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(57) ABSTRACT

A pixel circuit, a method for performing a pixel-level
background light subtraction, and an imaging device are
disclosed. In one example of the present disclosure, the pixel
circuit includes an overflow gate transistor, a photodiode,
and two taps. Each tap of the two taps is configured to store
a background signal that is integrated by the photodiode,
subtract the background signal from a floating diffusion,
store a combined signal that is integrated by the photodiode
at the floating diffusion, and generate a demodulated signal
based on a subtraction of the background signal from the
floating diffusion and a storage of the combined signal that
is integrated at the floating diffusion.
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PIXEL-LEVEL BACKGROUND LIGHT
SUBTRACTION

[0001] This application is a Continuation Application of
application Ser. No. 15/699,768, filed Sep. 8, 2017 the
contents of which are incorporated herein by reference in
their entirety.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002] This application relates to circuits and methods for
performing a pixel-level background light subtraction
including one or more pixel-level background light subtrac-
tions.

Description of Related Art

[0003] Time-of-flight (TOF) is a technique used in
rebuilding three-dimensional (3D) images. The TOF tech-
nique includes calculating the distance between a light
source and an object by measuring the time for light to travel
from the light source to the object and return to a light-
detection sensor, where the light source and the light-
detection sensor are located in the same device.

[0004] Conventionally, an infrared light-emitting diode
(LED) is used as the light source to ensure high immunity
with respect to ambient light. The information obtained from
the light that is reflected by the object may be used to
calculate a distance between the object and the light-detec-
tion sensor, and the distance may be used to reconstruct the
3D images. The 3D images that are reconstructed may then
be used in gesture and motion detection. Gesture and motion
detection is being used in different applications including
automotive, drone, and robotics, which require more accu-
rate and faster obtainment of the information used to cal-
culate the distance between the object and the light-detection
source in order to decrease the amount of time necessary to
reconstruct the 3D images.

[0005] The level of a typical infrared LED light source is
low. This low level causes the sensitivity of the light-
detection sensor to also be low and the distance to measure
between the object and the light-detection sensor is limited.
In some examples, in order to increase the sensitivity of the
light-detection sensor, the signal with respect to the light
reflected from the object may be accumulated multiple times
(referred to herein as “integration”). Additionally, in some
examples, the light from the infrared LED is modulated and
the entire object is illuminated with the modulated light,
where the modulation is done with a clock signal. Since the
modulated light from the light source is in the form of a
wave, multiple clock signals in different phases are gener-
ated to control the light source. The light signal (referred to
herein as “demodulated light signal”) reflected from the
object is captured at the light-detection sensor, for example,
a whole sensor array.

[0006] In order to calculate the distance from the light
source to the object, the demodulated light signal is captured
at shifted phases, where the phase difference is driven from
the difference in the time-of-flight between the emission of
the modulated light from the light source and the reception
of'the demodulated light signal by the light-detection sensor.
An amount of phase shift is calculated from Equation 1.

a=arctan((x1-x3)/(x2-x4)) (1)
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[0007] In some examples, each sample (i.e., each frame
out of every four frames) is shifted by ninety degrees (x1 and
x3 are quadrature-phased and x2 and x4 are in-phase sig-
nals). After subtraction, both the nominator term and
denominator term of Equation 1 become independent of
offset and background signals. Distance information is
obtained from Equation 2.

d=C*a/(2*m*f) @)

[0008] In Equation 2, C is the speed of light and f is the
modulation frequency.

[0009] As explained above, to increase the sensitivity of
the light-detection sensor, the integration time (the accumu-
lation of demodulated light signals for multiple cycles) may
be increased to increase the signal-to-noise ratio. By accu-
mulating the demodulated light signals for multiple cycles,
the demodulated light signal increases linearly with time
while shot noise increases in a square-root of the signal
level.

[0010] Image sensing devices typically include an image
sensor, an array of pixel circuits, signal processing circuitry
and associated control circuitry. Within the image sensor
itself, charge is collected in a photoelectric conversion
device of the pixel circuit as a result of impinging light.
Subsequently, the charge in a given pixel circuit is read out
as an analog signal, and the analog signal is converted to
digital form by an analog-to-digital converter (ADC).
[0011] However, the charge generated in the photoelectric
conversion device (also referred to as the light-detection
sensor or a photodiode) is based on reflected light (for
example, the demodulated light) and ambient light (referred
to herein as “background light”). The intensity of ambient
light in bright sunlight may be many orders of magnitude
higher than a magnitude of the reflected light. In some
examples, the light received by the light-detection sensor
may be bandpass filtered and the background light signal
may be limited to a frequency band of interest (e.g., near
~870 nm or near-IR frequency) to increase the signal-to-
noise ratio of the photoelectric conversion device. In the
example of the photodiode, the maximum capacity of the
photodiode is limited by well capacity. A high photocurrent
may be generated by the ambient light. The high photocur-
rent further limits the dynamic range of a difference value of
two demodulated light signals, which influences both mea-
surable distances and accuracy of the distance between the
object and the light-detection sensor.

BRIEF SUMMARY OF THE INVENTION

[0012] As described in greater detail below, a comparative
light-detection sensor for a TOF application requires an
in-pixel comparator and a one shot. However, it is difficult
to incorporate both a comparator and a one shot in a single
small pixel (for example, a pixel size of approximately five
micrometers (um)) for several reasons. First, the comparator
and one shot require a large pixel area (for example, approxi-
mately 30 um), which is not suitable for a small pixel.
Second, the comparator and one shot require a large amount
of power to operate (for example, the comparator may
require approximately one microampere (UA)), which
results in high power consumption for a single pixel. For
example, extending the 1 pLA across an entire image sensor
with a VGA resolution of 640 pixels by 480 pixels, the total
current consumption for all of the comparators is approxi-
mately 307.2 milliamperes (mA). In some examples, the
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image sensor uses three volts (V), and the total power
consumption for all of the comparators is approximately
921.6 milliwatts (mW). Furthermore, the total power con-
sumption of all of the comparators increases as the resolu-
tion of the image sensor increases. Finally, each pixel
requires an in-pixel or an external counter to either store the
saturation count per tap or store the difference between two
phase signals. Accordingly, there exists a need for a light-
detection sensor for a TOF application that does not suffer
from these and other deficiencies.

[0013] Various aspects of the present disclosure relate to a
pixel circuit, a method for performing a pixel-level back-
ground light subtraction, and an imaging device that
includes the pixel circuit. In one aspect of the present
disclosure, a pixel circuit includes an overflow gate transis-
tor electrically connected to a node, a photodiode, and two
taps. The photodiode is electrically connected to the node
and a chassis ground and configured to receive background
light, receive a combination of the background light and a
demodulated light that is generated by a modulated light
source and reflected from an object, integrate a background
signal based on the background light that is received, and
integrate a combined signal based on the combination of the
background light and the demodulated light. Each tap of the
two taps is configured to store the background signal that is
integrated, subtract the background signal from a floating
diffusion, store the combined signal that is integrated at the
floating diffusion, and generate a demodulated signal based
on a subtraction of the background signal from the floating
diffusion and a storage of the combined signal that is
integrated at the floating diffusion.

[0014] In another aspect of the present disclosure, a
method for performing a pixel-level background light sub-
traction. The method includes integrating, with a photodiode
of a pixel circuit, a background signal based on background
light received by the photodiode. The method includes
storing a charge of the background signal that is integrated
in injection capacitors of the pixel circuit. The method
includes subtracting the charge that is stored in the injection
capacitors from floating diffusions of the pixel circuit. The
method includes integrating, with the photodiode, a com-
bined signal based on a combination of background light and
demodulated light received by the photodiode. The method
includes storing charges of the combined signal in the
floating diffusions. The method also includes reading out a
demodulated signal from each the floating diffusions,
wherein the demodulated signal is a difference between the
charge of the combined signal and the charge of the back-
ground signal that is stored at the each of the floating
diffusions, and wherein the demodulated signal from the
each of the floating diffusions has a different phase.

[0015] In yet another aspect of the present disclosure, an
imaging device includes a controller and an array of pixels.
The array of pixels includes at least one pixel circuit that
includes an overflow gate transistor electrically connected to
a node, a photodiode, and two taps. The photodiode is
electrically connected to the node and a chassis ground and
configured to receive background light, receive a combina-
tion of the background light and a demodulated light that is
generated by a modulated light source and reflected from an
object, integrate a background signal based on the back-
ground light that is received, and integrate a combined signal
based on the combination of the background light and the
demodulated light. Each tap of the two taps is configured to
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store the background signal that is integrated, subtract the
background signal from a floating diffusion, store the com-
bined signal that is integrated at the floating diffusion, and
generate a demodulated signal based on a subtraction of the
background signal from the floating diffusion and a storage
of the combined signal that is integrated at the floating
diffusion.

[0016] This disclosure may be embodied in various forms,
including hardware or circuits controlled by computer-
implemented methods, computer program products, com-
puter systems and networks, user interfaces, and application
programming interfaces; as well as hardware-implemented
methods, signal processing circuits, image sensor circuits,
application specific integrated circuits, field programmable
gate arrays, and other suitable forms. The foregoing sum-
mary is intended solely to give a general idea of various
aspects of the present disclosure, and does not limit the
scope of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] These and other more detailed and specific features
of various embodiments are more fully disclosed in the
following description, reference being had to the accompa-
nying drawings, in which:

[0018] FIG. 1 is a circuit diagram that illustrates an
exemplary image sensor, in accordance with various aspects
of the present disclosure.

[0019] FIG. 2 is a circuit diagram that illustrates a com-
parative example of a pixel circuit.

[0020] FIG. 3 is a circuit diagram illustrates a pixel circuit,
in accordance with various aspects of the present disclosure.
[0021] FIG. 4 is a timing diagram that illustrates opera-
tions of the pixel circuit of FIG. 3, in accordance with
various aspects of the present disclosure.

[0022] FIG. 5 is a flowchart that illustrates a method
performed by the pixel circuit of FIG. 3, in accordance with
various aspects of the present disclosure.

[0023] FIG. 6 is another timing diagram that illustrates
operations of the pixel circuit of FIG. 3, in accordance with
various aspects of the present disclosure.

[0024] FIG. 7 is a circuit diagram that illustrates another
pixel circuit, in accordance with various aspects of the
present disclosure.

[0025] FIG. 8 is a circuit diagram that illustrates yet
another pixel circuit, in accordance with various aspects of
the present disclosure.

[0026] FIG. 9 is a timing diagram that illustrates opera-
tions of the pixel circuit of FIG. 8, in accordance with
various aspects of the present disclosure.

[0027] FIG. 10 is a circuit diagram that illustrates another
pixel circuit, in accordance with various aspects of the
present disclosure.

[0028] FIG. 11 is a timing diagram that illustrates opera-
tions of the pixel circuit of FIG. 10, in accordance with
various aspects of the present disclosure.

[0029] FIG. 12 is another timing diagram that illustrates
operations of the pixel circuit of FIG. 10, in accordance with
various aspects of the present disclosure.

DETAILED DESCRIPTION

[0030] In the following description, numerous details are
set forth, such as flowcharts, equations, and circuit configu-
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rations. It will be readily apparent to one skilled in the art
that these specific details are exemplary and do not to limit
the scope of this application.

[0031] In this manner, the present disclosure provides
improvements in the technical field of time-of-flight sensors,
as well as in the related technical fields of image sensing and
image processing.

[0032] FIG. 1 illustrates an exemplary image sensor 100,
in accordance with various aspects of the present disclosure.
The image sensor 100 includes an array 110 of pixels 111
located at intersections where horizontal signal lines 112 and
vertical signal lines 113 cross one another. The horizontal
signal lines 112 are operatively connected to a vertical
driving circuit 120 (for example, a row scanning circuit) at
a point outside of the array 110. The horizontal signal lines
112 carry signals from the vertical driving circuit 120 to a
particular row of the array 110 of pixels 111. The pixels 111
in a particular column output an analog signal corresponding
to an amount of incident light to the pixels in the vertical
signal line 113. For illustration purposes, only a small
number of the pixels 111 are actually shown in FIG. 1. In
some examples, the image sensor 100 may have tens of
millions of pixels 111 (for example, “megapixels” or MP) or
more.

[0033] The vertical signal line 113 conducts the analog
signal for a particular column to a column circuit 130. In the
example of FIG. 1, one vertical signal line 113 is used for
each column in the array 110. In other examples, more than
one vertical signal line 113 may be provided for each
column. In yet other examples, each vertical signal line 113
may correspond to more than one column in the array 110.
The column circuit 130 may include one or more individual
analog to digital converters (ADC) 131 and image process-
ing circuits 132. As illustrated in FIG. 1, the column circuit
130 includes an ADC 131 and an image processing circuit
132 for each vertical signal line 113. In other examples, each
set of ADC 131 and image processing circuit 132 may
correspond to more than one vertical signal line 113.
[0034] The column circuit 130 is at least partially con-
trolled by a horizontal driving circuit 140 (for example, a
column scanning circuit). Each of the vertical driving circuit
120, the column circuit 130, and the horizontal driving
circuit 140 receive one or more clock signals from a con-
troller 150. The controller 150 controls the timing and
operation of various image sensor components.

[0035] In some examples, the controller 150 controls the
column circuit 130 to convert analog signals from the array
110 to digital signals. The controller 150 may also control
the column circuit 130 to output the digital signals via signal
lines 160 to an output circuit for additional signal process-
ing, storage, transmission, or the like. In some examples, the
controller 150 includes an electronic processor (for example,
one or more microprocessors, one or more digital signal
processors, application specific integrated circuits (ASIC),
field programmable gate arrays (FPGA), or other suitable
processing devices) and a memory.

[0036] Additionally, the column circuit 130 may perform
various signal processing methods. For example, one or
more of the image processing circuits 132 may be controlled
by the electronic processor of the controller 150 to perform
the various signal processing methods and output the pro-
cessed signals as the digital signals via the signal lines 160
to an output circuit for additional signal processing, storage,
transmission, or the like. In some examples, the electronic
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processor of the controller 150 controls the memory of the
controller 150 to store the digital signals generated by the
various signal processing methods. In some examples, the
memory of the controller 150 is a non-transitory computer-
readable medium that includes computer readable code
stored thereon for performing the various signal processing
methods. Examples of a non-transitory computer-readable
medium are described in greater detail below.

[0037] Alternatively, in some examples, image processing
circuits (for example, one or more microprocessors, one or
more digital signal processors, application specific inte-
grated circuits (ASIC), field programmable gate arrays
(FPGA), or other suitable processing devices) that are exter-
nal to the image sensor 100 may receive the digital signals
and perform the various signal processing methods. Addi-
tionally or alternatively, the image processing circuits that
are external to the image sensor 100 may retrieve the digital
signals from the memory of the controller 150 that stores the
digital signals and perform the various signal processing
methods.

[0038] FIG. 2 illustrates a comparative example of a pixel
circuit 200. The pixel circuit 200 includes a photodiode 202,
a mixer 204, an integration capacitor 206, an integration
node 208, a comparator 210, a reset node 212, a reset switch
214, a digital counter 216, a driver 218, and an electronic
processor 220.

[0039] The photodiode 202 receives background light 222
from ambient light sources (not shown) and demodulated
light 224 from an object that reflects light from a modulated
light source (not shown). The photodiode 202 generates a
background light photocurrent based on the background
light 222 and a demodulated light photocurrent based on the
demodulated light 224.

[0040] The mixer 204 receives the background light pho-
tocurrent and the demodulated light photocurrent from the
photodiode 202. The mixer 204 also receives the modulated
light signal used from the modulated light source. The mixer
204 mixes the background light photocurrent, the demodu-
lated light photocurrent, and the modulated light signal and
outputs a mixed signal to the integration capacitor 206 and
the integration node 208.

[0041] Over time, the voltage of the integration capacitor
206 and the integration node 208 increases from the output
of the mixed signal by the mixer 204. The comparator 210
compares the voltage of the integration capacitor 206 and
the integration node 208 to a reference voltage (VREF).
Once the voltage of the integration capacitor 206 and the
integration node 208 meets or exceeds the reference voltage,
the comparator 210 outputs a reset pulse to the reset node
212 and the reset switch 214. In some examples, the com-
parator 210 may include a one shot circuit that generates the
reset pulse.

[0042] The reset switch 214 receives the reset pulse from
the comparator 210 via the reset node 212. The reset switch
214 applies a reset voltage (for example, voltage V) to
reduce the voltage of the integration capacitor 206 and the
voltage of the integration node 208 in response to receiving
the reset pulse.

[0043] The digital counter 216 receives the reset pulse
from the comparator 210 via the reset node 212. The digital
counter 216 is incremented in response to receiving the reset
pulse.

[0044] After the integration time (e.g., accumulation of the
demodulated light 224 over multiple cycles), the voltage



US 2020/0119068 Al

from the integration capacitor 206 is sampled and added to
a differential voltage calculated from a total number of resets
(for example, the output of the digital counter 216 multiplied
by the reset voltage or voltage V .). In some examples, an
analog storage capacitor may be used instead of the digital
counter 216.

[0045] As illustrated in FIG. 2, the pixel circuit 200
requires an in-pixel analog comparator (for example, the
comparator 210 in order to compare the integrated voltage
(the voltage of the integration capacitor 206 and the inte-
gration node 208) to the reference voltage. The pixel circuit
200 also requires the digital counter 116 to maintain the
subtracted information, in order to keep the reset counts for
each integration node and integration capacitor.

[0046] As explained above, when the reset pulse resets the
voltage of the integration node 208, the reset voltage also
increments the digital counter 216. This technique allows for
the subtraction of the background light 222 repeatedly
during a single integration period. However, although the
background light 222 is subtracted, the shot noise resulting
from the background light 222 is not subtracted, but rather,
integrated over time with the voltage based on the demodu-
lated light 224. Accordingly, while the signal level of a
signal based on the demodulated light 224 increases linearly,
the shot noise will increase in a square root of the signal
level of a signal based on the background light 222. Addi-
tionally, due to the number of circuits required in the pixel
circuit 200 (for example, the comparator, the one shot, and
counter) and the power needed to operate the circuits, the
pixel circuit 200 is not suitable for applications that require
a small pixel area and low power consumption (for example,
less than 921.6 mW). In other words, the pixel circuit 200 is
not suitable for an image sensor in a mobile device.
[0047] FIG. 3 illustrates a pixel circuit 300. With respect
to FIG. 1, the pixel circuit 300 is one pixel of the array 110
of pixels 111 in the image sensor 100, for example, a
Floating Diffusion Global Shutter (FDGS) sensor.

[0048] In the example of FIG. 3, the pixel circuit 300
includes a photodiode 302, a first common node 303, an
overflow gate transistor 304, a second common node 305, a
CMR transistor 306, a common supply voltage 308, a first
tap 310, and a second tap 312. The overflow gate transistor
304 is connected to the photodiode 302 at the first common
node 303 and resets the photodiode 302 globally indepen-
dent of a normal readout path the transfer gate. Since the first
tap 310 and the second tap 312 share the photodiode 302,
only a single overflow gate transistor is used in the pixel
circuit 300.

[0049] The first tap 310 includes a first vertical signal line
314, a first selection transistor 316, a first amplification
transistor 318, a first supply voltage 320, a first floating
diffusion capacitor 322, a first floating diffusion transistor
323, a first injection switch 324, a first floating diffusion
node 325, a first injection capacitor 326, a first injection
node 327, a first reset switch 328, and a first reset voltage
supply 330. The first vertical line 314 is electrically con-
nected to the column circuit 130. A source side of the first
selection transistor 316 is electrically connected to the first
vertical signal line 314, a drain side of the first selection
transistor 316 is electrically connected to a source side of the
first amplification transistor 318, and a gate of the first
selection transistor 316 is electrically connected to the
electronic controller 150 via one of the horizontal signal
lines 112 and the vertical driving circuit 120. A drain side of
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the first amplification transistor 318 is electrically connected
to the first supply voltage 320. A gate of the first amplifi-
cation transistor 318, one end of the first floating diffusion
capacitor 322, one end of the first floating diffusion transis-
tor 323, and one end of the first injection switch 324 are
electrically connected to the first floating diffusion node 325.
The other end of the floating diffusion capacitor 322 is
electrically connected to ground. The other end of the first
floating diffusion switch 323 is electrically connected to the
first common node 303 and one end of the photodiode 302.
The other end of the first injection switch 324, one end of the
first injection capacitor 326, and one end of the first reset
switch 328 are electrically connected to the first injection
node 327. The other end of the first injection capacitor 326
and a drain side of the overflow gate transistor 304 are
electrically connected to the second common node 305. The
other end of the first reset switch 328 is electrically con-
nected to the first reset voltage supply 330.

[0050] The second tap 312 includes a second vertical
signal line 332, a second selection transistor 334, a second
amplification transistor 336, a second supply voltage 338, a
second floating diffusion capacitor 340, a second floating
diffusion transistor 341, a second injection switch 342, a
second floating diffusion node 343, a second injection
capacitor 344, a second injection node 345, a second reset
switch 346, and a second reset voltage supply 348. The
second tap 312 mirrors the first tap 310. As a consequence,
the electrical connections of the second tap 312 mirrors the
first tap 310, and therefore, a description of the electrical
connections of the second tap 312 is omitted.

[0051] The photodiode 302 receives demodulated light
350 and background light 352. Over the course of various
time periods, as explained in greater detail below, the
photodiode 302 provides a charge based on the demodulated
light 350 and the background light 352 to the two injection
capacitors 326 and 344 and to the two floating diffusion
capacitors 322 and 340 for storage and integration. In
particular, the two injection capacitors 326 and 344 are used
to store the charge from the photodiode 302, which is
integrated from a background signal based on the back-
ground light 352, when the light source that emits a modu-
lated light is turned off. Alternatively, in some examples, the
two injection capacitors 326 and 344 may store a charge that
is manually inserted externally (for example, a charge from
the controller 150). During the subtraction of the back-
ground signal (described in greater detail below), the charge
that is stored by the two injection capacitors 326 and 344 is
injected into the corresponding two floating diffusion
capacitors 322 and 340 through a serial circuit connection
when the two injection switches 324 and 342 are turned on.

[0052] Conversely, when the two injection switches 324
and 342 are turned off, the two injection switches 324 and
342 are used to isolate the two floating diffusion capacitors
326 and 344 from the two injection capacitors 326 and 344
while the pixel circuit 300 integrates either the background
signal or a combined signal based on an integration of the
demodulated light 350 and the background light 352, as
described in greater detail below. The only periods of time
that the two injection switches 324 and 342 are turned on is
during a reset time period and a background signal subtrac-
tion time period. Accordingly, the two injection switches
324 and 342 isolate the two injection capacitors 326 and 344
to reset and recharge without affecting the integration of the
combined signal and enables multiple integrations of the
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background signal and multiple subtractions of the back-
ground signal from the combined signal.

[0053] FIG. 4 is a timing diagram 400 that illustrates
operations of the pixel circuit 300 of FIG. 3. The timing
diagram 400 shows that, during the middle of integrating the
combined signal, the background signal is integrated and
subtracted from the integration of the combined signal,
which is based on a combination of both the background
light 352 and the demodulated light 350.

[0054] During a first time period T1, the photodiode 302
is in a reset phase for integration of the background signal
based on the background light 352. The photodiode 302 is
reset through the CMR switch 306, the OFG switch 304, the
two reset switches 328 and 346, and the two injection
switches 324 and 342. Additionally, the two floating diffu-
sion switches 323 and 341 are turned off. By turning off the
two injection switches 324 and 342 and the two floating
diffusion switches 323 and 341, the two floating diffusion
capacitors 322 and 340 are isolated and not affected by the
integration of the background signal occurring at the two
injection capacitors 326 and 344. During the first time period
T1, the light source that emits the modulated light is also
turned off or remains off. By turning off or keeping off the
light source, the integration of the background signal occur-
ring at the two injection capacitors 326 and 344 is only based
on the background light 352. In the example of FIG. 4, the
reset voltage of the photodiode 302 is determined by a
voltage of the common reset voltage supply 308.

[0055] During a second time period T2, the CMR switch
306 is turned off and the OFG switch 304 remains on. A
charge with respect to the background light 352 is integrated
in the photodiode 302 and is transferred to the two injection
capacitors 326 and 344. Additionally, the two reset switches
328 and 346 remain ON and one end of the two injection
capacitors 326 and 344 remain connected to the two reset
voltage supplies 330 and 348 and hold the potential to the
reset voltage. The charge from the integration of the back-
ground light 352 in the photodiode 302 is shared and stored
in the two injection capacitors 326 and 344 until the pixel
circuit 300 is ready to subtract the charge from a charge that
is based on a combination of the background light 352 and
the demodulated light 350. During the second time period
T2, the light source that emits modulated light remains
turned off.

[0056] During a third time period T3, the CMR switch 306
is turned on to start the subtraction of the charge from the
integration of the background light 352 from the charge that
is based on the integration of the background light 352 and
the demodulated light 350. By turning on the CMR switch
306, voltages at the two injection nodes 327 and 345 are
boosted by a voltage of the common reset voltage supply
308 (V). The amount of boosting voltage is determined by
a difference between the voltage of the common reset
voltage supply 308 and the charge stored in the two injection
capacitors 326 and 344 (Vp,), that is, V2=V po. Addi-
tionally, during the third time period T3, the two injections
switches 324 and 342 are turned on. By turning on the two
injection switches 324 and 342, the boosted voltage injects
the charge stored in the two injection capacitors 326 and 344
into the two floating diffusion nodes 325 and 343. During the
third time period T3, the two floating diffusion switches 323
and 341 remain off. The amount of charge injected into each
of the two floating diffusion nodes 325 and 343 is based on
a ratio of capacitances of each injection capacitor (e.g.,
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either the first injection capacitor 326 or the second injection
capacitor 344) and corresponding injection node (e.g., the
corresponding first injection node 327 or the corresponding
second injection node 345). With respect to the first tap 310,
the amount of charge is defined by Equation 3.

Amount of charge=C356(C320+C326)* (Vpr—Vepo) 3

[0057] In Equation 3, C,,4 is the capacitance of the first
injection capacitor 326, C,,, is the capacitance of the first
floating diffusion capacitor 322, V is the voltage of the
common reset voltage supply 308, and V., is the charge
accumulated at the first injection node 327.

[0058] During fourth and fifth time periods T4 and T5,
once the injection of the charge stored in the two injection
capacitors 326 and 344 is complete, the two injection
switches 324 and 342 are turned off and the integration of
the combination of the demodulated light 350 and the
background light 352 starts or resumes by alternatively
providing pulses to turn on the two floating diffusion
switches 323 and 341. The light source that emits modulated
light is also turned on and synchronized with the alternately
provided pulses to the two floating diffusion switches 323
and 341. Additionally, the photodiode 302 receives the
demodulated (reflected) light 350 and the background light
352 and converts the light that is received into an electrical
charge (referred to herein as “a combined charge or a
combined signal”) at the first common node 303. Since the
two floating diffusion transistors 323 and 341 are alternately
turning on, the two floating diffusion nodes 325 and 343
integrate the combined charge at phases that are opposite to
each other.

[0059] During a sixth time period T6, when the signal
level of the two floating diffusion nodes 325 and 343 after
subtraction of the background signal (for example, the
operation performed during T3) still has some headroom for
further signal integration, the operations performed during
the second through fifth time periods T2-T5 are repeated
until the signal level of the two floating diffusion nodes 325
and 343 is close to the saturation level of the two floating
diffusion nodes 325 and 343. The resultant charge (i.e., a
charge based primarily on the demodulated light 350) is kept
in the two floating diffusion nodes 325 and 343 until the
completion of the readout by the controller 150 via one of
the vertical scan lines 113 and the column circuit 130 as
described above in FIG. 1, and the next horizontal time
period starts.

[0060] One of the many advantages of the pixel circuit 300
is the isolation provided by the two injection switches 324
and 342. By isolating the two floating diffusion nodes from
the two injection capacitors 326 and 344 with the two
injection switches 324 and 342, the two floating diffusion
nodes do not need to be reset after each integration of the
background signal that is based on the background light 352.
In other words, the pixel circuit 300 may halt the integration
of the combined signal at any time, perform the integration
of the background signal, and resume the integration of the
combined signal. Additionally or alternatively, in some
examples, the pixel circuit 300 may halt the capture of the
combined signal at any time, perform the integration of the
background signal, and subtract the current integration of
the background signal from the combined signal before
resuming the integration of the combined signal.

[0061] In the example of FIG. 4, the pixel circuit 300, a
single pixel in the array 110 of the pixels 111 of FIG. 1,
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integrates the background signal based on the background
light 352. With respect to FIG. 1, as all background signal
integration is performed on a per pixel basis, the resultant
signal level of the background signal will be different from
pixel to pixel. However, the same integrated background
signal from the photodiode 302 will be subtracted from both
the first tap 310 and the second tap 312 because both the first
and second taps 310 and 312 share the photodiode 302.
Another of the many advantages of the pixel circuit 300 is
the integration and subtraction of the background signal for
all the pixels 111 in the array 110 is done globally. By
performing the integration and subtraction of the back-
ground signal globally, there is no artifact caused due to the
processing time lag among the array 110 of pixels 111.
[0062] Upon completing the integration cycle, the voltage
stored in each of the two floating diffusion nodes 325 and
343 is read out by the vertical driving circuit 120 and
digitally processed by the column circuit 130. Information
regarding both in-phase and quadrature phase signals (or
other phase signals in between, if more than four phase
signals are implemented) is extracted (for example,
extracted by the controller 150 or an external electronic
processor) from the voltages that are read out from the pixel
circuit 300. The information that is readout is used to
calculate the distance from the light source to the object or
from the object to the pixel circuit 300 based on Equations
1 and 2 as described above.

[0063] FIG. 5 is a flowchart that illustrates a method 500
performed by the pixel circuit 300 of FIG. 3, in accordance
with various aspects of the present disclosure. The method
500 includes integrating the background signal based on the
background light 352 that is received by the photodiode 302
(block 502). Specifically, the background signal is integrated
by the photodiode 302 and transferred to the two injection
capacitors 326 and 344. The charge from integration of the
background signal at the photodiode 302 is shared and
stored in the two injection capacitors 326 and 344 until the
pixel circuit 300 is ready to subtract the charge from a charge
that is based on an integration of the background light 352
and demodulated light 350. While the photodiode 302
integrates the background signal, the light source that emits
the modulated light 350 remains off. By keeping the light
source off, the integration of the background signal at the
photodiode 302 is based only on the background light 352.
[0064] The method 500 includes subtracting the charge of
the background signal that is stored in the two injection
capacitors 326 and 344 from the two floating diffusion nodes
325 and 343 (block 504). During the subtraction of the
charge of the background signal, the CMR switch 306 is
turned on, and voltages at the two injection nodes 327 and
345 are boosted by a voltage of the common reset voltage
supply 308 (V ,z). Additionally, during the subtraction of the
charge of the background signal, the two injection switches
324 and 342 are turned on, and the boosted voltage is used
to inject the charge that is stored in the two injection
capacitors 326 and 344 into the corresponding two floating
diffusion nodes 325 and 343 through the two injection
switches 324 and 342.

[0065] The method 500 includes integrating a combined
charge based on the demodulated light 350 and the back-
ground light 352 received by the photodiode 302 and store
the combined charge in the two floating diffusion nodes 325
and 343 (block 506). Once the injection of the charge that is
stored in the two injection capacitors 326 and 344 is com-
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plete, the two injection switches 324 and 342 are turned off
and the integration of the combined charge either starts or
resumes by alternatively providing pulses to turn on the two
floating diffusion switches 323 and 341. The light source
that emits the modulated light is also turned on and syn-
chronized with the alternately provided pulses to the two
floating diffusion switches 323 and 341. The photodiode 302
receives the demodulated (reflected) light 350 and the back-
ground light 352 and converts the light into the demodulated
electrical charge due to the subtraction of the charge of the
background signal at the first common node 303. Since the
two floating diffusion transistors 323 and 341 are alternately
turning on, the two floating diffusion nodes 325 and 343
integrate the combined charges at phases that are opposite to
each other.

[0066] The method 500 includes reading out the demodu-
lated charge from each of the two floating diffusion nodes
325 and 343 (block 508). Optionally, in some examples, the
method 500 also includes a headroom determination (deci-
sion block 510) prior to reading out the demodulated charge
from each of the two floating diffusion nodes 325 and 343
(block 508). For example, a comparator or an electronic
processor (for example, the controller 150) may determine
whether the signal level of the demodulated signal after the
subtraction of the background signal has headroom for
additional signal integration. When the comparator deter-
mines that signal level of the demodulated signal has head-
room for additional signal integration (“Yes” at decision
block 510), the method 500 is repeated until the signal level
of the demodulated signal is close to the saturation level of
the two floating diffusion nodes 325 and 343. The resultant
demodulated charge is kept in the two floating diffusion
nodes 325 and 343 until the completion of the readout by the
controller 150 (block 508).

[0067] When the comparator determines that signal level
of the demodulated signal does not have headroom for
additional signal integration (“No” at decision block 510),
the method 500 is not repeated. The resultant demodulated
charge is kept in the two floating diffusion nodes 325 and
343 until the completion of the readout by the controller 150
(block 508).

[0068] In some examples, the method 500 includes reset-
ting the photodiode 302 before integrating the background
signal based on background light received by the photodiode
302 (i.e., before block 502). Specifically, the photodiode 302
of'the pixel circuit 300 is reset by turning on the CMR switch
306, the OFG switch 304, and the two reset switches 328 and
346. Additionally, during the reset operation, a light source
that emits the modulated light is turned off or remains off.
[0069] In some examples, the method 500 does not reset
the two floating diffusion nodes 325 and 344 to maintain the
demodulated charge stored in each floating diffusion node.
Therefore, even in the middle of integration of the demodu-
lated signal, after halting the capture and integration of the
demodulating signal, a cycle to boost the background signal
may be performed since the demodulated charge in each
floating diffusion node is maintained. This maintenance of
the demodulated charge in each floating diffusion is possible
due to the two injection switches 324 and 342, which isolate
the two injection capacitors 326 and 344 from the two
floating diffusion nodes 325 and 343 and keep the demodu-
lated charges stored in the two floating diffusion nodes 325
and 343 unaffected during the integration of the background
signal.
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[0070] FIG. 6 is another timing diagram 600 that illus-
trates operations of the pixel circuit 300 of FIG. 3, in
accordance with various aspects of the present disclosure. In
the timing diagram 600, the background signal is not inte-
grated in the current frame of interest. In the example of
FIG. 6, minimum and maximum levels of the background
signals are pre-determined in the frame prior to the frame of
interest for which the time-of-flight determination is per-
formed. The background signal data captured from the
previous frame is readout and analyzed to get the minimum
and maximum values of the background signal. By deter-
mining the minimum and maximum values from the previ-
ous frame readout, all of the pixels will fall into the range
between the minimum and maximum values, and the sub-
traction of the background signal will be made globally
across all of the pixels, rather than a pixel-by-pixel basis.
[0071] Insome examples, an average of the minimum and
maximum values may be subtracted from the two floating
diffusion nodes 325 and 343 at the same time for all the
pixels. In other examples, a value between the minimum and
maximum values may be used, the value being selected
based on a minimum amount of time required for the two
floating diffusion nodes 325 and 343 of the pixel circuit 300
to reach saturation (for example, a predetermined level
which is close to the saturation level).

[0072] Since the value for the background signal is pre-
determined, the subtraction of the background signal does
not affect the integration of the demodulated signal other
than the time period when the two injection switches 324
and 342 are turned on to boost the voltage at the floating
diffusion nodes 325 and 343. During the integration of the
demodulated signal, the two injection switches 324 and 342
are turned off and the two floating diffusion nodes 325 and
343 are isolated from the two injection capacitors 326 and
344. The subtraction of the background signal may also be
repeated as long as the two floating diffusion nodes 325 and
343 are not saturated.

[0073] During a first time period T1, the photodiode 302
and the two floating diffusion nodes 325 and 343 are in a
reset phase for background signal integration. The photo-
diode 302 is reset through the CMR switch 306 and the OFG
switch 304. The two floating diffusions 325 and 343 are reset
by the corresponding two reset switches 328 and 346. In
some examples, reset voltages applied by the two reset
switches 328 and 346 from the two reset voltage supplies
330 and 348 are the same. In other examples, the reset
voltages applied by the two reset switches 328 and 346 from
the two reset voltage supplies 330 and 348 are different from
each other. In some examples, reset voltages applied by the
two reset switches 328 and 346 and the CMR switch 306
from the two reset voltage supplies 330 and 348 and the
common reset voltage supply 308, respectively, are the
same. In other examples, the reset voltages applied by the
two reset switches 328 and 346 and the CMR switch 306
from the two reset voltage supplies 330 and 348 and the
common reset voltage supply 308, respectively, are different
from each other.

[0074] During second and third time periods T2 and T3,
integration of the demodulated signal starts or resumes by
alternatively providing pulses to turn on the two floating
diffusion switches 323 and 341. The light source that emits
the modulated light is also turned on and synchronized with
the alternately provided pulses to the two floating diffusion
switches 323 and 341. Additionally, the photodiode 302
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receives the demodulated (reflected) light 350 and the back-
ground light 342 and converts the light to a combined
electrical charge at the first common node 303. Since the two
floating diffusion transistors 323 and 341 are alternately
turning on, the two floating diffusion nodes 325 and 343
integrate the combined charges at phases that are opposite to
each other.

[0075] During a fourth time period T4, a voltage (Vz) of
the common reset voltage supply 308 is lowered by the
voltage increment determined from the previous frame that
needs to be subtracted from the two floating diffusion nodes
325 and 343. After lowering the voltage of the common reset
voltage supply 308 by the voltage increment, subtraction of
the background signal begins by turning on the CMR switch
306 in addition to the two injections switches 324 and 342.
By turning on the CMR switch 306, voltages at the two
injection nodes 327 and 345 are boosted by the lowered
voltage (V5z) of the common reset voltage supply 308. By
turning on the two injection switches 324 and 342, the
boosted voltage injects the charge that stored in the two
injection capacitors 326 and 344 into the two floating
diffusion nodes 325 and 343 through the two injection
switches 324 and 342. During the third time period T3, the
two floating diffusion switches 323 and 341 remain off. The
amount of charge injected into each of the two floating
diffusion nodes 325 and 343 is based on a ratio of capaci-
tances of each injection capacitor and corresponding injec-
tion node. With respect to the first tap 310, the amount of
charge is defined by Equation 4.

Amount of charge=C3,6(C325+C326)* (Vor) 4

[0076] In Equation 4, C,,, is the capacitance of the first
injection capacitor 326, C,,, is the capacitance of the first
floating diffusion capacitor 322, and V,, is the voltage of
the common reset voltage supply 308.

[0077] During fifth and sixth time periods T5 and T6, the
integration of the demodulated signal resumes by alterna-
tively providing pulses to turn on the two floating diffusion
switches 323 and 341. The light source that emits the
modulated light is also turned on or remains on and is
synchronized with the pulses provided to the two floating
diffusion switches 323 and 341. Additionally, the photodiode
302 receives the demodulated (reflected) light 350 and the
background light 352 and converts the light to a combined
electrical charge at the first common node 303. Due to the
subtraction of the background signal and the two floating
diffusion transistors 323 and 341 alternately turning on, the
two floating diffusion nodes 325 and 343 integrate the
demodulated charge at phases that are opposite to each other.
[0078] During a seventh time period T7, when the signal
level of the demodulated signal still has headroom for
further signal integration, the operations performed during
the fourth through seventh time periods T4-T7 may be
repeated until the signal level of the demodulated signal is
close to the saturation level of the two floating diffusion
nodes 325 and 343. The resultant demodulated charge is
kept in the two floating diffusion nodes 325 and 343 until the
completion of the readout by the column driving circuit 120,
and the next horizontal time period starts.

[0079] Upon completing the integration cycle, the voltage
stored in each of the two floating diffusion nodes 325 and
343 is read out by the vertical driving circuit 120 and
digitally processed by the column circuit 130. Information
regarding both in-phase and quadrature phase signals (or
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other phase signals in between, if more than four phase
signals are implemented) is extracted from the voltages that
are read out. The information that is extracted (for example,
extracted by the controller 150 or an external electronic
processor) is used to calculate the distance from the light
source to the object or from the object to the pixel circuit 300
based on Equations 1 and 2 as described above.

[0080] In the example of FIG. 6, the pixel circuit 300, a
single pixel in the array 110 of the pixels 111 of FIG. 1,
integrates the background light 352 in a previous frame. As
described above, the value (e.g., a correction voltage) of the
background signal is determined from a previous frame and
subtraction of the value of the background signal is per-
formed on a global basis. In other words, the value of the
background signal is common across all of the pixels 111.
Accordingly, the pixel circuit 300 may subtract a correction
voltage from the two floating diffusion nodes 325 and 343
that is common to all of the pixels 111. The pixel circuit 300
may also subtract the correction voltage simultaneously or
nearly simultaneously with respect to all of the pixels 111.
By subtracting the correction voltage on a global basis, the
time-of-flight operation is faster, simpler, and less subject to
the switching noise when compared to subtracting a back-
ground signal that is integrated on a per pixel basis as
described above in FIG. 4.

[0081] In some examples, when the charge of the back-
ground signal is forwarded to the two injection nodes 327
and 345, the charge is shared by the source or drain node of
the CMR switch 306 and the OFG switch 304 as well as the
common node of the two injection capacitors 326 and 344.
As the capacitance of the two injection capacitors 326 and
344 increases with respect to the capacitances of the two
floating diffusion capacitors 322 and 340, the attenuation of
the injection voltage increases at the two floating diffusion
nodes 325 and 343.

[0082] Stated differently, when the overall capacitance
value of each of the two injection nodes 327 and 345 is large,
the voltages that are injected into to the two floating diffu-
sion nodes 325 and 343 are largely attenuated. The attenu-
ation of the voltages reduces the signal gain (for example,
the conversion gain) of the pixel circuit 300 and limits the
range of background signal correction. When the signal gain
is low, the time needed to integrate the background signal
needs to be increased to keep the background subtraction
signal as close as possible to signal gain at the two floating
diffusion nodes 325 and 343. Increasing the time needed to
integrate the background signal will further increase the
frame time.

[0083] FIG. 7 illustrates a pixel circuit 700. FIG. 7 is
described with respect to FIGS. 1 and 3. In the example of
FIG. 7, the pixel circuit 700 includes components that are
similar to the components of the pixel circuit 300 (refer-
enced by similar reference numerals). Additionally, in the
example of FIG. 7, the pixel circuit 700 also includes an
analog buffer 702 located in between the OFG switch 304,
a GRS switch 704 connected at a GRS node 706, the second
common node 305, and one end of the two injection capaci-
tors 324 and 342. The analog buffer 702 will isolate the GRS
node 706 from the two injection capacitors 324 and 342. The
isolation of the GRS node 706 keeps the node capacitance of
the GRS node 706 much lower than the node capacitance of
the second common node 305, and increases the overall
voltage gain of the integrated background signal. The GRS
switch 704 is used to globally reset the photodiode 302 for
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both the background signal and reflected LED signal inte-
grations. Stated differently, the GRS switch 704 is used to
reset the GRS node, which resets the photodiode 302 via the
OFG switch 304.

[0084] FIG. 8 illustrates a pixel circuit 800. FIG. 8 is
described with respect to FIGS. 1, 3, and 7. In the example
of FIG. 8, the pixel circuit 800 includes components that are
similar to the components of the pixel circuitries 300 and
700 (referenced by similar reference numerals). Specifically,
in the example of FIG. 8, the pixel circuit 800 includes a
CSF transistor 802, a CMA switch 806, and a bias voltage
switch 808 in place of the analog buffer 702 as described
above in FIG. 7. The CSF transistor 802 is located in
between the OFG switch 304, the GRS switch 704 con-
nected at the GRS node 706, and the CSF node 804. The
CSF node 804 is between the CMA switch 806 and the bias
voltage switch 808. One end of the CSF transistor 802 is
connected to a third reset voltage supply 803 and the CSF
transistor 802 isolates the GRS node 706 from the two
injection capacitors 324 and 342. The isolation of the GRS
node 706 keeps the node capacitance of the GRS node 706
much lower than the node capacitance of the second com-
mon node 305, and increases the overall voltage gain of the
integrated background signal.

[0085] The parasitic capacitance of the GRS node 706 is
limited to a sum of the source and drain capacitances of the
GRS switch 704 and the OFG switch 304, the gate capaci-
tance of the CSF switch 802, a source follower transistor,
and parasitic capacitances.

[0086] The CSF transistor 802 is a voltage follower
together with a bias current source and the two injection
capacitors 324 and 342 are supplied a charging current by
the supply, V,p, directly and the settling time will be much
faster.

[0087] FIG. 9 is a timing diagram 900 that illustrates
operations of the pixel circuit 800 of FIG. 8, in accordance
with various aspects of the present disclosure. In the
example of FIG. 9, the timing diagram 900 is the almost the
same as the timing diagram 400 as described above in FIG.
4, except for the addition of a control signal for the GRS
switch 704 and a control signal the CMA switch 806. In the
example of FIG. 9, during the first, third, and sixth time
periods, the GRS switch 704 globally resets the photodiode
302 for both the background signal and reflected LED signal
integrations. The CMA switch 806 is turned off when the
background signal is boosted.

[0088] FIG. 10 is a circuit diagram that illustrates another
pixel circuit 1000, in accordance with various aspects of the
present disclosure. With respect to FIG. 1, the pixel circuit
1000 is one pixel of the array 110 of pixels 111 in the image
sensor 100, for example, a Floating Diffusion Global Shutter
(FDGS) sensor.

[0089] In the example of FIG. 10, the pixel circuit 1000 is
similar to the pixel circuit 300 as described above in FIG. 3,
except the pixel circuit 1000 does not include the two
injections switches 324 and 342 and the two injection nodes
327 and 345. The pixel circuit 1000 includes the photodiode
302, a first common node 303, an overflow gate transistor
304, a second common node 305, a CMR transistor 306, a
common reset voltage supply 308, a first tap 1010, and a
second tap 1012. The overflow gate transistor 304 resets the
photodiode 302 globally independent of a normal readout
path the transfer gate. Since the first tap 1010 and the second
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tap 1012 share the photodiode 302 at the first common node
303, only a single overtlow gate transistor is used in the pixel
circuit 1000.

[0090] The first tap 1010 includes a first vertical signal
line 314, a first selection transistor 316, a first amplification
transistor 318, a first supply voltage 320, a first floating
diffusion capacitor 322, a first floating diffusion transistor
323, a first floating diffusion node 325, a first injection
capacitor 326, a first reset switch 328, and a first reset
voltage supply 330. The first vertical line 314 is electrically
connected to the column circuit 130. A source side of the first
selection transistor 316 is electrically connected to the first
vertical signal line 314, a drain side of the first selection
transistor 316 is electrically connected to a source side of the
first amplification transistor 318, and a gate of the first
selection transistor 316 is electrically connected to the
vertical driving circuit 120 and is controlled by the control-
ler 150. A drain side of the first amplification transistor 318
is electrically connected to the first supply voltage 320. A
gate of the first amplification transistor 318, one end of the
first floating diffusion capacitor 322, one end of the first
floating diffusion transistor 323, one end of the first injection
capacitor 326, and one end of the first reset switch 328 are
electrically connected to the first floating diffusion node 325.
The other end of the floating diffusion capacitor 322 is
electrically connected to ground. The other end of the first
floating diffusion switch 323 is electrically connected to one
end of the photodiode 302 at the first common node 303. The
other end of the first injection capacitor 326 and a drain side
of the overtlow gate transistor 304 are electrically connected
to the second common node 305. The other end of the first
reset switch 328 is electrically connected to the first reset
voltage supply 330.

[0091] The second tap 1012 includes a second vertical
signal line 332, a second selection transistor 334, a second
amplification transistor 336, a second supply voltage 338, a
second floating diffusion capacitor 340, a second floating
diffusion transistor 341, a second floating diffusion node
343, a second injection capacitor 344, a second reset switch
346, and a second reset voltage supply 348. The second tap
1012 mirrors the first tap 1010. As a consequence, the
electrical connections of the second tap 1012 mirror the first
tap 1010, and therefore, a description of the electrical
connections of the second tap 1012 is omitted.

[0092] The photodiode 302 receives demodulated light
350 and background light 352. Over the course of various
time periods, as explained in greater detail below, the
photodiode 302 provides a charge based on the demodulated
light 350 and the background light 352 to the two injection
capacitors 326 and 344 and to the two floating diffusion
capacitors 322 and 340 for storage and integration. In
particular, the two injection capacitors 326 and 344 are used
to store the charge from the photodiode 302, which is
integrated from a background signal based on the back-
ground light 352, when the light source that emits a modu-
lated light is turned off. Alternatively, in some examples, the
two injection capacitors 326 and 344 may store a charge that
is manually inserted externally (for example, a charge from
the controller 150). During the subtraction of the back-
ground signal (described in greater detail below), the charge
that is stored by the two injection capacitors 326 and 344 is
injected into the corresponding two floating diffusion
capacitors 322 and 340 through a serial circuit connection.
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[0093] FIG. 11 is a timing diagram 1100 that illustrates
operations of the pixel circuit 800 of FIG. 10, in accordance
with various aspects of the present disclosure. During the
first time period T1 of the timing diagram 1100, both the
floating diffusion nodes 325 and 343 as well as the photo-
diode 302 are reset. For example, the photodiode 302 is reset
by turning on the CMR switch 306 and the OFG switch 304.
Similarly, the two floating diffusion nodes 325 and 343 are
reset by turning on the two reset switches 328 and 346. In
some examples, the reset voltages of the two reset switches
328 and 346 are different from each other. In other examples,
the reset voltage of the two reset switches 328 and 346 are
the same. In some examples, reset voltages applied by the
two reset switches 328 and 346 and the CMR switch 306
from the two reset voltage supplies 330 and 348 and the
common reset voltage supply 308, respectively, are the
same. In other examples, the reset voltages applied by the
two reset switches 328 and 346 and the CMR switch 306
from the two reset voltage supplies 330 and 348 and the
common reset voltage supply 308, respectively, are different
from each other.

[0094] During the second time period T2, the CMR switch
306 is turned off and the OFG switch 304 remains in an ON
state to transfer the charge integrated in the photodiode 302
to the two injection capacitors 326 and 344. Both of the reset
switches remain in an ON state to hold the two floating
diffusion nodes 325 and 343 to the reset voltage (for
example, voltage V., and V ,, respectively). During the
second time period T2, the light source that emits the
modulated light is turned off. The background signal that is
integrated by the photodiode 302 at the first common node
303 is shared and stored in the two injection capacitors 326
and 344 until the pixel circuit 1000 is ready to subtract the
background signal from the two floating diffusion nodes 325
and 343.

[0095] During the third and fourth time periods T3 and T4,
the two floating diffusion transistors 323 and 341 receive
pulses that are alternately generated. The alternately gener-
ated pulses alternately turn ON and OFF the two floating
diffusion transistors 323 and 341. By alternately turning ON
and OFF the two floating diffusion transistors 323 and 341,
the two floating diffusion nodes 325 and 343 integrate a
combined signal at phases that are opposite to each other.
During the third and fourth time periods T3 and T4, the light
source that emits the modulated light is turned on and
synchronized with the alternately generated pulses as
described above.

[0096] During the fifth time period T5, the CMR switch is
turned ON to boost the second common node 305 to the
common supply voltage V. The amount of boosted volt-
age is based on the background signal stored in the two
injection capacitors 326 and 344. The boosted voltage
injects the charge into the two floating diffusion nodes 325
and 343 through the two injection capacitors 326 and 343.
During the fifth time period T5, the two floating diffusion
transistors 323 and 341 remain off. The amount of charge
injected into each of the two floating diffusion nodes 325 and
343 is based on a ratio of capacitances of each injection
capacitor (e.g., either the first injection capacitor 326 or the
second injection capacitor 344) and corresponding floating
diffusion node (e.g., the corresponding first floating node
325 or the corresponding second floating diffusion node
343). With respect to the first tap 1010, the amount of charge
is defined by Equation 5.
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Amount of charge=C3,6(C325+C326)*(Vpr—Vrpo) )]

[0097] In Equation 5, Cs,, is the capacitance of the first
injection capacitor 326, C,,, is the capacitance of the first
floating diffusion capacitor 322, V is the voltage of the
common reset voltage supply 308, and V., is the charge
accumulated at the second common node 305.

[0098] During the seventh time period T7, the two floating
diffusion transistors 323 and 341 again receive pulses that
are alternately generated to continue integrating the
demodulated charge, due to the subtraction of the back-
ground signal, at phases that are opposite to each other.
[0099] Upon completing the integration cycle, the voltage
stored in each of the two floating diffusion nodes 325 and
343 is read out by the vertical driving circuitry 120 and
digitally processed by the column circuit 130. Information
regarding both in-phase and quadrature phase signals (or
other phase signals in between, if more than four phase
signals are implemented) is extracted from the voltages that
are read out from the pixel circuit 1000. The information that
is readout is used to calculate the distance from the light
source to the object or from the object to the pixel circuit
1000 based on Equations 1 and 2 as described above.
[0100] In the example of FIG. 10, the pixel circuit 1000 is
a single pixel in the array 110 of the pixels 111 of FIG. 1. The
pixel circuit 1000 integrates the background signal based on
the background light 352. With respect to FIG. 1, as all
background signal integration is performed on a per pixel
basis, the resultant signal level of the background signal will
be different from pixel to pixel. However, the same inte-
grated background signal from the photodiode 302 will be
subtracted from both the first tap 1010 and the second tap
1012 because both the first and second taps 1010 and 1012
share the photodiode 302. One of the many advantages of
the pixel circuit 1000 is the integration and subtraction of the
background signal for all the pixels 111 in the array 110 is
done globally. By performing the integration and subtraction
of the background signal globally, there is no artifact caused
due to the processing time lag among the array 110 of pixels
111.

[0101] Inthe example of FIG. 11, the boosting process and
the background signal subtraction may be performed only
once in every demodulated signal integration cycle. This
limitation is caused by the need to reset second common
node 305 and the two injection capacitors 326 and 344 in
order to integrate the background signal. This limitation is
also caused by the need to reset the two floating diffusion
nodes 325 and 343, which resets the intermediate results
stored in the two floating diffusion nodes 325 and 343.
[0102] FIG. 12 is another timing diagram 1200 that illus-
trates operations of the pixel circuit 800 of FIG. 10, in
accordance with various aspects of the present disclosure.
Both the timing diagram 1100 and the timing diagram 1200
illustrate the integration of the background signal before the
integration of the demodulated signal. However, in the
timing diagram 1100, the background signal stored in the
two injection capacitors 326 and 344 is subtracted after the
integration of the demodulated signal is started and also
when the signal level of the demodulated signal is getting
close to saturation. By comparison, in the timing diagram
1200, the background signal is pre-compensated (sub-
tracted) before the start of the illumination by the light
source (for example, a light-emitting diode (LED), a near-
infrared LED, a laser diode (LD), or other suitable light
source) and the integration of the demodulated signal.

Apr. 16, 2020

[0103] Inthe example of FIG. 12, since the voltages at the
two floating diffusion nodes 325 and 343 are boosted after
the two floating diffusion nodes 325 and 343 are reset, the
voltage level of the two floating diffusion nodes 325 and 343
go above the reset level which is either determined by the
soft reset (for example, Vreset—Vt) or the voltage level set by
the hard reset. Since the voltage level of the floating diffu-
sion nodes 325 and 343 may pass beyond the common reset
voltage provided by the common reset voltage supply 308,
one characteristic of the transistor or transistors (for
example, the two amplification transistors 318 and 336, the
two floating diffusion transistors 323 and 341, and the two
reset switches 328 and 346) must include a tolerance to the
boosted voltage. By selecting a transistor with a tolerance to
the boosted voltage, the dynamic ranges of the two floating
diffusion nodes 325 and 343 are extended by the maximum
voltage boosted.

[0104] For example, normally the dynamic range of each
floating diffusion node is determined by a difference
between the reset voltage and a saturation voltage, i.e.,
Vreset-Vsat. However, in the example of FIG. 12, the
dynamic range of each floating diffusion node is a difference
between the reset voltage and a saturation voltage with the
addition of the boost voltage, i.e., Vreset—Vsat+Vboost.
After the integration of the demodulated signal 350, the
voltage level in the floating diffusion nodes 325 and 343 is
below the reset voltage, which is within the input dynamic
range of the readout circuit including the analog-to-digital
converter (ADC).

[0105] During the first time period T1, the photodiode 302
is reset by turning ON the CMR switch 306 and the OFG
switch 304. Similarly, the two floating diffusion nodes 325
and 343 are reset by turning on the two reset switches 328
and 346. In some examples, the reset voltages of the two
reset switches 328 and 346 may be different. In other
examples, the reset voltages of the two reset switches 328
and 346 may be the same.

[0106] During the second time period T2, the CMR switch
306 is turned OFF and the OFG switch 304 remains ON to
transfer the charge of the background signal that is inte-
grated in the photodiode 302 to the two injection capacitors
326 and 344. At this time, both of the reset switches 328 and
346 remain ON and hold the voltages of the two floating
diffusion nodes 325 and 343 to the reset voltage. The
background signal is integrated by the photodiode 302 and
is shared and stored in the two injection capacitors 326 and
344 until the pixel circuit 300 is ready to subtract the
background signal from the two floating diffusion nodes 325
and 343.

[0107] During the third time period T3, the CMR switch
306 is turned ON and boosts the common node voltage
V zpo node to the common supply voltage V. The amount
of boosted voltage is based on the background signal stored
in the two injection capacitors 326 and 344 (V ,x—Vpo). At
this time, the boosted voltage injects the charge from the two
injection capacitors 326 and 344 into the two floating
diffusion nodes 325 and 343. The amount of charge injected
into each of the two floating diffusion nodes 325 and 343 is
based on a ratio of capacitances of each injection capacitor
(e.g., either the first injection capacitor 326 or the second
injection capacitor 344) and corresponding floating diffusion
node (e.g., the corresponding first floating node 325 or the
corresponding second floating diffusion node 343).
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[0108] During the fourth and fifth time periods T4 and T5,
the modulated light pulse starts with respect to the modu-
lated light source, and the photodiode 302 integrates elec-
trons generated by the demodulated light. At this time, the
two floating diffusion transistors 323 and 341 receive pulses
that alternately generated to transfer the integrated charge of
the photodiode 302 to the two floating diffusion nodes 325
and 343.

[0109] During the sixth time period T5, the voltages at the
two floating diffusion nodes 325 and 343 are readout. For
example, the controller 150 as described above in FIG. 1
may read out the voltages from the two floating diffusion
noes 325 and 343.

[0110] With respect to FIGS. 3, 7, 8, and 10 a requirement
for the injection capacitors, especially for pixel circuit with
a small size, the size of the injection capacitors has to be
small and with minimal capacitance variation over the
operating voltage, temperature, and process. Additionally,
the parasitic capacitance also needs to be small compared
the main capacitance of the injection capacitors to prevent
the parasitic capacitance from affecting the charge storage
and injection of the charge into the floating diffusions. One
suitable capacitor for a backside illuminated (BSI) photo-
diode application is a metal-insulator-metal (MiM) capacitor
because the variation over process, voltage, temperature
(PVT) is reasonable and the parasitic capacitance is con-
trollable. Another suitable capacitor for a BSI photodiode
application is a metal-to-metal capacitor (MoM) where a
stacked metal-to-metal capacitance is used. However, the
MoM capacitor is generally larger and more expensive than
the MiM capacitor, and the parasitic capacitance of the MoM
is not as controllable when compared to the MiM capacitor.
For front-side illuminated (FSI) photodiode application,
either a MOSCAP (or CI) capacitor is more suitable than the
MiM or the MoM type capacitors. Advantages of the
MOSCAP type capacitors include large capacitance per unit
area (e.g., ~4 fF/umsq for a process that supports above 1.8V
of operating voltage) and the MOSCAP type capacitor does
not affect the optical performance of the photodiode. How-
ever, the MOSCAP type capacitor does have an intrinsic
capacitance between the diffusion and well, as well as a
higher capacitance variation over PVT than the MiM and
MoM capacitor types.

[0111] With respect to FIGS. 4, 6, 9, 11, and 12, the
voltage level of the second common node 305 during the
injection of the charge of the background signal is defined by
Equation 6.

V=g*N/(C3p6+C344+Cp0) (6)

[0112] In Equation 6, N is a number of electrons received
by the photodiode 302, which is equal to exposure time of
the photodiode 302 multiplied by light current and further
divided by q, i.e., N=(ExposureTime*LightCurrent)/q. In
Equation 6, Cp0 is a parasitic capacitance at the second
common node 305.

[0113] Additionally, with respect to FIGS. 4, 6, 9, 11, and
12, a difference between the voltage levels of the two
floating diffusion nodes 325 and 343 during the injection of
the charge of the background signal is defined by Equation
7.

AV=[Cao¢/3a4/ (Ca26/342+ C322/340)1* [¢*N/ (CpO+2C336
344)] M

[0114] In Equation 7, N is a number of electrons received
by the photodiode 302, which is equal to exposure time of
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the photodiode 302 multiplied by light current and further
divided by q, i.e., N=(ExposureTime*LightCurrent)/q. In
Equation 7, Cp0 is an intrinsic capacitance at the second
common node 305.

[0115] With respect to FIGS. 3 and 10, the power con-
sumption by the pixel circuits 300 and 1000, respectively, is
less than 1 mW because each pixel circuit is discharging and
charging a parasitic capacitance. With respect to FIGS. 7 and
8, the power consumption by the pixel circuits 700 and 800,
respectively, is greater than 1 mW because each pixel circuit
includes an amplifier. In some examples, the amplifier may
consume 0.2 pA and three volts (V), and the power con-
sumption across an image sensor with a VGA resolution is
approximately one hundred and eighty-four milliwatts
(mW).

CONCLUSION

[0116] With regard to the processes, systems, methods,
heuristics, etc. described herein, it should be understood
that, although the steps of such processes, etc. have been
described as occurring according to a certain ordered
sequence, such processes could be practiced with the
described steps performed in an order other than the order
described herein. It further should be understood that certain
steps could be performed simultaneously, that other steps
could be added, or that certain steps described herein could
be omitted. In other words, the descriptions of processes
herein are provided for the purpose of illustrating certain
examples, and should in no way be construed so as to limit
the claims.

[0117] Accordingly, it is to be understood that the above
description is intended to be illustrative and not restrictive.
Many examples and applications other than the examples
provided would be apparent upon reading the above descrip-
tion. The scope should be determined, not with reference to
the above description, but should instead be determined with
reference to the appended claims, along with the full scope
of equivalents to which the claims are entitled. It is antici-
pated and intended that future developments will occur in
the technologies discussed herein, and that the disclosed
systems and methods will be incorporated into such future
embodiments. In sum, it should be understood that the
application is capable of modification and variation.

[0118] All terms used in the claims are intended to be
given their broadest reasonable constructions and their ordi-
nary meanings as understood by those knowledgeable in the
technologies described herein unless an explicit indication to
the contrary is made herein. In particular, use of the singular
articles such as “a,” “the,” “said,” etc. should be read to
recite one or more of the indicated elements unless a claim
recites an explicit limitation to the contrary.

[0119] The Abstract of the Disclosure is provided to allow
the reader to quickly ascertain the nature of the technical
disclosure. It is submitted with the understanding that it will
not be used to interpret or limit the scope or meaning of the
claims. In addition, in the foregoing Detailed Description, it
may be seen that various features are grouped together in
various embodiments for the purpose of streamlining the
disclosure. This method of disclosure is not to be interpreted
as reflecting an intention that the claimed embodiments
require more features than are expressly recited in each
claim. Rather, as the following claims reflect, inventive
subject matter lies in less than all features of a single
disclosed embodiment. Thus the following claims are
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hereby incorporated into the Detailed Description, with each
claim standing on its own as a separately claimed subject
matter.
What is claimed is:
1. A pixel circuit comprising:
a single overflow gate transistor electrically connected to
a node;
a photodiode electrically connected to the node and a
chassis ground, the photodiode is configured to
receive background light,
receive a combination of the background light and a
demodulated light that is generated by a modulated
light source and reflected from an object,

integrate a background signal based on the background
light that is received, and

integrate a combined signal based on the combination
of the background light and the demodulated light;
and
two taps, each tap of the two taps is configured to
store the background signal that is integrated,
subtract the background signal from a floating diffu-
sion,

store the combined signal that is integrated at the
floating diffusion, and

generate a demodulated signal based on a subtraction of
the background signal from the floating diffusion and
a storage of the combined signal that is integrated at
the floating diffusion.

2. The pixel circuit of claim 1, further comprising:

a common reset voltage supply configured to supply a
common reset voltage; and

a CMR transistor electrically connected to the common
reset voltage supply and a second node,

wherein the each tap of the two taps is further configured
to isolate the floating diffusion from the background
signal that is stored.

3. The pixel circuit of claim 2, wherein the single over-
flow gate transistor is electrically connected to the second
node, wherein the each tap of the two taps includes

a selection transistor electrically connected to a selection
line,

atap drain voltage supply configured to supply a tap drain
voltage,

an amplification transistor electrically connected to the
selection transistor, the tap drain voltage supply, and a
floating diffusion node,

a floating diffusion transistor electrically connected to the
floating diffusion node and the node,

a floating diffusion capacitor electrically connected to the
floating diffusion node and the chassis ground,

an injection switch electrically connected to the floating
diffusion node and an injection node,

an injection capacitor electrically connected to the second
node and the injection node,

a reset voltage supply configured to supply a reset voltage,
and

a reset switch electrically connected to the reset voltage
supply and the injection node, and

wherein the floating diffusion comprises the floating dif-
fusion capacitor and the floating diffusion node.

4. The pixel circuit of claim 3, wherein the background
signal that is stored by the each tap is stored in the injection
capacitor and the injection node, and wherein, to store the
background signal that is integrated, the each tap of the two
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taps is configured to receive the background signal that is
integrated from the photodiode via the single overflow gate
transistor while the CMR transistor and the injection switch
are in an OFF state and while the reset switch and the single
overflow gate transistor are in an ON state.

5. The pixel circuit of claim 3, wherein, to isolate the
floating diffusion from the background signal that is stored,
the each tap of the two taps is configured to set a state of the
injection switch to an OFF state.

6. The pixel circuit of claim 3, wherein, to subtract the
background signal from the floating diffusion, the each tap
of the two taps is configured to set a state of the injection
switch to an ON state.

7. The pixel circuit of claim 3, wherein, to store the
combined signal that is integrated, the each tap of the two
taps is configured to receive the combined signal that is
integrated from the photodiode via the floating diffusion
transistor while the CMR transistor, the injection switch, the
reset switch, and the single overflow gate transistor are in an
OFF state,

wherein a first floating diffusion transistor of a first tap of

the two taps and a second floating diffusion transistor of
a second tap of the two taps are alternately set to an ON
state or an OFF state,

wherein the first floating diffusion transistor is set to the

ON state while the second floating diffusion transistor
is set to the OFF state, and

wherein the first floating diffusion transistor is set to the

OFF state while the second floating diffusion transistor
is set to the ON state.

8. The pixel circuit of claim 1, wherein the each tap of the
two taps is further configured to

receive a correction signal from an external source,

subtract the correction signal from the floating diffusion,

and

generate a second demodulated signal based on a sub-

traction of the correction signal from the floating dif-
fusion and the storage of the combined signal that is
integrated at the floating diffusion.

9. The pixel circuit of claim 1, wherein, to generate the
demodulated signal based on the subtraction of the back-
ground signal from the floating diffusion and the storage of
the combined signal that is integrated at the floating diffu-
sion, the each tap of the two taps is configured to generate
the demodulated signal over multiple cycles until a signal
level of the demodulated signal reaches a predetermined
level.

10. The pixel circuit of claim 9, wherein the predeter-
mined level is approximately a saturation level of the
floating diffusion.

11. A method for performing a pixel-level background
light subtraction, the method comprising:

integrating, with a photodiode of a pixel circuit, a back-

ground signal based on background light received by
the photodiode;

storing a charge of the background signal that is integrated

in injection capacitors of the pixel circuit;
subtracting the charge that is stored in the injection
capacitors from floating diffusions of the pixel circuit;

integrating, with the photodiode, a combined signal based
on a combination of background light and demodulated
light received by the photodiode;

storing charges of the combined signal in the floating

diffusions; and
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reading out a demodulated signal from each the floating

diffusions, wherein the demodulated signal is a differ-
ence between the charge of the combined signal and the
charge of the background signal that is stored at the
each of the floating diffusions, and wherein the
demodulated signal from the each of the floating dif-
fusions has a different phase.

12. The method of claim 11, wherein storing the charge of
the background signal that is integrated in the injection
capacitors of the pixel circuit further includes receiving the
background signal that is integrated from the photodiode via
a single overflow gate transistor while a CMR transistor and
injection switches are in an OFF state and while a reset
switch and the single overflow gate transistor are in an ON
state.

13. The method of claim 11, further comprising:

isolating the floating diffusions from the charge of the

background signal that is stored in the injection capaci-
tors by setting a state of injection switches to an OFF
state.

14. The method of claim 11, wherein subtracting the
charge that is stored in the injection capacitors from the
floating diffusions of the pixel circuit further includes setting
a state of injection switches to an ON state.

15. The method of claim 11, wherein storing the charges
of the combined signal in the floating diffusions further
includes receiving the charges of the combined signal that is
integrated from the photodiode via floating diffusion tran-
sistors while a CMR transistor, injection switches, a reset
switch, and a single overflow gate transistor are in an OFF
state.

16. The method of claim 11, further comprising:

receiving a correction signal from an external source;

subtracting the correction signal from the floating diffu-
sions; and

reading out a second demodulated signal from the each of

the floating diffusions based on a subtraction of the
correction signal from the each of the floating diffu-
sions and the storage of the charges of the combined
signal that is integrated at the each of the floating
diffusions.

17. The method of claim 11, wherein reading out the
demodulated signal from the each the floating diffusions is
initiated when a signal level of the demodulated signal
reaches a predetermined level.

18. The method of claim 17, wherein the predetermined
level is approximately a saturation level of the each of the
floating diffusions.

19. An imaging device comprising:

a controller; and

an array of pixels including at least one pixel circuit that

includes
a single overflow gate transistor electrically connected
to a node;
a photodiode electrically connected to the node and a
chassis ground, the photodiode is configured to
receive background light,
receive a combination of the background light and a
demodulated light that is generated by a modu-
lated light source and reflected from an object,

integrate a background signal based on the back-
ground light that is received, and
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integrate a combined signal based on the combina-
tion of the background light and the demodulated
light; and

two taps, each tap of the two taps is configured to

store the background signal that is integrated,

subtract the background signal from a floating dif-
fusion,

store the combined signal that is integrated at the
floating diffusion, and

generate a demodulated signal based on a subtraction
of the background signal from the floating diffu-
sion and a storage of the combined signal that is
integrated at the floating diffusion.

20. The imaging device of claim 19, wherein the at least
one pixel circuit further includes

a common reset voltage supply configured to supply a

common reset voltage; and

a CMR transistor electrically connected to the common

reset voltage supply and a second node,

wherein the each tap of the two taps is further configured

to isolate the floating diffusion from the background
signal that is stored.

21. The imaging device of claim 20, wherein the single
overflow gate transistor is electrically connected to the
second node, wherein the each tap of the two taps includes

a selection transistor electrically connected to a selection

line,

a tap drain voltage supply configured to supply a tap drain

voltage,

an amplification transistor electrically connected to the

selection transistor, the tap drain voltage supply, and a
floating diffusion node,

a floating diffusion transistor electrically connected to the

floating diffusion node and the node,

a floating diffusion capacitor electrically connected to the

floating diffusion node and the chassis ground,

an injection switch electrically connected to the floating

diffusion node and an injection node,

an injection capacitor electrically connected to the second

node and the injection node,

a reset voltage supply configured to supply a reset voltage,

and

a reset switch electrically connected to the reset voltage

supply and the injection node, and

wherein the floating diffusion comprises the floating dif-

fusion capacitor and the floating diffusion node.

22. The imaging device of claim 21, wherein the back-
ground signal that is stored by the each tap is stored in the
injection capacitor and the injection node, and wherein, to
store the background signal that is integrated, the each tap of
the two taps is configured to receive the background signal
that is integrated from the photodiode via the single over-
flow gate transistor while the CMR transistor and the
injection switch are in an OFF state and while the reset
switch and the single overflow gate transistor are in an ON
state.

23. The imaging device of claim 21, wherein, to isolate
the floating diffusion from the background signal that is
stored, the each tap of the two taps is configured to set a state
of the injection switch to an OFF state.

24. The imaging device of claim 21, wherein, to subtract
the background signal from the floating diffusion, the each
tap of the two taps is configured to set a state of the injection
switch to an ON state.
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25. The imaging device of claim 21, wherein, to store the
combined signal that is integrated, the each tap of the two
taps is configured to receive the combined signal that is
integrated from the photodiode via the floating diffusion
transistor while the CMR transistor, the injection switch, the
reset switch, and the single overflow gate transistor are in an
OFF state,

wherein a first floating diffusion transistor of a first tap of

the two taps and a second floating diffusion transistor of
a second tap of the two taps are alternately set to an ON
state or an OFF state,

wherein the first floating diffusion transistor is set to the

ON state while the second floating diffusion transistor
is set to the OFF state, and

wherein the first floating diffusion transistor is set to the

OFF state while the second floating diffusion transistor
is set to the ON state.

26. The imaging device of claim 19, wherein the each tap
of the two taps is further configured to

receive a correction signal from an external source,

subtract the correction signal from the floating diffusion,

and

generate a second demodulated signal based on a sub-

traction of the correction signal from the floating dif-
fusion and the storage of the combined signal that is
integrated at the floating diffusion.

#* #* #* #* #*



