impinging a photo sensor during a frame of an image, the method comprising the steps
of:

generating an analog electrical output proportional to an amount of light
impinging on the photo sensor;

generating a noise output;

comparing a plurality of times during each frame the analog electrical output and
the noise output and generating a binary digital output representative of each comparison;

counting the binary digital outputs during each frame and storing a count at the
end of a frame where the value of the stored count is proportional the light impinging the

photo sensor, the value of the stored count adapted for use by an image processing unit to

render an image.

7. The method of claim 6 further comprising generating a plurality of clock outputs
during each frame and using a digital latch to hold the binary digital output at a given

state between clock outputs.

8. The method of claim 6 further comprising providing automatic gain control
(AGC) that changes the level of the analog electrical output based on the value of the
stored count reaching a predetermined value to reduce the rate at which the value of the

counter increases.

9. The method of claim 8 further comprising using an amplifier having as its output
the analog electrical output, the AGC reducing an amplification factor of the amplifier to

reduce the magnitude of the analog electrical output and hence reduce the rate of counts.
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10. The method of claim 7 wherein the number of clock outputs during a frame is
greater than 4096 and sufficiently oversamples the binary digital output so that the count
at the end of each frame represents a value that is proportional to the magnitude of light

impinging the photo sensor during the frame.

11. An electronic device comprising:

a light generation source that outputs a pulse of light;

a photo sensor unit provides an analog electrical output proportional to an
amount of light impinging on the photo sensor;

a noise source provides a noise output;

a comparator compares the analog electrical output and the noise output and
provides a binary digital output representative of the photo sensor unit sensing a reflected
light pulse corresponding to a reflection of the pulse of light from a target;

a clock outputs a series of clock signals having a predetermined frequency;

a digital counter, coupled to the clock and comparator, counts a number of clock
signals occurring during a frame where a frame is defined between the generation of one
pulse of light and the binary digital output from the comparator, the value of the number
being proportional to the time required for the reflected light pulse from the target to

reach the photo sensor unit.

12.  The electronic device of claim 11 further comprising a distance conversion
apparatus that converts the value to a distance of the target from the photo sensor unit
based on a known speed of travel of the reflected light pulse and the time required for the

reflected light pulse to reach the photo sensor unit.

13. The electronic device of claim 12 wherein the predetermined frequency of the
clock signals during a frame is greater than 4096 in order to enhance precision of the

determined distance.



WO 2018/093560 PCT/US2017/059194

11

14. A method for determining a distance to a target comprising the steps of’

generating a pulse of light;

generating an analog electrical output proportional to light impinging on a photo
sensor;

generating a noise output;

comparing the analog electrical output and the noise output and providing a
binary digital output representative of the photo sensor unit sensing a reflected light pulse
corresponding to a reflection of the pulse of light from the target;

generating a series of clock signals having a predetermined frequency;

counting a number of clock signals occurring during a frame where a frame is
defined between the generation of one pulse of light and the binary digital output from
the comparator, the value of the number being proportional to the time required for the
reflected light pulse from the target to reach the photo sensor unit;

converting the value into a distance of the target from the photo sensor based on a
known speed of travel of the reflected light pulse and the time required for the reflected

light pulse to reach the photo sensor based on the value and predetermined frequency.

15. The method of claim 14 wherein the predetermined frequency of the clock
signals during a frame is greater than 4096 in order to enhance precision of the

determined distance.
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Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

-

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:' As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
1-10
Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the

payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:' No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (April 2005)
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-10

pixel cell for image sensor and respective method for
measuring amount of light

2. claims: 11-15

electronic device for measuring time of flight and
respective method for measuring a distance
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