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(57) Abrégé/Abstract:
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The present disclosure relates to systems and methods that include a monolithic, single- chip receiver. An example system includes
a plurality of macropixels, each made up of an array of single photon avalanche diodes (SPADs). The system also includes a
plurality of pipelined adders communicatively coupled to a respective portion of the plurality of macropixels. The system additionally
includes a controller configured to carry out operations. The operations include during a listening period, receiving, at each

pipelined adder of the plurality of pipelined adders,

respective photosignals from the respective portion of the plurality of

macropixels. The operations also include causing each pipelined adder of the plurality of pipelined adders to provide an output that
includes a series of frames that provide an average number of SPADs of the respective portion of the plurality of macropixels that

were triggered during a given listening period.
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(57) Abstract: The present disclosure relates to systems and methods that include a monolithic, single- chip receiver. An example
system includes a plurality of macropixels, each made up of an array of single photon avalanche diodes (SPADs). The system also
includes a plurality of pipelined adders communicatively coupled to a respective portion of the plurality of macropixels. The system
additionally includes a controller configured to carry out operations. The operations include during a listening period, receiving, at each
pipelined adder of the plurality of pipelined adders, respective photosignals from the respective portion of the plurality of macropixels.
The operations also include causing each pipelined adder of the plurality of pipelined adders to provide an output that includes a series
of frames that provide an average number of SPADs of the respective portion of the plurality of macropixels that were triggered during
a given listening period.
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AGGREGATING NON-IMAGING SPAD ARCHITECTURE FOR FULL DIGITAL
MONOLITHIC, FRAME AVERAGING RECEIVERS

FIELD
[0001] This specification relates to monolithic, single-chip receivers, and systems and
methods incorporating such receivers.
BACKGROUND
[0002] Unless otherwise indicated herein, the materials described in this section are not

prior art to the present disclosure in this application and are not admitted to be prior art by
inclusion in this section.

[0003] Light detection and ranging (LIDAR) devices may estimate distances to objects
in a given environment. For example, an emitter subsystem of a LIDAR system may emit near-
infrared light pulses, which may interact with objects in the system’s environment. At least a
portion of the light pulses may be redirected back toward the LIDAR (e.g., due to reflection or
scattering) and detected by a receiver subsystem. Conventional receiver subsystems may
include a plurality of detectors and a corresponding controller configured to determine an
arrival time of the respective light pulses with high temporal resolution (e.g., ~400 ps). The
distance between the LIDAR system and a given object may be determined based on a time of
flight of the corresponding light pulses that interact with the given object.

SUMMARY

[0004] The present disclosure relates to systems and methods that include a monolithic,
single-chip receiver. The single-chip receiver may be operable as an all-digital “LIDAR
engine-on-a-chip.” Exemplary systems and methods utilizing such architectures need not
include a frontend incorporating analog circuitry. Instead, the monolithic LIDAR receiver may
be operable to receive the digital or digital-like signal from the SPAD arrays and perform all
other signal processing and signal analysis to calculate range and intensity in the digital domain.
[0005] In a first aspect, a system is provided. The system includes a plurality of
macropixels. Each macropixel of the plurality of macropixels includes an array of single
photon avalanche diodes (SPADs). Each SPAD is configured 1o provide a respeclive
photosignal when triggered in response to detecting light from an external environment of the
system. The system also includes a plurality of pipelined adders. Each pipelined adder of the
plurality of pipelined adders is communicatively coupled to a respective portion of the plurality
of macropixels. The system additionally includes a controller having a memory and at least

one processor. The at least one processor executes instructions stored in the memory so as to
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carry out operations. The operations include, during a listening period, receiving, at each pipelined
adder of the plurality of pipelined adders, respective photosignals from the respective portion of
the plurality of macropixels. The operations also include causing each pipelined adder of the
plurality of pipelined adders to provide an output based on the respective photosignals from the
respective portion of the plurality of macropixels. The output includes a series of frames. Each
frame of the series of frames includes an average number of SPAD devices of the respective portion
of the plurality of macropixels that were triggered during a given listening period.

[0006] In a second aspect, a method is provided. The method includes, during a listening
period, receiving, at each pipelined adder of a plurality of pipelined adders, respective photosignals
from a respective portion of a plurality of macropixels. Each macropixel of the plurality of
macropixels includes an array of single photon avalanche diodes (SPADs). Each SPAD is
configured to provide a respective photosignal when triggered in response to detecting light from
an external environment. Each pipelined adder of the plurality of pipelined adders is
communicatively coupled to a respective portion of the plurality of macropixels. The method also
includes causing each pipelined adder of the plurality of pipelined adders to provide an output
based on the respective photosignals from the respective portion of the plurality of macropixels.
The output includes a series of frames and each frame of the series of frames includes an average
number of SPAD devices of the respective portion of the plurality of macropixels that were
triggered during a given listening period.

[0006a] According to another aspect, there is provided a system comprising: a plurality of
macropixels, wherein each macropixel of the plurality of macropixels comprises an array of single
photon avalanche diodes (SPADs), wherein each SPAD is configured to provide a respective
photosignal when detecting light from an external environment of the system; and a controller
comprising a memory and at least one processor, wherein the at least one processor executes
instructions stored in the memory so as to carry out operations, the operations comprising: during
a listening period, receiving respective photosignals from a respective portion of the plurality of
macropixels; and providing an output based on the respective photosignals from the respective
portion of the plurality of macropixels, wherein the output comprises a series of frames, wherein
each frame of the series of frames comprises an average number of SPADs of the respective portion
of the plurality of macropixels that provided a respective photosignal during a given listening

period.
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[0006Db] According to another aspect, there is provided a method comprising: during a
listening period, receiving respective photosignals from a respective portion of a plurality of
macropixels, wherein each macropixel of the plurality of macropixels comprises an array of single
photon avalanche diodes (SPADs), wherein each SPAD is configured to provide a respective
photosignal when detecting light from an external environment; and providing an output based on
the respective photosignals from the respective portion of the plurality of macropixels, wherein
the output comprises a series of frames, wherein each frame of the series of frames comprises an
average number of SPADs of the respective portion of the plurality of macropixels that provided
a respective photosignal during a given listening period.

[0007] Other aspects, embodiments, and implementations will become apparent to those
of ordinary skill in the art by reading the following detailed description, with reference where
appropriate to the accompanying drawings.

BRIEF DESCRIPTION OF THE FIGURES

[0008] Figure 1A illustrates a system, according to an example embodiment.
[0009] Figure 1B illustrates a SPAD block, according to an example embodiment.
[0010] Figure 2 illustrates a system, according to an example embodiment.
[0011] Figure 3 illustrates several graphs, according to example embodiments.
[0012] Figure 4 illustrates a method, according to an example embodiment.
DETAILED DESCRIPTION
[0013] Example methods, devices, and systems are described herein. It should be

understood that the words “example” and “exemplary” are used herein to mean “serving as an

22

example, instance, or illustration.” Any embodiment or feature described herein as being an

“example” or “exemplary” is not necessarily to be construed as preferred or advantageous over
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other embodiments or features. Other embodiments can be utilized, and other changes can be
made, without departing from the scope of the subjoct matter presented heremn,
{0014} Thus, the example embodiments described herein are not meant to be limiting.
Aspects of the present disclosure, as generally described herein, and illustrated m the figuves,
can be arranged, substituted, combined, separated, and designed 10 a wide vanety of different
configurations, all of which are contemplated herein.
10615] Further, unless context suggests otherwise, the features tustrated mn cach of the
figures may be used i combination with one another. Thus, the figures should be generally
viewed as component aspects of one or more overall embodiments, with the understanding that
not all illustrated features are necessary for cach embodiment,

L Overview
joG16] Single photon avalanche diodes (§PADs) may be fabricated m one- or two-
dimensional array formats. Such SPAD detector arravs may be utilized with Light Detection
and Ranging (LIDAR) systems to obtain information about an environment around the LIDAR
system. In some cases, LIDAR systems described herein may be operable with autonomous or
semi-autonomous vehicles,
[0017] Inn some embodiments, cach SPAD array may include thousands of cell clements
{c.g., 1024, 2048, or more cell elements). In such scenanos, the output of the SPAD array may
mclude a digital or pseado-digital (e g., an analog stair step signal) waveform that may include
mformation indicating how many SPAD cell clements of the array have been triggered in any
given “listening pertod” {e.g., 2 microseconds) and a timestamp when cach cell element 15
triggered.  Accordingly, the output signal of a SPAD array may lend itsclf to all-digital
PrOCEsSing.
[0018] I an example cmbodiment, the LIDAR system may include a plurality of hight
emitters {¢.g., near-infrared lasers) and a plurality of SPAD arrays. Fach SPAD array may
correspond to a respective light emitter. In such a scenarto, each light enutter may be
configured to emit light pulses iio an external environment. Upon interacting with objects In
the environment, at Icast a portion of the light pulse may be reflected or scaticred back toward
the LIDAR svstem and the corresponding SPAD arvay. The corresponding SPAD array may
be configured to detect at least a portion of the reflected light pulse.
10019} Example systems and methods include a monolithic, single-chip recetver, which
may be operable as an all-digital “LIDAR engine-on-a-chip.” Exemplary svsterns and methods
utihizing such architoctures can fonction without a frontond with analog circuitry. Instcad, the

monolithic LIDAR receiver may be operable 1o recetve the digital or digital-like signal from
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the SPAD arrays and perform other signal processing and signal analysis to calculate range and
miensity 1n the digital domain.

10020} In an example embodiment, a plurality of SPAD arrays (e.g.. 16,32, 64, or more
arrayvsy may provide digital or digital-like signals (o one or more adder stages, a buffer, and a
data pipelme. The data pipeline may be coupled to a fast memory, such as an SRAM block. In
such scenarios, the adder stages and pipeline may provide averaged frames in a serial or parallel
manncr to the memory. In some cmbodiments, cach frame may include an average number of
SPAD cell elements triggered over two or more listening periods for cach SPAD array. In other
cmbodiments, cach frame may include, for cach SPAD amray, the number of SPAD cell
clemionts triggered during cach tune bin {¢.g.. 400 picoscconds) of the listening period {(¢.g., 2
microseconds),

jon21] The memory may provide the averaged frames to a puise processing block for
processing. For gxample. the pulse processing block may be configured to process the frames
to determine pulse arrival tinie {¢.g., a time starap to determine range), intensity, a first moment
{c.g., a center of mass), and/or a second moment, which mayv help determine “mixed” pixels
{where a light pulse hits the edge of an object). In some implementations, the pulse processing
black may include approximately 200,000 resistor-transistor logic (RTL) gates, but different
numbers and types of digital logic gates are possible and contemplated heren.

[0622] In example embodiments, the pulse processing block may convert the digital
signal of cach frame into an amplitude and range signal for cach SPAD array. The pulse
processing block and other clements of the svstem described herein may operaic i a
syachronous fashion, based on a system clock signal. As one example, the system clock signal
may inchude a 400 picoscoond {ps) clock period, but other periods are possible. In some
cxamples, the syster clock signal may be based on a variable clock, which may be adjustable
to match and/or synchromize with a cormresponding clock of a transmit block. In other
embodiments, the transmit block and the pulse processing block mav share the same clock
signal/source.

[0623) Aftor pulsc processing, the output of the pulsc processing block (which could
mclude a partial or 360 degree point cloud of the environment around the svstem) may be
provided to a high speed serial interface, such as a Peripheral Component Interconnect Expross
{PCle) bus. The PCle bus may provide a local communication link to a vehicle controller, a
wireless communication interface, etc.

j0024] Optionally, mtorstitial cells, which may include SPAD cclls of a first SPAD

afray in proximiy 1o corresponding cells of g second SPAD array, could be disabled or ignored
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to avoid crosstalk between SPAD arrays. Furthermore, the SPAD arrays may be integrated
with the pipeling, memory, digital logic, and/or high speed scrial interface on the same
wafer/chip. Additionally or alternatively, the SPAD arrays may be coupled to one or more of
the other elements of the system by way of any number of three-dimensional chip or wafer
scale hyvbridization technigues or backside fabrication technigues, such as, but not hionted to,
bump bonding, wafer bonding, and through-wafer vias {¢.g ., through-silicon via {TSV)}, etc.
i,  Example Systems
{0025} Figures 1A and 1B illustrate varous portions of systermn 100, according to
example embodiments. In some embodiments, system 100 may include a receiver subsystem
for a light detection and ranging {LIDAR) systom. Such a LIDAR system may be configured
to provide information (e.g., point cloud data} about one or more objects {¢.g., location, shape,
etc.) in a given environment. In an example embodiment, the LIDAR system could provide
point cloud information, object information, mapping mformation, or other information to a
vehicle. The vehicle conld be a semi- or fully-amtomated vehicle. For mstance, the vehicle
could be a self-dnving car, an autonomous drone aircraft, an autonomous truck, or an
autonomous robot. Other types of vehicles and LIDAR systems are contemplated herein.
{0026} As illustrated 0 Figure 1A, some or all of the elements of system 100 could be
disposed on a substrate 102, The substrate 102 could include a semiconductor wafer substrate
{c.g., a silicon wafer), although other materials and substrate types are possible.
0027} In some embodiments, the substrate 192 may include a first surface. In such
scenarios, the first surface could be disposed along a primary plane of the substrate 102 and
some or all of the elements of system 100 could be disposed along the first surface of substrate
102,
[0028] Systom 100 inchudes a SPAD block 110, The SPAD block 110 includes a SPAD
arrayv 112, The SPAD array 112 includes a plurality of SPAD devices 114 disposed in a two-
dimensional array format {¢.g., square array, rectangular array, hesagonal close packed array,
or an irregufar array ). Each SPAD of the plurality of SPAD devices 114 is configured to provide
a respective photosignal when triggered m respounse o detecting hght from an oxternal
environment of the system 100, For exaraple, each SPAD may be configured to detect light
comprising a wavelength of at least one oft 1550 nm or 780 nm. It will be understood that
other wavelengths are possible and contemplated herein.  Furthermore, while SPAD devices
are discussed specifically m the present disclosure, other photodetector types are also possible.
[06:29] In an cxamplc cmbodiment, the SPAD array 112 may include 2N SPAD devices.

For example, in some embodiments, N could be 10 or 11, That is, the SPAD array 112 could
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mchide 1024 or 2048 SPAD devices 114, It will be understood that larger or smaller values of
N and a larger or smaller corresponding number of SPAD devices 114 arc possible and
contemplated.

{030} The SPAD devices in the SPAD array 112 are configured to detect light from a
shared field of view. In an example embodument, the system 100 may include imaging optics
184, In such scenarics, the SPAD array 112 may be operable to detect light from the shared
ficld of view by wav of the imaging optics 184,

{6631} Turning to Figure 1B, SPAD block 110 could melude a SPAD array 112, which
mav be partitioned, demarcated, or otherwise separated into a phurality of macropixels 118,
according 1o an cxample embodunent. In such a scenarto, cach macropixel {¢.g., macropixel
A 118a, macropixel B 118b, macropixel C 118¢, and macropixel D 118d) of the plarality of
macropixels 118 incindes an array of SPAD devices. In other words, the SPAD array 112 may
be segmented into a plurality of macropixels 118, each consisting of respective portions of the
SPAD array 112

16632} Furthermore, as illustrated and described with reference to Figure 14, a plurabity
of pipelined adders 116 may be conmmunicatively coupled to the macropixels 118, For example,
cach pipchined adder (c.g., N-bit pipelined adders 116a-d) may be communicatively coupled to
a respective macropixel |18a-d.

[0633] In an example embodiment, each macropixel {¢.g., macropixel 118a-d) may
have a photon detection efficiency of at least 8. The photon detection efficiency for a given
macropixel may be the photon detection probability (PDP) of the SPADs of the given
macropixel multiplied by a SPAD fill factor (2 g, active SPAD arca / total area).

{00634 Returning to Figure 1A, the system 100 includes a plurality of N-bit pipelined
adders 116. The N-bit pipelined adders 116 are coupled to respective portions of the SPAD
arrav 112, That 1s, respective portions of the plurality of SPAD devices 114 may be
communicatively coupled to respective N-bit pipelined adder 116, In an example embodiment,
cach pipelined adder 116 could be a 10-bit pipelined adder or an 11-b#t pipelined adder. Other
bit accuracy adders arc possible and contcmplated.

10035} Systemn 100 also mcludes a frame aggregation block 130, The frame
aggregation block 130 is communicatively coupled to the plurality of N-bit pipelined adders
116. The frame aggregation block 130 may include devices configured to aggregate and/or
buffer successive data frames. The frame aggregation block 130 could include an adder circuit
and/or a digital buffor cirenit configurcd to buffor at tcast 27 suecessive data framcs, where F

i at least six. It will be understood that F may be greater than, or less than, six.
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{06036} The adder circuit may include a plurality of (N+F)-bit adders 132 and the digital
buffer circuit may include a plurality of (N1 F)-bit buffers 134. In an cxample embodiment,
the frame aggregation block 130 may be configured to aggregate a maximum vumber of frames,
up to, and including 2Y data frames.

108371 System 100 include a controller 150 having a memory 154 and at least one
processor 152, In an example embodiment, the memory 154 comprises a static random access
memory block comprising at feast 5 kilobytes ¥ (N + F), where Fis at least 6. The at least one
processor 132 may include, for instance, an application-specific integrated circut (ASI Y ora
field-programmable gate array {(FPGA). Other tvpes of processors, computers, or devices
configured to carry out sofiwarc mstructions are contemplated hercin, The memory 154 may
melade a non-transitory computer-readable medium, such as, but not imited to, read-only
memory {ROM}, programmable read-only memory (PROM), erasable programmable read-
only memory (EPROM), clectneally erasable programmable read-ondy memory (EEPROM),
non-volatile randorm-access memory (e g, flash memorv), a solid state drive (S8}, a hard disk
drive (HDD}, a Compact Disc (CD), a Digual Video Disk (DVD), a digital tape, rcad/write
{(R/W)y CDs, R/W DVDs, cic.

[0033] The controller 150 may include a computer disposed on a vehicle, an external
computer, or a mobile computing platform, such as a smartphone, tablet device, personal
computer, wearable device, etc. Additionally or alternatively, the controlier 150 may include,
or be connected to, a remotely-located computer system, such as a cloud server. In an example
embodiment, the controller 150 may be configured to carry out some or all method blocks or
steps described herein.

{00639} As an example, the at least one processor 152 may execute instructions stored
in the memory 154 so as to carty out certam operations. The operations may include some or
all of the functions, blocks, or steps descnbed herein.  In some embodiments, different
computing devices or controllers may carry ocutthe various functions, blocks, or steps described
herein, in various combinations.

{0640] For cxamplc, the operations could include, during a listening peried, recciving,
at each pipelined adder of the plurality of N-bit pipelined adders 116, respective photosignals
from the respective portion of the plurality of SPAD array 112 or macropixels 118a-d. While
four macropixels are tiiustrated mw Figure 1B, it is understood that more or fewer macropixels
are possible and contemplated herein. For instance, in some embodmments, the plurality of

macropixcls 118 may mchude at least one of: 16, 32, or 64 macropixcis.
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{0041} In some embodiments, cach macropixel (e.g., macropixel 118a-d) could include
1024 or 2048 SPADs. It will be understood that other embodiments may include macropixels
that include more or fower SPAD clements. The number of SPAD clements per macropixel
mayv be based on, among other possibilities, a desired dynannic range, a desired background
iamination mmunity, a desired signal 1o notse ratio (SNR), a present or anticipated imaging
scenario, and/or other system-level considerations of the LIDAR systern.

10042} In an example embodiment. cach macropixe] may correspond to an ndividual
LIDAR channel. For example, a LIDAR system may inclede 16, 32, or 256 hight-
cmitter/detector pairs, or more. Fach light-emitter/detector pair may be considered a single
channel of such a LIDAR system. In such a scenario. a macropixel may be configured to fow-
tevel light sensing capability for cach LIDAR channel. Namely, the respective macropixels
may be configared to operate on a non-tmaging, photon-aggregating basis to assist in the
gvaluation of time-of-flight ranging functions.

[0043] The operations include cansing each pipelined adder (¢ g., N-bit pipelined adder
116a~d) of the plurality of pipelined adders 116 to provide an output based on the respective
photosignals from the respective portion of the plurality of macropizels 118, The output
includes a series of frames. In such a scenario, cach frame of the series of frames may include
an average number of SPAD devices of the respective portion of the plurahity of macropixels
118 that were triggered during a given listening period.

10044} In an example cmbodiment, the listoning period may be withun an inclusive
range of 300 - 5300 picoseconds. It will be understood the listening period could include another
duration or range of durations. Such other embodiments are all contemplated hercin.

{0045} in an example embodiment, the plurality of macropixels 118, the plurality of
pipelined adders 116, and the controller 130 may be disposed on the substrate 102 so as 10
provide a monolithic, single chip receiver.

[0046] In some embodiments, the svstem 100 may additionally include a pulse
processing biock 160 communicatively coupled to the frame aggregation block 130, In such
scenarios, the controlier 150 could be configured to carry out additional operations such as
causing the pulse processing block 160 to detenmine, based on the series of frames, at Jeast one
of a pulse armval time or a pulse infensity. In some examples, the pulse processing block 160
may include at least 200,000 resistor-transistor logic (RTL} gates. it will be understood that
more or fewer RTL gates are possible and contemplated herein.

[0047] In some cxample cmbodiments, the systom 100 also includes an output block

170. The output block 170 mav be communicatively coupled to the pulse processing block
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160. The output block 170 includes a high speed serial interface 172. In such scenarios, the
controller 150 may be configured to carry out further operations such as causing the output
block 170 to provide a serial output based on the processed series of frames. The serial output
could be provided to, for example, an object recognition block, a navigation block, or another
type of vehicle awareness/action process or algorithm.

[0048] In an example embodiment, the high speed serial interface 172 includes a
Peripheral Component Interconnect Express (PCle) bus communicatively coupled to at least
one of: a vehicle controller or a wireless communication interface (e.g., communication
interface 180).

[0049] In some embodiments, the system 100 includes a clock 182. The clock 182 may
be configured to provide a local and/or global clock signal or signals. At least some operations
associated with the plurality of macropixels 118, the plurality of pipelined adders 116, the frame
aggregation block 130, the pulse processing block 160, and the output block 170 are based on
the clock signal.

[0050] System 100 may include a communication interface 180. The communication
interface 180 may be configured to provide a communication link between various elements of
system 100 such as the controller 150, the SPAD block 110, the frame aggregation block 130,
the pulse processing block 160, the output block 170, the imaging optics 184, the clock 182,
one or more computing networks, and/or other vehicles.

[0051] The communication interface 180 could be, for example, a system configured
to provide wired or wireless communication between one or more other vehicles, sensors, or
other elements described herein, either directly or via a communication network. To this end,
the communication interface 180 may include an antenna and a chipset for communicating with
the other vehicles, sensors, servers, or other entities either directly or via the communication
network. The chipset or communication interface 180 in general may be arranged to
communicate according to one or more types of wireless communication (e.g., protocols) such
as BLUETOOTH™, BLUETOOTH™ LOW ENERGY (BLE), communication protocols
described in IEEE 802.11 (including any IEEE 802.11 revisions), cellular technology (such as
GSM, CDMA, UMTS, EV-DO, WiMAX™ or LTE), ZIGBEE™, dedicated short range
communications (DSRC), and radio frequency identification (RFID) communications, among
other possibilities. The communication interface 180 may take other forms as well.

[0052] Figure 2A illustrates a system 200, according to an example embodiment.

System 200 illustrates a possible arrangement of SPAD devices as described herein. In some
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embodiments, sysiem 200 may be similar or identical to SPAD block 110 or SPAD array 112
as llustrated and described with reference to Figure 1A.

{0053] Svstom 200 may include a substrate 202, a first macropixel 210, and a second
macropixel 220, The first macropixel 210 may include a first plurality of SPAD devices 212
and the second macropixel 220 may melude a second plorality of SPAD devices 222, In some
embodiments, the SPAD devices 212 and 222 could be disposed along a surface of substrate
202 in a sguare array or a rectangular array.  Other arrangements arc possible, such as a
hexagonal-close packed array or an irregular arrav. It will be understood that while two
macropixels 210 and 220 are ilostrated in Figure 2, more or fewer macropixels are
contermplated within the context of the present disclosure.

0854} In some embodiments, the SPAD devices 212 and 222 could be optically
coupled to respective microlenses 213 and 223, That is, in some examples, a microlens array
could be coupled to cach macropixel. The microlenses 213 and 223 could inchide refractive
or diffractive optics. Other types of optical devices are possible.  For example, the optical
devices could be configured to focus light, collimate light, diverge hight, or otherwise adjust an
optical path between the external environment and the respective SPAD devices 212 and 22,
{0055 Although not tllustrated herein, in some example embodiments, the respective
SPADs of the plurality of SPAD devices 114 could be coupled to photodetector output circutry
{e.g., a readout mtegrated circuit (ROICY on a second substrate by way of, for example,
respective arrays of through-wafer vias and/or bump bonds. Other embodiments nvolving
detector / circuitry hybridization are contemplated herein.

6056} Figure 3 iHustrates graph 300 and graph 310, according to example
cmbodiments, Graph 300 includes an integer number of SPAD ccll clements triggered during
respective time bins. In some embodiments, the time bins could each be 400 picoscconds in
duration, but other durations are possible and comtemplated. As illustrated 10 graph 300, the
data may mclude certain characteristic features, such as local peaks 302 and 304, Trendhine
306 could indicate a rolling average number of SPAD cell clements tniggered over time.

Trendline 306 conld mnclude a digital or pscudo-~digital {¢.g., an analog stair step signal)

waveform.
{0657} Graph 310 may include an average number of SFAD cell elements triggered per

time bin. Specifically, graph 310 may include a trendline 3 16 that melades the average number
of tniggered SPAD clements over one or more listening periods. In an example embodiment,
the histoming period could be 2 mucrosceonds. However, longer and shorter listening periods

are contemplated. Ag illustrated, graph 310 may include a time-compressed version of
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trendline 306, as ilostrated and descnibed with reference to Figure 3. That 1s, focal peaks 302
and 304 from graph 300 may be represented as local peaks 312 and 314 1 graph 310, It will
be understood that different scencs (¢.g., due to various or changing objects in the field of view
of the external environment) may provide different trendhine shapes and values.

[0058] As described elsewhers herein, vanous features of trendline 306 and trendhine
316 could be used to determine, for example, a distance to a given object in an external
environment., Farthermore, trendline 306 and/or trendline 316 could be processed, at least m
part, by the pulse processing block 160, or another element of system 100 as illustrated and
described in Figure 1. For example, the pulse processing block 160 could be configured to
process onc or more frames {¢.g.. nformation from one or more lisicning periods) so as to
determine one or more pulse arrival times or time-of-flight measurements.  Additionally or
alternatively, the pulse processing block 160 could determine an intensity, first moment {c.g.,
center of mass), or a second moment {(¢.g.. variance)} based on the trendline 306 or trendline
316. Other tvpes of processing could be performed by pulse processing block 160 s0 as to
provide information about objeets in the external environment {e.g., a pownt cloud),

{ff.  Example Methods

[0059] Figure 4 illustrates a method 400, according to an example embodiment.
Method 400 may be carried out, m full or 1n part, by system 100, SPAD block 110, controller
150, or system 200 ag lustrated and described n reference to Figures 1A, 1B and 2. Method
400 may mclude clements that are similar or wentical to those illustrated and deseribed with
reference to Figures 1A, 1B, and 2. It will be understood that the method 400 may include
fewer or more steps or blocks than those expressly disclosed herein. Furthermore, respective
steps or blocks of method 400 may be performed in any order and cach step or block may be
performed one or more tines.

[0068] Block 402 mcludes during a listening period, receiving, at each pipelined adder
of a plurality of pipehned adders, respective photosignals from a respective portion of a
plurality of macropixels. Each macropixel of the plurality of macropixels includes an arrav of
single photon avalanche diodes (SPADs). Each SPAD s configured to provide a rospective
photosignal when triggered in response to detecting light from an external environment, Each
pipelined adder of the phuality of pipelined adders 1s communicatively coupled to a respective
portion of the plorality of macropixels.

[0061] In embodiments that mclude a transmit block of a LIDAR system, a hight source
may cmit light pulscs, wiich may interact with objocts in the oxtornal covironment. The hight

source may be disposed proximate to the recetver block or disposed at another location. Inan
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example embodiment, the hight source could inclode one or more lasers configured to emit near
mirared light pulses. Atleast a portion of the emitted light pulses may be reflected or scattered
back to the SPAD devices by objocts in the external environment. In such a scenario, the SPAD
devices may receive reflected or scatiered light that may be mdicative of objects in the external
environment.

10062] Block 404 includes causing each pipelined adder of the plurality of pipelined
adders to provide an output based on the respective photosignals from the respective portion of
the phurality of macropixels. The output includes a series of frames and cach frame of the series
of frames includes an average number of SPAD devices of the respective portion of the plurality
of macropixels that were tnggered during 3 given listening pertod. In some cmbodumoents, the
ouviput may be similar to that of graphs 300 and 310, as illustrated and described in Figure 3.
j0063] The method 400 may optionally include causing a frame aggregation block to
aggregate the series of frames. In such scenarios, the frame aggregation block mcludes an
adder circuit and a digital buffer circuit, wherein a maximoum mumber of aggregated frames s
at teast 2F, where F is at least 6.

{0064} Additionally or alteratively, method 400 may inclide causing a pulse
processing block to determine, based on the serics of frames, at fcast one of! a pulse arrival
time or a pulse intensity. In such scenanos, the method 400 may optionally include causing an
output block to provide a serial output based on the processed series of frames.

1065] The particular arrangeraents shown in the Figures should not be viewed as
bmiting. ¥t should be understood that other embodiments may nclude more or less of cach
clement shown in a given Figure, Further, some of the illustrated elements may be combined
or omutted. Yet further, an tHustrative cmbodiment may include elements that are not illustrated
in the Figures.

[0066] A step or block that represents a processing of mformation can correspond to
circoitry that can be configured to perform the specific logical functions of a herein-described
method or technique. Aliernatively or additionally, a step or block that represents a processing
of mformation can corrgspond to a module, a scgment, a physical compuicr {c.g., a ficld
programmable gate array (FPGA) or application-specific integrated circuit (ASICY), or a
portion of program code (including related data). The program code can include one or more
mstructions executable by a processor for implementing specific logical functions or actions in
the method or technique. The program code and/or related data can be stored on any type of
computer readablc medium such as a storage device melading a disk, hard drive, or other

storage medium.



[0067] The computer readable medium can also include non-transitory computer
readable media such as computer-readable media that store data for short periods of time like
register memory, processor cache, and random access memory (RAM). The computer readable
media can also include non-transitory computer readable media that store program code and/or
data for longer periods of time. Thus, the computer readable media may include secondary or
persistent long term storage, like read only memory (ROM), optical or magnetic disks,
compact-disc read only memory (CD-ROM), for example. The computer readable media can
also be any other volatile or non-volatile storage systems. A computer readable medium can
be considered a computer readable storage medium, for example, or a tangible storage device.
[0068] While various examples and embodiments have been disclosed, other examples
and embodiments will be apparent to those skilled in the art. The various disclosed examples
and embodiments are for purposes of illustration and are not intended to be limiting. The

invention, rather, is defined by the claims.
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CLAIMS

What is claimed is:

1. A system comprising:

a plurality of macropixels, wherein each macropixel of the plurality of macropixels
comprises an array of single photon avalanche diodes (SPADs), wherein each SPAD is configured
to provide a respective photosignal when detecting light from an external environment of the
system; and

a controller comprising a memory and at least one processor, wherein the at least one
processor executes instructions stored in the memory so as to carry out operations, the operations
comprising:

during a listening period, receiving respective photosignals from a respective portion of the
plurality of macropixels; and

providing an output based on the respective photosignals from the respective portion of the
plurality of macropixels, wherein the output comprises a series of frames, wherein each frame of
the series of frames comprises an average number of SPADs of the respective portion of the

plurality of macropixels that provided a respective photosignal during a given listening period.

2. The system of claim 1, wherein the plurality of macropixels and the controller are

disposed on a substrate so as to provide a monolithic, single chip receiver.

3. The system of claim 1, wherein the plurality of macropixels comprises 2N

macropixels, wherein N is at least 10.

4. The system of claim 3, further comprising a frame aggregation block, wherein the
operations further comprise causing the frame aggregation block to aggregate the series of frames,
wherein the frame aggregation block comprises an adder circuit and a digital buffer circuit,

wherein a maximum number of aggregated frames is at least 2, wherein F is at least 6.

5. The system of claim 4, wherein the memory comprises a static random access

memory block comprising at least 5 kilobytes * (N + F), wherein F is at least 6.

- 14 -
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6. The system of claim 4, further comprising a pulse processing block
communicatively coupled to the frame aggregation block, wherein the operations further comprise
causing the pulse processing block to determine, based on the series of frames, at least one of: a

pulse arrival time or a pulse intensity.

7. The system of claim 6, wherein the pulse processing block comprises at least

200,000 resistor-transistor logic (RTL) gates.

8. The system of claim 6, further comprising an output block, wherein the output block
is communicatively coupled to the pulse processing block, wherein the output block comprises a
high speed serial interface, wherein the operations further comprise causing the output block to

provide a serial output based on the processed series of frames.

9. The system of claim 8, wherein the high speed serial interface comprises a
Peripheral Component Interconnect Express (PCle) bus communicatively coupled to at least one

of: a vehicle controller or a wireless communication interface.
10. The system of claim 8, further comprising a clock configured to provide a clock
signal, wherein at least some operations of: the plurality of macropixels, the frame aggregation

block, the pulse processing block, and the output block are based on the clock signal.

11.  The system of claim 1, wherein each SPAD is configured to detect light comprising

a wavelength of at least one of: 1550 nm or 780 nm.
12.  The system of claim 1, wherein a photon detection efficiency of each macropixel
comprises a photon detection probability (PDP) of a given SPAD multiplied by a SPAD fill factor

in a given macropixel, wherein the photon detection efficiency of each macropixel is at least 8%.

13.  The system of claim 1, wherein the listening period is within an inclusive range of

300 - 500 picoseconds.
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14.  The system of claim 1, further comprising a microlens array coupled to each

macropixel.

15.  The system of claim 1, wherein each macropixel comprises at least one of: 1024 or
2048 SPAD:s.

16.  The system of claim 1, wherein the plurality of macropixels comprises at least one

of: 16, 32, or 64 macropixels.

17.  The system of any one of claims 1 to 16, further comprising a plurality of pipelined
adders, wherein each pipelined adder of the plurality of pipelined adders is communicatively

coupled to a respective portion of the plurality of macropixels.

18. The system of claim 17, wherein the plurality of macropixels comprises 2N

macropixels and the plurality of pipelined adders comprises N-bit pipelined adders.

19. A method comprising:

during a listening period, receiving respective photosignals from a respective portion of a
plurality of macropixels, wherein each macropixel of the plurality of macropixels comprises an
array of single photon avalanche diodes (SPADs), wherein each SPAD is configured to provide a
respective photosignal when detecting light from an external environment; and

providing an output based on the respective photosignals from the respective portion of the
plurality of macropixels, wherein the output comprises a series of frames, wherein each frame of
the series of frames comprises an average number of SPADs of the respective portion of the

plurality of macropixels that provided a respective photosignal during a given listening period.
20.  The method of claim 19, further comprising causing a frame aggregation block to
aggregate the series of frames, wherein the frame aggregation block comprises an adder circuit

and a digital buffer circuit, wherein a maximum number of aggregated frames is atleast 2", wherein

F is at least 6.
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21.  The method of claim 20, further comprising causing a pulse processing block to

determine, based on the series of frames, at least one of: a pulse arrival time or a pulse intensity.

22.  The method of claim 21, further comprising causing an output block to provide a

serial output based on the processed series of frames.
23.  The method of any one of claims 19 to 22, further comprising a plurality of

pipelined adders, wherein each pipelined adder of the plurality of pipelined adders is

communicatively coupled to a respective portion of the plurality of macropixels.

-17 -
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During a listening period, receiving, at each pipelined adder of a plurality of pipelined adders,
respective photosignals from a respective portion of a plurality of macropixels, wherein each
macropixel of the plurality of macropixels comprises an array of single photon avalanche diodes
(SPADs), wherein each SPAD is configured to provide a respective photosignal when triggered in
response to detecting light from an external environment, wherein each pipelined adder of the plurality
of pipelined adders is communicatively coupled to a respective portion of the plurality of macropixels

J

7

Causing each pipelined adder of the plurality of pipelined adders to provide an output based on the
respective photosignals from the respective portion of the plurality of macropixels, wherein the output
comprises a series of frames, wherein each frame of the series of frames comprises an average
number of SPAD devices of the respective portion of the plurality of macropixels that were triggered
during a given listening period

)
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