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(57) ABSTRACT

A 3-D LADAR 1maging system incorporating stacked micro-
clectronic layers 1s provided. A light source such as a laser 1s
imaged upon a target through beam shaping optics. Photons
reflected from the target are collected and imaged upon a
detector array though collection optics. The detector array
signals are fed into a multilayer processing module wherein
cach layer includes detector signal processing circuitry. The
detector array signals are amplified, compared to a user-
defined threshold, digitized and fed into a high speed FIFO
shift register range bin. Dependant on the value of the digit
contained 1n the bins 1n the register, and the digit’s bin loca-
tion, the time of a photon retlection from a target surface can
be determined. A T, trigger signal defines the retlection time
represented at each bin location by resetting appropriate cir-
cuitry to begin processing.

A reference 1nsert circuit inserts data into the FIFO registers
at a preselected location to provide a reference point at which
all FIFO shift register data may be aligned to accommodate
for ttiming differences between layers and channels. The bin
data representing the photon reflections from the various
target surfaces are read out of the FIFO and processed using
appropriate circuitry such as a field programmable gate array
to create a synchronized 3-D point cloud for creating a 3-D
target 1mage.
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THREE-DIMENSIONAL LADAR MODULL
WITH ALIGNMENT REFERENCE INSERT
CIRCUITRY

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

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is [related] a Broadening Reissue of U.S.
patent application Ser. No. 11/706,724, filed Feb. 15, 2007

(now U.S. Pat. No. 7,436,494), which claims priority to U.S.
[provisional patent application] Provisional Patent Applica-
tion No. 60/785,135, filed on Mar. 24, 2006, entitled[.]
“Method for Image Jitter Reduction in a Multilayer LADAR
Device” and is a [continuation-in-part] Continuation-in-Part
of U.S. patent application Ser. No. 10/806,037, filed on Mar.
22, 2004, entitled|,] “Three-Dimensional Imaging Process-

ing Module Incorporating Stacked Layers Containing Micro-
electronic Circuitry,”[,] (mow U.S. Pat. No. 7,180,579),

[issued Feb. 20, 2007 to Ludwig, et al.,] which claims the
benefit of U.S. [provisional application] Provisional Patent

Application No. 60,462,677, filed Mar. 28, 2003.[, all of
which are] U.S. Provisional Patent Application No. 60,785,
135 and U.S. patent application Ser. No. 10/806,037 arve both

incorporated herein by reference [and to which priority is
claimed pursuant to 35 USC 119].

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH AND DEVELOPMEN'T

This invention was made with U.S. Government support
under Contract No. DAAD17-01-D-0006-0002, awarded by
the Army Research Laboratory (ARL). The U.S. Government

has certain rights in the invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The instant invention relates generally to the field of
LADAR (laser-radar) imaging technology. Specifically, the
instant mvention relates to a device which allows three-di-
mensional laser imaging of, for instance, partially obscured
or camoutlaged targets with very high range resolution and
sensitivity.

2. Description of the Related Art

In general, existing LADAR 1maging systems include a
laser source, appropriate optics 1n conjunction with a detector
array, processing circuitry suitable for processing the detector
array output into a usable form and post-processing circuitry
and software capable of taking the processed detector array
output and converting it into a usable format such as an 1mage
on an electronic display.

Current LADAR 1maging methods typically comprise
scanning a target with a series of laser pulses and detecting the
reflected photons (also referred to as a laser echo) with a
photon detector array such as a focal plane array. The time
measured between the 1mitiation of each laser pulse and the
return of the corresponding laser echo reflected from the
target to the photon detectors on the array 1s used to calculate
target range and to define surface features on a three-dimen-
sional object. Such 1imaging capability i1s valuable 1n situa-
tions where, for instance, a vehicle 1s camoutlaged or
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obscured by foliage or in an urban environment when an
imaging sensor can acquire only a limited or angular view of

a target.

Because the time of flight of the returning laser echoes will
vary based on the distance between the detector array plane
and the individual surface features from which the echoes are
received, a three-dimensional image of a target can be
assembled based upon the relative echo delays calculated
from the corresponding outputs of the individual detectors 1n
the array.

As an example, a laser echo delay between two laser echoes
(traveling at about the speed of light) of one nano-second
(10™°) suggests a target surface variation of about 15 centi-
meters. A similar laser echo delay of 500 picoseconds (107"%)
between two laser echoes translates into a target surface varia-
tion of about e1ght centimeters.

As 1s evident from these short time periods, very high
detector signal processing and timing circuit speeds are desir-
able 1n order to resolve target surface feature variations at a
centimeter-level depth resolution. Unfortunately, existing
LADAR imaging systems lack the necessary circuit speed
and capacity to achuieve very high (1.e., centimeter) range
resolution and sensitivity.

Alternative prior art imaging means include conventional
passive visible sensors, such as CCD video sensors, which
provide easily interpreted information to an observer. None-
theless, these types of sensors are undesirable where accurate
scene information 1n a complex video environment (1.€., cam-
outlaged or partially obscured targets) 1s an important factor
in the observer’s decision-making.

Accordingly, a need exists for a LADAR 1maging system
that has the circuit speed and density required to achieve
range resolution and sensitivity necessary to define small
target surface variations based on picosecond time of tlight
differences 1n laser echoes.

The 1nstant invention addresses the aforementioned prob-
lems 1n prior art devices by providing a reliable, high speed.,
high circuit density LADAR detector system and device
capable of providing range resolution and sensitivity at a
centimeter level.

BRIEF SUMMARY OF THE INVENTION

A first aspect of the present invention includes a photon
source, such as a laser, beam shaping optics, a two-dimen-
sional photo-detector array comprised ol multiple photo-de-
tector pixels, an optical lens for collecting reflected photons
(laser echo) upon the detector array, and a processing module
comprised of stacked layers of readout electronics integrated
circuit chips (ROIC), wherein each ROIC-containing layer
has one or more channels, each channel containing a digitiz-
ing and storage circuitry for processing the detector array
output.

In a further aspect of the ivention, external support cir-
cuitry 1s provided for the generating of a three-dimensional
image on an electronic display from the output of the pro-
cessing module.

In yet a further aspect of the invention, one or more align-
ment reference points are mnserted at a predetermined point in
the 1mage capture cycle to allow the electronic alignment of
selected sets of image data collected by the FIFO shift regis-
ters 1 the one or more channels 1n one or more ROICs
contained 1n the processing module. In this aspect of the
invention, alignment reference point insertion and alignment
circuitry 1s provided as means to mimmize layer-to-layer or
channel-to-channel “jitter” which may be present due to vari-
ances 1n layer operating or data capture start-up characteris-
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tics. Alternatively, the invention allows a user to selectively
isert an alignment reference point 1n an mdividual channel.

The enhanced 1imaging capability provided by the claimed
invention 1s achieved, in part, by the use of stacked layers
containing the ROIC circuitry, which increases detector out-
put processing circuit density while minimizing circuit lead
length and associated capacitance. The result of the stacked
layers of ROIC circuitry 1s the ability to integrate a large (e.g.,
128x128 or larger) detector array with associated dedicated
detector readout circuitry (amplifier, threshold detector, sam-
pling circuitry, analog to digital (ADC), digital to analog
converters (DAC) and first 1n, first out, (FIFO) shift register
“range” bins all within a very small module.

The resultant module permits the circuit speeds and densi-
ties required to resolve small, three-dimensional target fea-
tures based on one or more laser echoes sensed by the detector
pixels on the detector array while simultaneously providing,
dedicated processing channels for each detector on the detec-
tor array.

The multi-layer ROIC processing module 1s preferably
comprised of a stack of layers containing thinned, integrated
circuit chips, each layer including one or more receiver chan-
nels. Each channel comprises circuitry which detects the laser
echo time from T, (the start of a laser pulse or a user-assigned
T, point) to the time of laser echo return, based on the receipt
of photons that are reflected from the imaged target surfaces.
The laser echo time of flight information 1s pre-processed,
and then converted to a digital bit or bits which are stored 1n
a FIFO shift register comprising a set of “range bins” on the
ROIC. A high bit 1n a range bin may, for instance, be desig-
nated as indicating the time of arrival of a laser echo, based on
its position within the set of range bins.

The FIFO range bin data is preferably multiplexed out of
the channels in the ROIC processing module to external post-
processing circuitry which, 1n turn, aligns and interprets the
data and converts 1t to a usable form, such as an electronic
representation of 3-D point cloud for display as an electronic
1mage on a screen.

While the claimed apparatus and method has or will be
described for the sake of grammatical fluidity with functional
explanations, 1t 1s to be expressly understood that the claims,
unless expressly formulated under 35 USC 112, are not to be
construed as necessarily limited 1n any way by the construc-
tion of “means” or “steps” limitations, but are to be accorded
the full scope of the meaning and equivalents of the definition
provided by the claims under the judicial doctrine of equiva-
lents, and 1n the case where the claims are expressly formu-
lated under 35 USC 112 are to be accorded full statutory
equivalents under 35 USC 112.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of the present invention.

FIGS. 2a and 2b are perspective views of the individual
layers and stacked configuration of the present invention

FIG. 3 1s a cross-section the processing module of the
present invention showing an exemplar T-connect and bump
bond.

FI1G. 4 1s a circuit block diagram of the integrated circuit of
the present invention.

FIG. S reflects a data set in a single FIFO shift register after

the register 1s filled.

FI1G. 6 illustrates selected circuit elements 1n a single layer
ROIC.

FI1G. 7 reflects a data set showing reference line insertion
datain a set of range bins 1n a FIFO shift register over multiple
clock cycles.
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FIG. 8 1s a histogram for a null image where no data are
captured from the detector output.

FIGS. 9a, 9b, 9¢ and 9d show representative data sets in the
FIFO of the invention 1n various states of data capture.

FIGS. 10a and 10b are exemplar output illustrations of
pre-histogram processing and post-histogram processing of
null image data 1in an eight layer module.

The mvention and its various embodiments can now be
better understood by turning to the following detailed
description of the preferred embodiments which are pre-
sented as 1llustrated examples of the invention defined 1n the
claims. It 1s expressly understood that the invention as defined
by the claims may be broader than the illustrated embodi-
ments described below.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

PR.

L1
=]

ERRED

Turming now to the figures wherein like numerals designate
like elements among the several views, FIG. 1 shows a block
diagram of the present invention.

A photon source, such as a laser 1, generates a beam pulse
5, which 1s directed toward a scene or target 7, through suit-
able beam-shaping optics 10.

In a preferred embodiment, laser 1 1s a 1064 nm, mechani-
cally aligned, 300 micro-Joule, seed YAG laser capable of
producing a pulse width of 500 picoseconds. In the pretferred
embodiment, a beam amplifier 1s provided (not shown), such
as a master oscillator power amplifier, wherein a seed beam 1s
fed 1into the amplifier. In this preferred embodiment, the seed
beam passes through a Faraday rotator and enters a four-pass,
thermally-controlled amplifier which includes two pumped
YAG diodes.

In the preferred embodiment, beam-shaping optics 10 1s a
beam-shaping holographic lens suitable for projecting a rect-
angular beam area on a target. It has been determined that a
rectangular beam area optimizes the ability of a detector array
to receive and process reflected photons 1n its field of view.

Beam 5 1s preferably amplified to generate a detectable
photon reflection oif of a target having 10% retlectivity at 100
meters.

Suitable collection optics 20 are provided, preferably a
75-mm, F1.4 lens with an appropriate spectral filter for opti-
mization of the selected laser pulse wavelength. Beam col-
lection optics 20 are oriented so as to receive photons that are
reflected from the imaged target 7, (i.e., the collective obscu-
ration, subject and ground) and focus them upon the detector
array as 1s discussed below.

After beam amplification, beam 3 may optionally be pre-
aligned with the detector array by passing beam 3 through
Risley prisms (not shown) to steer and rotate beam 5 for “bore
sighting” to the detector array. It has been determined that
placing beam-shaping optics 10 1n close proximity to and
aligned with collection optics 20 minmimizes parallax error
with respect to the two optical subassemblies.

Further included 1s sensor means such as a detector assem-
bly 30 comprising an electronic sensor, such as a detector
array 40 having a detector output signal and a multilayer
readout electronics processing module 50 comprising one or
more integrated circuit layers.

Detector array 40 1s preferably a focal plane array com-
prising individual photo-detector pixels suitable for detecting,
reflected photons from a target and generating an output
signal 1n response thereto. In the preferred embodiment, an
InGaAs detector array 1s used. Irvine Sensors Corp., the
assignee herein, has demonstrated a 128x128 InGaAs detec-
tor array with 40-micron active detectors on 50-micron cen-
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ters 1n the disclosed 1invention, wherein a 128x8 set of detec-
tors on the array were accessed.

Turning now to FIGS. 2a, 2b and 3, processing module 50
includes a bonded stack of two or more layers 60, each layer
containing one or more readout electronic imtegrated circuits
or ROICs 70, preferably in the form of integrated circuit
chups, for the processing of signals received from detector
array 40. Each readout electronic circuit 70 comprises one or
more channels 75 comprised of sensor-converting electronic
circuitry for the converting of the electronic output of detector
array 40 to a digitized data value comprised of one or more
digital bits, a plurality of which comprise an 1image data set.

Individual layers 60 are formed so that appropriate input,
output, power and ground paths of read-out electronic inte-
grated circuits 70 are rerouted using metallized traces 73 to
one or more edges of each layer 60 to form one or more access
leads 80.

Layers 60 are bonded together using an appropriate adhe-
stve 62 such as an epoxy to form a three-dimensional module
and the lateral surfaces processed (e.g., ground or lapped) so
as to expose conductive access leads 80. Layers 60 may
optionally be thinned prior to bonding using techniques that
are known 1n the field of semiconductor processing and pack-
aging. Thinned active layers may also be embedded silicon
cap chips for ease of handling.

Suitable interconnect pads or equivalent structures 90 are
formed on one or more lateral surfaces of processing module
50 to form one or more “I-connects™ 85 to allow the electrical
connection of access leads 80 directly to the outputs of detec-
tor array 40 and to the image processing electronics 1n the
stack such as by the use of conductive bumps 92.

FI1G. 3 1llustrates a cross-section of an exemplar T-connect
85 between a bump bond on a detector array 40 and a metal-
lized access lead 80. The T-connect structures conveniently
allow the interconnection of the high-density stack of layers
to detector array 40 and external circuitry contained external
of the processing module.

The preferred embodiment provides iterconnect pads 90
formed on one or more processor module lateral surfaces so
as to allow the electrical connection, such as by bump bond-
ing, of detector array 40. Indium bump bonding 1s a preferred
method of bump bonding in the disclosed 1invention.

After electrical connection of detector array 40, the volume
occupied by perpendicularly disposed detector array 40 and
processor module 50 1s minimized yet the detector-to-readout
circuitry lead length 1s optimized to increase speed while
reducing parasitic capacitance. Such an interconnection ori-
entation takes full advantage of the high circuit density of the
processing module while providing very short circuit paths
necessary for high-speed laser range resolution.

Referring back to FIG. 1, external electronic circuitry 100
for recerving and processing the output of processor module
50 may be connected to interconnect pads 90 through the use
of compressible conductors such as “Fuzz Buttons™ available
from Technical Wire Products, Inc., as disclosed in U.S.
patent application Ser. No. 11/499,403; filed Aug. 4, 2006,
entitled High Density Interconnect Scheme, to Kennedy,
which application 1s fully incorporated herein by reference.

Alternative means for connection of external electronic
circuitry 100 to interconnect pads 90 include solder, conduc-
tive epoxies, wirebonding or other suitable means formed on
the accessible conductive surfaces of processing module 50.

In system operation, beam 5 expands outward from beam-
shaping optics 10 and 1s 1imaged upon the desired target.
Photons from the pulsed beam 5 which are not absorbed or
scattered by the target, are reflected and returned to collection
optics 20 from the target surface. Because the distance
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between the differing target surfaces and collection optics
varies, so will the time that the reflected photons are received
by the detector assembly. Note that each individual detector in
the detector array may receive multiple signal returns from
photon retlections oif of scene surfaces at different distances
from the detector array.

Beam 3 1s swept across the target area 1n a scan to attain, by
way ol example, 256 vertical samples. In this example, the
laser 1s pulsed at 94 Hz to attain 256 horizontal samples while
the channel data records any receirved laser echo 1n suitable
storage circuit means such as a FIFO shift register for the
storing of a digitized data value. In a preferred embodiment,
storage circuit means comprises 1024 FIFO shift register
range bin circuits. Each range bin circuit has a variable logic
state and a unique position 1n the storage circuit.

An exemplar block diagram of a preferred embodiment of
a channel on the ROIC chip 1s shown 1n FIG. 4. As indicated
above, each ROIC chip 1s preferably comprised of multiple
channels. As illustrated in FIGS. 1 and 4, each channel 75
provides a dedicated detector signal input circuit and includes
circuitry that receives a T, trigger signal (1nitial laser pulse
trigger) to provide the FIFO shift register with a reference for
the time of the laser echo’s arrival at detector array 40. The
preferred laser pulse 1s short relative to the capture interval
(e.2.—500 picoseconds vs. 500 nanoseconds) and multiple
returns can be detected by a single detector pixel.

Each channel 75 1s preferably comprised of an analog
section that operates with a relatively high bandwidth. Each
channel further comprises a digital section operating at, in a
preferred embodiment, up to 2 GHz during the time the FIFO
shift register 1s filling with data. A digital to analog converter
1s included 1n channel 75 as well as circuitry to allow a user to
adjust an included comparator’s threshold. Each ROIC 1is
preferably provided with multiple channels (e.g., 128 chan-
nels).

Received laser echoes are integrated and filtered by the
channel during an 1mage capture interval. The integrated sig-
nals are then amplified and differentiated using suitable elec-
tronic circuitry for converting received echoes 1nto electronic
pulses with an amplified signal strength sufficient to allow
detection by the comparator circuitry. The comparator cir-
cuitry detects whether the pulses are above or below a pro-
grammable predetermined threshold. In the preferred
embodiment, the comparator’s output 1s sampled at a 2 GHz
rate, resulting 1n a one bit, analog to digital converted signal.

In the preferred embodiment, each channel 75 includes a
1024 deep, FIFO shift register (1.e., a 1024 bin shiit register)
which receives and stores the comparator’s output from T, to
T, plus approximately 500 nanoseconds. In a FIFO shift
register bin set of 1024, this results in each bin representing a
period of about 500 picoseconds, (1.e., 500 ns/1024 bins).
Each bin in the FIFO has a position 1n the shift register and 1s
capable of having a variable logic state (e.g., 0V=logical “0”,
+1.8V=logical “17). A “1” or high bit in a FIFO register may
be regarded as marker representing the arrival time of a laser
echo with respect to the T, signal, as determined by the bit’s
location 1n the register. With the FIFO clocking at an exem-
plar 2 GHz rate, each bin of the shift register represents about
500 picoseconds of time history, which 1n turn, equates to
about 7.5 cm of range history based on the laser echo traveling
at about the speed of light.

The mitiation point of the T, trigger signal 1s preferably
variable by a user to allow system adjustment to accommo-
date for longer return times for laser echoes returning from
more distant targets.

After the 1024 bins of the FIFO shift registers 1n the chan-

nels i the preferred embodiment are filled, the captured FIFO
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contents are read out to external processing circuitry 100. A
preferred method of reading out the FIFO register data 1s by
multiplexing the digitized FIFO data out to external process-
ing circuitry 100 using conventional frame and line signals at
a 20 MHz rate. The multiplexed data may be processed at this
point using appropriate external circuitry to create a 3-D point
cloud defined by the target and further processed to create a
3-D electronic 1image or may be further processed to mini-

mize jitter as discussed below.

The 256x256x1024 data 1s recorded as a frame. Multiple
frames of FIFO 1image data are electronically registered and
coalesced 1nto a 3-D point cloud in suitable external elec-
tronic circuitry for display as a 3-D 1mage for classification of
target objects.

FIG. 5 1llustrates an exemplar set of image data that have
been captured on a channel 1n a set of O-n FIFO register bins
on an ROIC layer X from a returming laser echo. It can be seen
that during the capture cycle in which the bins 1n layer X were
filling, a laser echo was received 1n bin 5 as a logical 1. The
logical 1 at bin S can be used to calculate the time of flight of
the 1mitial laser pulse and 1ts return, which 1n turn 1s used to
calculate the distance of the surface from which the laser was
reflected.

Because multiple ROIC layers 1n a high-speed LADAR
system (e.g., GHz clock speeds) do not necessarily begin
acquiring data at precisely the same instant, the individual
layers may capture data asynchronously with respect to the
other layers in the stack. In an alternative preferred embodi-
ment, layer-to-layer asynchronous data capture or jitter
resulting from variances 1n layer-to-layer operation 1s mini-
mized by inserting a digital alignment reference point or
“brick wall” at about the end of each 1mage data capture cycle
at the same point 1n time 1 each selected channel during
range bin filling. A reference insert circuit means 1s provided
for inserting one or more user-defined reference points at one
or more predetermined positions 1n the 1mage data set.

Layer-to-layer jitter can then be mimimized by realigning
the inserted alignment reference points on each layer to each
of the other layers, thus shifting the images of the layers (i.e.,
image data sets) into alignment.

When a 3 D 1mage 1s being captured, a solid electronic
“wall” of logical *“1”’s 1s asserted on the reference point insert
line which 1s common to all FIFO 1nputs 1n each of the layers,
and 1s seen 1n the set of selected bins as an electronic align-
ment point. This method and device rely on the fact that when
the bulk of the data have been sampled, the alignment refer-
ence point msert line 1s activated and, from that data capture
point forward, all mputs into the FIFO shift registers are
registered as logical “17’s.

The alignment reference points are inserted using appro-
priate reference 1nsert circuit means in electrical connection
with at least one preselected bin circuit (e.g. a data input port
or TESTIN herein) in the FIFO shift registers for selectively
asserting a user-defined predetermined bin logic state 1n at
least one preselected bin circuit 1n the FIFO shiit register in
one or more ROIC channels. Using a common 1nput 1nto the
FIFO 1n each layer 1n the stack allows the insertion of the
alignment reference point into the mcoming 1image data at a
user defined point 1n time. Upon readout of the image data
from the FIFO 1n which the alignment reference point has
been inserted, a histogram on each of the layers’ data 1s
performed to determine the alignment reference point posi-
tion of each layer to define the realignment point for all data
sets.

Turning now to FIG. 6, a block diagram 1s shown reflecting
an exemplar single layer of the ROIC mside a 3 D laser
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imaging system. Each detector 1s in electrical connection with
an amplifier, which detector output undergoes an analog to
digital conversion.

The digitized output 1s received by the FIFO at the data
input port of the shift register, which, in this example, can
store 1024 consecutive samples of data. In the illustrated
embodiment, the resulting 1image size 1s (number ofpixels)(1)
(1024). Multiple layers are stacked to form a three-dimen-
sional 1mage, 1.e., eight layers of an ROIC would provide an
image ol 68x8x1024 pixels.

FIG. 7 shows a basic illustration of the operation of the
reference mnsert line 1n a FIFO shift register having O-n bins in
LADAR system 1n an exemplar 13 clock cycles.

In FIG. 7, the Xs represent “don’t care” states that are
unfilled bins 1n a FIFO shift register during an image capture
cycle.

At clock cycle 0, the digitized output of a detector is
received by the input bin 1 the FIFO shift register. In this
instance, the input 1s a logical 0. In this embodiment, the
logical O represents no laser echo captured by the detector 1n
clock cycle 0.

Atclockcyclel, adigitized laser echo 1s recerved, resulting
in a logical 1 being recerved into the FIFO bin set.

At clock cycles 2-8, the FIFO shift register bins continue to
{111 with and shift data from the output of the detector 1n the
system.

Turning to clock cycle 9, a predetermined sert time has
been selected, 1n this instance, at about bin 3, wherein at the
point 1n time where detector data (either O or 1) has been
received by bin 3, the reference insert line 1s activated such
that alignment reference points are fed 1into and received by
the FIFO shift register bins 1in each of the layers. Logical *“17’s
from the reference 1nsert line will continue to be received by
the bins 1n the shiit register until the entire set of bins 1s full
(e.g., clock cycle 12 in this example) at which time, the entire
data set from the channel 1s read out for further data aligning
and processing as discussed further below.

Because the data sets that are read out contain reference
points for use i aligning other data sets therewith, 1t 1s pos-
sible to remove jitter associated with the asynchronous opera-
tion of each layer by performing a histogram calculation such
as a simple cumulative histogram. Reference point synchro-
nization circuit means 1s provided for performing such histo-
gram calculations which means can desirably be imple-
mented 1n a field programmable gate array.

With respect to FIG. 8, a histogram for a null image 1s
shown, where no data are captured from the detector output.
In FIG. 8, 950 FIFO bins of valid data have been captured, the
reference point insert activated and the remaining bins 951 to
1023 now contain a “brick wall” of logical “1”’s. As 1s
reflected, the bin count ramps up to the maximum at the
alignment reference point msertion, 1.e., 950.

Turning to FIGS. 9a-9d, FIG. 9a shows an exemplar data
set prior to reference point correction where the laser echo
return indicated by a “1” physically occurs at bin 150 but due
to layer jitter, the individual layers acquire the echoes as offset
in varying amounts with respect to each other.

The corresponding alignment reference point data would
then appear as that illustrated in FIG. 9b where the predeter-
mined reference insert time 1s designated as occurring at
about the time bin 950 recerves digitized detector data. In
other words, the user selectively defines a time period or
number of clock cycles at which point the reference line 1s
asserted so as to msert the brick wall 1nto the bins 1n each of
the layers or channels. For example, where each bin repre-
sents about 500 picoseconds 1 a 2 GHz clock system, a user
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can define the reference insert line to assert at, for instance,
475 nanoseconds, which translates to a brick wall insert at
about bin number 950.

The correction offset table 1s shown 1n FIG. 9¢, showing the
number of bins a layer’s data must be moved to align the data
set to the other layers” data sets.

FI1G. 9d 1llustrates how the jitter correction operates where
the acquired 1image data 1s located around bin 150 once the
images 1n each layer have been moved by the number of bins
calculated as a correction amount. The brick wall 1s shown
from bin 950 to the remaining number of bins 1n the register.

Exemplar outputs of pre-histogram processing and post-
histogram processing of null image data in an eight layer
module are shown 1 FIGS. 10a and 10b respectively. As 1s
seen, the bin count increase at the alignment reference point
of bin 950 1s much steeper 1n the corrected figure indicating
the data alignment shift.

Appropriate reference point synchronization circuit
means, such as an FPGA 1s incorporated with output circuit
means, such as multiplexing circuitry for the recerving of and
synchronizing of the outputted digitized data values of the
FIFO shift registers on one or more of said layers using the
inserted reference points for generating a plurality of syn-
chronized digitized data values.

The digitized and aligned data values are further processed
by suitable post-processing circuitry 100 to create a 3 D point
cloud for producing an image.

Many alterations and modifications may be made by those
having ordinary skill in the art without departing from the
spirit and scope of the invention. Therefore, 1t must be under-
stood that the illustrated embodiment has been set forth only
for the purposes of example and that 1t should not be taken as
limiting the invention as defined by the following claims. For
example, notwithstanding the fact that the elements of a claim
are set forth below i1n a certain combination, 1t must be
expressly understood that the invention 1ncludes other com-
binations of fewer, more or different elements, which are
disclosed 1n above even when not mitially claimed 1n such
combinations.

The words used 1n this specification to describe the inven-
tion and 1ts various embodiments are to be understood not
only 1n the sense of their commonly defined meanings, but to
include by special definition in this specification structure,
material or acts beyond the scope of the commonly defined
meanings. Thus 1f an element can be understood 1n the context
of this specification as including more than one meaning, then
its use 1n a claim must be understood as being generic to all
possible meanings supported by the specification and by the
word 1tself.

The definitions of the words or elements of the following
claims are, therefore, defined 1n this specification to include
not only the combination of elements which are literally set
forth, but all equivalent structure, material or acts for per-
forming substantially the same function 1n substantially the
same way to obtain substantially the same result. In this sense
it 1s therefore contemplated that an equivalent substitution of
two or more elements may be made for any one of the ele-
ments 1n the claims below or that a single element may be
substituted for two or more elements 1n a claim. Although
clements may be described above as acting in certain combi-
nations and even imnitially claimed as such, 1t 1s to be expressly
understood that one or more elements from a claimed com-
bination can in some cases be excised from the combination
and that the claimed combination may be directed to a sub-
combination or variation of a subcombination.

Insubstantial changes from the claimed subject matter as
viewed by a person with ordinary skill 1n the art, now known
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or later devised, are expressly contemplated as being equiva-
lently within the scope of the claims. Therelore, obvious
substitutions now or later known to one with ordinary skill in
the art are defined to be within the scope of the defined
clements.

The claims are thus to be understood to include what 1s
specifically 1llustrated and described above, what 1s concep-
tually equivalent, what can be obviously substituted and also
what essentially incorporates the essential 1dea of the mnven-
tion.

What 1s claimed 1s:

1. An electronic circuit [comprised of] comprising:

a photon detector array [means for converting] configured

to convert photons [to] into a detector output signall.],

a plurality of readout electronics integrated circuit chips,
each readout electronics integrated circuit chip [com-
prising] including a plurality of channels [for receiving]
configured to receive and [processing] process output
signals generated by [said] ¢ke photon detector array,
wherein [said] #ke plurality of readout electronics inte-
grated circuit chips are arranged 1n a stacked configura-
tion, with each of [said] #ke readout electronics inte-
grated circuit chips forming one layer of [said] tke
stacked configuration, and wherein [said] ¢2e photon
detector array is bonded to a lateral surface of [said] t4e
stacked configuration perpendicular to [said] e stacked
configuration and is connected to the plurality of chan-
nels via a plurality of T-connects disposed on [said] #e
lateral surface of [said] #%e stacked configuration],];

wherein at least two of [said] the plurality of channels

[comprise,] include:

a converting circuit [means for converting said] config-
ured to convert the detector output signal [to] into a
digitized data value [comprised of] comprising one or
more digital bits [comprising] irncluding an image
data set, wherein each digital bit has a position 1n
[said] #2e¢ image data setl.];

a reference insert circuit [means for inserting] config-
ured to insert one or more user-defined reference
points at one or more predetermined positions 1n
[said] t2e image data set[,]; and[.]

a reference point synchronization circuit [means for
synchronizing] configured to synchronize at least one
of [said] /e user-defined reference points with at least
one other of [said] #e user-defined reference points in
[each] the image data sets of at least two of [said
channels’ image data sets] the plurality of channels.

2. The electronic circuit of claim 1, further comprising [at
least one FIFO] a first-in, first out (FIFO) shift register [for
storing said] configured to store the image data set.

3. The electronic circuit of claim 1, [where said] wherein
the reference point synchronization [means] circuit is a [field
programmable] field-programmable gate array.

4. The electronic circuit of claim 1, wherein [said] the at
least two of the plurality of channels are each defined upon
one integrated circuit chip.

5. The electronic circuit of claim 1, wherein each of [said]
the at least two of the plurality channels are defined upon
separate integrated circuit chips.

6. An electronic circuit [comprised of] comprising:

[an electronic sensor] a photon detector array having an

outputl.],

a plurality of readout electronics integrated circuit chips,
each readout electronics integrated circuit chip [com-
prising] irncluding a plurality of channels [for receiving
and processing] configured to receive and process out-
put signals generated by [said] #2e photon detector array,
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wherein [said] ¢ze plurality of readout electronics inte-
grated circuit chips are arranged 1n a stacked configura-
tion, with each of [said] zke readout electronics inte-
grated circuit chips forming one layer of [said] ke
stacked configuration, and wherein [said] #2e photon
detector array is bonded to a lateral surface of [said] #ze
stacked configuration perpendicular to [said] #2e stacked
configuration and is connected to the plurality of chan-
nels via a plurality of T-connects disposed on [said] #4e
lateral surface of [said] #%e stacked configuration],];
wherein at least two of [said] #%ze layers [comprise] include:
sensor converting [means for converting] circuitry con-
figured to convert the output of [said] #ze electronic
sensor [to] into a digitized data valuel.];

a storage circuit [means for the storing of said] config-
ured to store the digitized data value, [said] ke stor-
age circuit [means] comprising a plurality of indi-
vidual bin [circuit means] circuits, each of [said] the
bin [circuit means] circuits having a variable logic
state and [each having] a storage circuit [means] posi-
tion[,],

a reference insert circuit [for selectively asserting] con-
figured to selectively assert a predetermined bin logic
state in [said at least one] a preselected bin circuit
[means], whereby a user-defined reference point may
be selectively asserted at the respective storage circuit
[means] positions on each of [said] ¢4e layers|.];

an output circuit [means for the outputting of said] con-
figured to output the digitized data valuel,]; and|,]

a reference point synchronization circuit [means for the
receiving of and synchronizing of said] configured to
receive and synchronize the outputted digitized data
values using [said] #%e reference points [for generat-
ing] 7o generate a plurality of synchronized digitized
data values.

7. The electronic circuit of claim 6, wherein [said] #ie
storage circuit [means is comprised of] comprises a [FIFO]
fivst-in, first-out (FIFQO) shift register.

8. The electronic circuit of claim 6, wherein [said synchro-
nizing] the reference point synchronization circuit is [per-
formed in] a [field programmable] field-programmable gate
array.

9. An electronic circuit comprising:

a photon detector array configured to convert photons into

a detector output signal; and

a processing module including a plurality of readout elec-

tronics integrated civcuit chips (ROICs), wherein each
ROIC comprises a plurality of channels configured to
receive and process the detector output signal generated
by the photon detector array, and wherein the plurality
of channels are further configured to convert the detec-
tor output signal into an image data set including at least
one digital bit;

wherein the plurality of ROICs are arranged in a stacked

configuration with each ROIC forming a layer of the

stacked configuration; and

wherein the photon detector array is bonded to a lateral

surface of the stacked configuration substantially per-
pendicular to the stacked configuration and is connected
to each channel of the plurality of channels via a respec-
tive T-connect disposed on the lateral surface of the
stacked configuration.

10. The electronic circuit of claim 9, whevein a channel of

the plurality of channels comprises a converting circuit con-
figured to convert the detector output signal into an image
data set including a digital bit, and wherein the digital bit has
a position in the image data set.
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11. The electronic circuit of claim 10, wherein a channel of

the plurality of channels comprises:

a reference insert circuit configured to insert a user-defined
reference points at a predetermined position in the
image data set; and

a reference point synchronization circuit configured to syn-
chronize a first user-defined reference point of a first
image data set with a second user-defined rveference
point of a second image data set.

12. The electronic civcuit of claim 11, wherein the veference

point synchronization circuit is further configured to perform

a histogram calculation based on at least two inserted user-
defined reference points.
13. The electronic circuit of claim 11, wherein the reference

point synchronization circuit is field-programmable gate

array.

14. The electronic circuit of claim 9, further comprising
metallized traces configured to electrically connect elec-
tronic contacts of the plurality of ROICs to access leads of the
respective layers of the stacked configuration.

15. The electronic circuit of claim 9, wherein the vespective
electrical connection disposed on the lateral surface of the
stacked configuration is a 1-connect structure.

16. The electronic circuit of claim 9, further comprising
comparator circuitry configured to detevmine if the detector
output signal is above or below a predetermined threshold.

17. The electronic circuit of claim 9, further comprising a
storage circuit configured to storve the image data set.

18. The electronic circuit of claim 17, wherein the storage
circuit comprises a first-in, first-out (FIFO) shift vegister.

19. The electronic circuit of claim 17, wherein the storage
circuit comprises a plurality of bin circuits, each bin circuit
having a variable logic state and a unigue position in the
storage clrcuit.

20. The electronic circuit of claim 19, further comprising a
refervence insert cirvcuit configured to assert a predetermined
bin logic state in at least one of the plurality of bin civcuits and
to insert a veference point into the image data set.

21. The electronic circuit of claim 20, further comprising
an output circuit configured to output the image data set.

22. The electronic circuit of claim 21, further comprising a
reference point synchronization circuit configured to receive
and synchronize digitalized data values of the outputted
image data set using the inserted reference points.

23. The electronic circuit of claim 9, wherein the plurality
of channels are defined upon one integrated circuit chip.

24. The electronic circuit of claim 9, wherein a first subset
of the plurality of channels arve defined upon a first integrated
circuit chip, and wherein a second subset of the plurality of
channels are defined upon a second integrated cirvcuit chip.

25. A method comprising:

converting received photons into a detector output signal

using a photon detector array;

receiving and processing the detector output signal gener-

ated by the photon detector array at a first channel of a
readout electronics integrated civcuit (ROIC) of a pro-
cessing module;

converting the output signal into an image data set at the

first channel of the ROIC of the processing module,
wherein the image data set includes a digital bit,
whevrein the ROIC is arranged in a stacked configuration
with a plurality of other ROICs, and wherein the photon
detector array is bonded to a lateral surface of the
stacked configuration and is connected to each channel
of a plurality of channels via a respective T-connect
disposed on the lateral surface of the stacked configu-
ration;
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inserting a first usev-defined veference point at a position in
the image data set, whervein said inserting a first user-
defined rveference point includes asserting a predeter-
mined bin logic state in a bit circuit of a storage circuit
configured to store the image data set; and
synchronizing the first user-defined reference point with a
second user-defined reference point associated with an
integrated circuit layer of the processing moduile.
26. The method of claim 25, further comprising rveceiving
photons reflected from a target.
27. The method of claim 25, further comprising performing
a histogram calculation at a field-programmable gate array
(FPGA) to determine positions of the first and second user-
defined veference points and to define a realignment point for
the image data set.

28. The method of claim 25, further comprising storing the 1>

image data set in the storvage circuit.

14

29. The method of claim 28, wherein the storage circuit is
a first-in, first-out (FIFO) shift rvegister.

30. The method of claim 28, further comprising multiplex-
ing the stoved image data set to external processing civcuitry.

31. The method of claim 25, further comprising determin-

ing via a comparator circuit if the detector output signal
exceeds a predetermined threshold.

32. The method of claim 25, wherein said synchronizing
comprises vealigning the inserted first usev-defined reference

10 point with the second user-defined vefervence point to shift the

image data set corresponding to the ROIC into alignment
with another image data set corresponding to another ROIC

of the plurality of other ROICs.
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