Abstract of EP2124069 (Al)

Animaging system (29) is installed in the propagation paths of the radiation wave and reflected
wave for covering the detection region at the transmission side and the receiving side. A rotary

wedge-shape optical element (31) identifies the reflected wave regarding the reflective position.

An independent claim is included for usage method of imaging system.
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(57)  Die Erfindung betrifft eine Vorrichtung zur orts-
aufgeldsten Erfassung von in einem Uberwachungsbe-
reich befindlichen Gegenstanden, mit einer Sendeein-
richtung zur Aussendung von elektromagnetischer
Strahlung in einem Sendebereich, mit einer Empfangs-
einrichtung zum Empfang von aus einem Empfangsbe-
reich reflektierter Strahlung, wobei sich der Sendebe-
reich und der Empfangsbereich in einem innerhalb des
Uberwachungsbereiches gelegenen und einen Erfas-
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sungswinkel abdeckenden Erfassungsbereich Uberlap-
pen oder schneiden, in welchem die ausgesandte Strah-
lung von Gegenstanden reflektiert wird, mit einer im Aus-
breitungsweg der ausgesandten Strahlung und/oder der
reflektierten Strahlung gelegenen Abbildungsanord-
nung, die zu jedem Zeitpunkt den gesamten Erfassungs-
bereich sendeseitig und/oder empfangsseitig abdeckt,
und mit Ortsauflésungsmitteln zur Unterscheidung der
reflektierten Strahlung hinsichtlich des Reflexicnsortes.
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Beschreibung

[0001] Die Erfindung betrifft eine Vorrichtung zur orts-
aufgeldsten Erfassung von in einem Uberwachungsbe-
reich befindlichen Gegenstédnden mit einer Sendeein-
richtung zur Aussendung von elektromagnetischer
Strahlung in einem Sendebereich und mit einer Emp-
fangseinrichtung zum Empfang von aus einem Emp-
fangsbereich reflektierter Strahlung, wobei sich der Sen-
debereich und der Empfangsbereich in einem innerhalb
des Uberwachungsbereichs gelegenen und einen Erfas-
sungswinkel abdeckenden Erfassungsbereich Uberlap-
pen oder schneiden, in welchem die ausgesandte Strah-
lung von Gegensténden reflektiert wird.

[0002] Derartige Erfassungsvorrichtungen sind grund-
sétzlich bekannt, z.B. in Form von Laserscannern, die
als scannende Laserentfernungsmesser ausgebildet
sind und den Erfassungsbereich mit einem Laserstrahl
zeitlich gepulst oder kontinuierlich abtasten. Die Entfer-
nungsmessung erfolgt dabei z.B. nach einem Laufzeit-
messprinzip ("time of flight", TOF) oder einem Phasen-
messprinzip.

[0003] Derartige Erfassungsvorrichtungen werden
z.B. an Fahrzeugen montiert, um die Fahrzeugumge-
bung abzutasten und hierdurch in Sichtweite der Vorrich-
tung befindliche Gegensténde, wie beispielsweise ande-
re Verkehrsteilnehmer, zu erkennen. Hierdurch ist das
Fahrzeug gewissermafen in der Lage, sich ein ortsauf-
geldstes und - aufgrund der Méglichkeit zur Messung
von Entfernungen - auBerdem tiefenaufgeldstes Bild von
seiner Umgebung zu machen, wabei diese Umgebungs-
erfassung in Echtzeit erfolgt. Vielféltige Anwendungen
sind mit den auf diese Weise gewonnenen Umgebungs-
daten méglich. Derartige Erfassungsvorrichtungen wer-
den auch in industriellen Anwendungen eingesetzt.
[0004] Insbesonderefirscannende TOF-Laserentfer-
nungsmesset, die einen vergleichsweise groBen Winkel-
bereich von bis zu 360° in wenigstens einer Sende- oder
Erfassungsebene lUberwachen sollen, ist es bekannt,
denim Prinzip eindimensionalen Abtastlaserstrahl, also
die ausgesandte Strahlung, innerhalb dieser Ebene mit
einer vorgegebenen, die Ortsaufldsung mit bestimmen-
den Winkelauflésung auszulenken. Hierzu ist es be-
kannt, in den - auch einfach als Sensoren bezeichneten
- Erfassungsvorrichtungen den - auch als Mess- oder
Fahrstrahl bezeichneten - Abtaststrahl mittels eines mo-
torisch bewegten rotierenden Prismas oder mittels eines
z.B. um 45° zur optischen Achse gekippten rotierenden
Spiegels auszulenken. In diesen Fallen verlaufen die Ro-
tationsachse des Primas bzw. des Spiegels und die op-
tische Achse des Sensors parallel zueinander. In einer
alternativen Ausgestaltung kann die gesamte elektroop-
tische Einheit des Sensors zur Rotation gebracht wer-
den. Hierbei werden sowohl die Sendeals auch die Emp-
fangsapertur auf einer Kreisbahn bewegt, um dafiir zu
sorgen, dass der Abtaststrahl des Sensors den ge-
wilinschten Winkelbereich von bis zu 360° Uberstreicht.
[0005] Die vorstehend genannten Ldésungen haben
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den Nachteil, dass vergleichsweise groBe Massen be-
wegt, insbesondere in Rotation versetzt, werden mus-
sen. Die hierzu erforderliche elektrische Leistungtragtin
einem nicht unerheblichen Umfang zur gesamten Lei-
stungsaufnahme des Sensors bei. Von Nachteil ist fer-
ner, dass die erforderliche Lagerung der rotierenden
Bauteile die Lebensdauer des Sensors signifikant be-
grenzt.

[0006] Aufgabe der Erfindung ist es, eine Erfassungs-
vorrichtung der eingangs genannten Art derart weiterzu-
bilden, dass die vorstehend erwéhnten Nachteile vermie-
den werden, wobei insbesondere bei méglichst einfa-
chem, stérunanfélligem und eine mdglichst lange Le-
bensdauer sicherstellendem Aufbau eine zuverldssige
Erfassung von in einem Uberwachungsbereich befindli-
chen Gegenstéanden tber einen méglichst groen Win-
kelbereich von insbesondere bis zu 360° erzielbar sein
soll.

[0007] Die L&sung dieser Aufgabe erfolgt durch die
Merkmale des Anspruchs 1.

[0008] Insbesondere ist erfindungsgemal vorgese-
hen, dass die Vorrichtung eine im Ausbreitungsweg der
ausgesandten Strahlung und/oder der reflektierten
Strahlung gelegene Abbildungsanordnung umfasst, die
Zu jedem Zeitpunkt den gesamten Erfassungsbereich
sendeseitig und/oder empfangsseitig abdeckt, wobei die
Vorrichtung, insbesondere zusétzlich zu der Abbildungs-
anordnung, Ortsauflésungsmittel zur Unterscheidung
der reflektierten Strahlung hinsichtlich des Reflexionsor-
tes umfasst.

[0009] Beidem Erfassungsbereich handelt es sich um
denjenigen Bereich des Uberwachungsbereiches, in den
die Vorrichtung gewissermaBen sowohl mit der Sende-
einrichtung als auch mit der Empfangseinrichtung
"blickt". Mit anderen Worten ist der Erfassungsbereich
derjenige Bereich in der Umgebung der Vorrichtung, in
welchem Gegenstande von der Vorrichtung detektiert,
d.h."gesehen”, werden kdénnen. Prinzipiellist es méglich,
dass der Sendebereich und der Empfangsbereich mehr
oder weniger zusammenfallen. Dies ist beispielsweise
bei einer so genannten koaxialen Anordnung eines Sen-
ders der Sendeeinrichtung und eines Empfangers der
Empfangseinrichtung bzw. der entsprechenden Optiken
der Fall. Bei einer so genannten biaxialen Anordnung
dagegen "blicken" der Sender und der Empfénger aus
unterschiedlichen Richtungen auf den Erfassungsbe-
reich. In einer solchen Anordnung kann insbesondere
eine Uberlappung von Sendebereich und Empfangsbe-
reich in einem Nahbereich der Erfassungsvorrichtung
verhindert werden.

[0010] Die Ortsauflésung der erfindungsgeméBen
Vorrichtung ist auch durch die GréBe des Querschnitts
bestimmt, die ein in den Erfassungsbereich ausgesand-
ter Strahl auf einem Gegenstand besitzt, an welchem der
Strahl reflektiert wird. Insofern kann die Ortsauflésung
von der Entfernung zwischen Erfassungsvorrichtung und
Gegenstand abhéngig sein, wenn der ausgesandte
Strahl eine Divergenz aufweist, d.h. sich aufweitet. Eine
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Rolle spielen hierauch die Abbildungseigenschaften der
verwendeten optischen Einrichtungen der Sendeeinrich-
tung, insbesondere der erfindungsgeméaBen Abbildungs-
ancrdnung, scfern diese sendeseitig wirksam ist.
[0011] Indem erfindungsgeman die Abbildungsanord-
nung den gesamten Erfassungsbereich abdeckt, "sieht"
die Abbildungsanordnung zu jedem Zeitpunkt eine Mehr-
zahl von (mdglichen) Reflexionsorten, wobei "md&glich”
hier so zu verstehen ist, dass von einem Reflexionsort
tatséchlich nur dann gesprochen werden kann, wenn
sich im Erfassungsbereich ein Gegenstand befindet, an
dem eine Reflexion stattfinden kann. Mit anderen Worten
ist die Abbildungsanordnung dazu in der Lage, gleich-
zeitig eine Mehrzahl von Reflexionsorten auf einem im
Erfassungsbereich befindlichen Gegenstand zu erzeu-
gen (sendeseitige Abdeckung) und/oder eine Mehrzahl
von Reflexionsorten zu "sehen” und auf der Empfangs-
einrichtung abzubilden (empfangsseitige Abdeckung).
[0012] Gewissermalen als "Ausgleich" fiir eine derar-
tige gleichzeitige Abdeckung des gesamten Erfassungs-
bereiches sind mit dem Ziel einer ortsaufgeldsten Erfas-
sung der im Uberwachungsbereich befindlichen Gegen-
stande die Ortsauflésungsmittel vorgesehen. Diese Mit-
tel sind zur Unterscheidung der reflektierten Strahlung
hinsichtlich des Reflexionsortes ausgebildet.

[0013] Die Erfindung hat den Vorteil, dass die Abbil-
dungsanordnung nicht bewegt zu werden braucht, da sie
dazu in der Lage ist, zu jedem Zeitpunkt den gesamten
Erfassungsbereich abzudecken. Die Ortsauflésungsmit-
tel kdnnen in vielfaltiger Weise realisiert werden. Insbe-
sondere ermdglicht es die Erfindung, fur die gewiinschte
Ortsaufldsung auf eine Bewegung von Bauteilen ganz
zu verzichten oder die fiir die gewlinschte Ortsauflésung
zu bewegenden Massen auf ein Minimum zu reduzieren.
[0014] Der von der Abbildungsanordnung abgedeck-
te, d.h. "gesehene”, Erfassungswinkel kann grundsétz-
lichbeliebig grol3 gewéhltwerden. So istesméglich, dass
die Abbildungsanordnung einen Erfassungswinkel von
wenigstens 90°, vorzugsweise von wenigstens 180° und
insbesondere bevorzugt von 360° abdeckt. In letzterem
Fall liegt ein Sensor mit "Rundumsicht” vor.

[0015] Vorzugsweise istdie Erfassungsvorrichtungals
Entfernungsmesser ausgebildet. Insbesondere ist fir je-
den (méglichen) Reflexionsort ein Entfernungswert be-
stimmbar. Die Vorrichtung kann zur Entfernungsmes-
sung nach dem Laufzeitmessprinzip und/oder nach dem
Phasenmessprinzip ausgebildet sein. Insbesondere ist
die Vorrichtung als ein Laserscanner ausgebildet, der
den Erfassungsbereich zeitlich gepulst oder kontinuier-
lich mit wenigstens einem ausgesandten Laserstrahl ab-
tastet.

[0016] Des Weiteren kann erfindungsgeman vorgese-
hen sein, dass die Sendeeinrichtung zur Aussendung
der Strahlung in wenigstens einer Sendeebene ausge-
bildet ist. Bei einem Erfassungswinkel von 360° bei-
spielsweise erfolgt die Erfassung der Umgebung der Vor-
richtung somit auf einem Kreiszylinder, dessen Héhe von
derGrbBe des Querschnitts der ausgesandten Strahlung

10

15

20

25

30

35

40

45

50

55

in der jeweiligen Entfernung von der Vorrichtung ab-
héngt.

[0017] Vorzugsweise istdie Abbildungsanordnungzur
Umlenkung der ausgesandten Strahlung und/oder der
reflektierten Strahlung ausgebildet. Beispielsweise er-
folgt eine Umlenkung um 90°. Bei einer Anordnung der
Sendeeinrichtung oberhalb oder unterhalb der Abbil-
dungsanordnung und Aussendung der Strahlungin Rich-
tung der Abbildungsanordnung in vertikaler Richtung er-
folgt somit eine Umgebungserfassung in einer horizon-
talen Sendeebene.

[0018] Des Weiteren kann erfindungsgeman vorgese-
hen sein, dass die Abbildungsanordnung wenigstens ein
optisch wirksames Element umfasst. Bei diesem Ele-
ment handelt es sich insbesondere um eine Linse, be-
vorzugt um eine so genannte Panoramalinse oder om-
nidirektionale Linse, oder um eine Strahlungsreflexions-
flache, bevorzugt um einen zumindest teilkegelformigen
Spiegel.

[0019] Derartige optisch wirksame Elemente, insbe-
sondere die erwaéhnten Panoramalinsen bzw. omnidirek-
tionalen Linsen, sind grundsétzlich bekannt. Der Einsatz
derartigerLinsen erfolgtim Bereich von Videoanwendun-
gen. Die Erfindung nutzt in vorteilhafter Weise die Eigen-
schaft derattiger optisch wirksamer Elemente dazu aus,
einen groBen Erfassungsbereich, der insbesondere ei-
nen Erfassungswinkel von bis zu 360° umfasst, auf ein-
mal abdecken zu kénnen, ohne die Elemente hierflir be-
wegen, insbesondere drehen, zu missen. Die Erfindung
ermdoglicht somit erstmals den Einsatz derartiger optisch
wirksamer Elemente in einer Vorrichtung zur ortsaufge-
l6sten Umgebungserfassung, insbesondere von Pan-
oramalinsen bzw. omnidirektionalen Linsen in Verbin-
dung mit einem Laserscanner. Da erfindungsgeman kei-
ne Notwendigkeit mehr besteht, eine vergleichsweise
groBe Masse aufweisende Komponenten zu bewegen,
insbesondere in Rotation zu versetzen, wird die Lebens-
dauer der erfindungsgemaBen Erfassungsvorrichtungen
im Vergleich zu bislang bekannten Vorrichtungen signi-
fikant erhéht. Des Weiteren sorgt die Erfindung flr eine
relevante Reduzierung der Leistungsaufnahme der Er-
fassungsvorrichtung.

[0020] In einem mdoglichen Ausfiihrungsbeispiel der
Erfindung umfasst die Abbildungsancrdnung eine ge-
meinsame Abbildungseinrichtung, die sowohl sendesei-
tig als auch empfangsseitig wirksam ist. Dies ist jedoch
nicht zwingend. Es ist auch mdglich, dass die Abbil-
dungsanordnung sowohl sendeseitig als auch emp-
fangsseitig jeweils eine separate Abbildungseinrichtung
umfasst. Diese beiden Abbildungseinrichtungen kénnen
insbesondere baugleich, bevorzugt identisch, ausge-
flhrt sein. Hierdurch wird ein gemé&n einer weiteren Aus-
fihrungsform vorgesehener, hinsichtlich zumindest der
prinzipiellen Anordnung und Wirkungsweise der opti-
schen Bauteile symmetrischer Grundaufbau der erfin-
dungsgemaBen Erfassungsvorrichtung ermdglicht, wo-
bei die Symmetrie bezliglich einer die Sendeseite von
der Empfangsseite trennenden Ebene gegeben ist. Hier-
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bei ist "symmetrisch” nicht zu eng auszulegen. Vielmehr
sollen Unterschiede zwischen der Empfangsseite und
der Sendeseite, die in Bezug auf die spezifischen Funk-
tionen der Sendeeinrichtung einerseits und der Emp-
fangseinrichtung andererseits erforderlich oder vorteil-
haft sind (z.B. Unterschiede in der GréRe der wirksamen
Empfangsfladche einerseits und der wirksamen Sende-
flache andererseits), an dem symmetrischen Grundauf-
bau an sich aber nichts andern, von dem Begriff "Sym-
metrie" mit umfasst sein. So ist man naturgeman be-
strebt, in Abhangigkeit von der GréBe des Empfangers
die Empfangsoptik derart und insbesondere méglichst
groBflachig auszulegen, dass die empfangene Leistung
mdéglichst hoch ist. Gleichzeitig kann sendeseitig dage-
gen eine deutlich kleinere Sendeoptik ausreichend sein.
[0021] Ineinemweiteren Ausflhrungsbeispiel kdnnen
die Ortsaufldsungsmittel empfangsseitig wirksam sein.
Dabei kann insbesondere vorgesehen sein, dass die
Sendeeinrichtung dazu ausgebildet ist, zu einem Zeit-
punkt den gesamten Erfassungsbereich mit ausgesand-
ter Strahlung zu beaufschlagen.

[0022] Hierbei ist es insbesondere méglich, die ge-
samte wirksame Flache der Abbildungsanordnung mit-
tels eines Senders der Sendeeinrichtung, beispielsweise
einer Laserquelle, zu "beleuchten”, d.h. mit der Abtast-
strahlung zu beaufschlagen. Hierdurch breitet sich die
Abtaststrahlung in alle vorgesehenen Richtungen aus.
Bei einem Erfassungswinkel von 360° kann die Abtast-
strahlung folglich von allen Gegenstanden, die sich um
die Vorrichtung herum und innerhalb der Reichweite der
Vorrichtung befinden, gleichzeitig reflektiert werden. Fur
die gewlinschte Ortsauflésung wird hierbei auf der Emp-
fangsseite gesorgt. Hierzu kann beispielsweise die Emp-
fangseinrichtung einen Empfénger umfassen, derin eine
Mehrzahlvon Einzelempféngern unterteilt ist, die jeweils
wenigstens einem (mdglichen) Reflexionsort zugeordnet
sind. Es kann beispielsweise ein Empfanger-Array vor-
gesehen sein, wobei die einzelnen Array-Elemente bei-
spielsweise kreisférmig angeordnet sind. Mittels dieses
Empfanger-Arrays erfolgt eine Unterscheidung der ver-
schiedenen Reflexionsorte, an denen die ausgesandte
Strahlung im Erfassungsbereich reflektiert wird oder - ge-
nauer gesagt - reflektiert werden kann, sofern sich an
derbetreffenden Stelle im Erfassungsbereich ein die Ab-
taststrahlung reflektierender Gegenstand befindet. Hier-
bei sorgt die Abbildungsanordnung, beispielsweise eine
Panoramalinse, folglich zu jedem Zeitpunkt flr eine Ab-
bildung des gesamten Erfassungsbereiches auf das
Empféanger-Array. Beispielsweise zeitlich nacheinander
in Richtung der Abbildungsanordnung ausgesandte La-
serpulse werden somit jeweils Uber 360° verteilt in den
Uberwachungsbereich ausgesandt. Diese "Rundum-
sicht" der Erfassungsvorrichtung erméglicht es, gleich-
zeitig die Entfernung von um die Erfassungsvorrichtung
herum befindlichen Gegenstanden zu messen, bei-
spielsweise nach dem Lichtlaufzeitprinzip, wobei die
Ortsaufldsung durch das Empféanger-Array sichergestellt
ist.
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[0023] Bei einer solchen empfangsseitig wirksamen
Ortsauflésung kann alternativ anstelle des beschriebe-
nen Empfanger-Arrays ein einziger Strahlungsempféan-
ger vorgesehen sein, der ausreichend grof3 ausgebildet
und derart angeordnet ist, dass die Abbildungsanord-
nung den gesamten Erfassungsbereich auf dem Emp-
fanger abbilden kann. Zur Unterscheidung der verschie-
denen Reflexionsorte bzw. Erfassungsrichtungen, aus
denen die im Erfassungsbereich reflektierte Strahlung
einfallt, kann beispielsweise eine rotierende Blende vor-
gesehen sein, die zu jedem Zeitpunkt ausschlieBlich von
dem jeweiligen Reflexionsort stammende bzw. unter
dem jeweiligen Winkel einfallende reflektierte Strahlung
durchlasst.

[0024] Eine weitere Mdéglichkeit zur Unterscheidung
zwischen den einzelnen Reflexionsorten, also gewisser-
maBen zur "Ausblendung” aller zu einem bestimmten
Zeitpunkt jeweils gerade nicht zu erfassenden Reflexi-
onsorte und auch zur Ausblendung von Stdr- bzw. Hin-
tergrundstrahlung, besteht darin, empfangsseitig die
Ausbreitungsrichtung der Strahlung zu beeinflussen.
Hierzu ist insbesondere vorgesehen, dass die Emp-
fangseinrichtung Beeinflussungsmittel zur zeitlich variie-
renden Beeinflussung der Ausbreitungsrichtung der
Strahlung umfasst. Bevorzugt sind die Beeinflussungs-
mittel im Ausbreitungsweg der Strahlung zwischen der
Abbildungsanordnung und einem Empfanger der Emp-
fangseinrichtung angeordnet. Auf konkrete Mdglichkei-
ten zur Ausgestaltung derartiger Strahlungsbeeinflus-
sungsmittel wird nachstehend naher eingegangen.
[0025] Wahrend vorstehend erwahnt wurde, dass in
einer Variante der Erfindung der Erfassungsbereich zu
einem Zeitpunkt vollstandig mit der ausgesandten Strah-
lung beaufschlagt wird, indem beispielsweise die gesam-
te wirksame Flache der Abbildungsanordnung "beleuch-
tet” wird, so dass fur die gewlinschte Ortsauflésung auf
der Empfangsseite zu sorgen ist, kann in einer weiteren
Variante der Erfindung zuséatzlich oder alternativ auf der
Sendeseite fiir die gewilinschte Unterscheidung zwi-
schen den verschiedenen Reflexionsorten gesorgt wer-
den, d.h. die Ortsaufldsungsmittel kdnnen sendeseitig
wirksam sein.

[0026] Es kann eine Einrichtung vorgesehen sein, die
in Bezug auf die Reflexionsorte zur selektiven Aussen-
dung der Strahlung mittels der Sendeeinrichtung dient.
Die Abbildungsanordnungwird hierbeifolglich nichtmehr
vollstandig mit der Abtaststrahlung beaufschlagt. Viel-
mehr kann vorgesehen sein, insbesondere nach dem
Prinzip eines herkdmmlichen Scanners, die Abbildungs-
anordnung zu jedem Zeitpunkt mit lediglich einem einzi-
gen Sendestrahl zu beaufschlagen, wobei die Richtung,
unter welcher dieser Sendestrahl auf die Abbildungsan-
ordnung trifft, zeitlich variiert wird.

[0027] Die Sendeeinrichtung kann Beeinflussungsmit-
tel zur zeitlich variierenden Beeinflussung der Ausbrei-
tungsrichtung der Strahlung umfassen. Insbesondere
sind die Beeinflussungsmittel im Ausbreitungsweg der
Strahlung zwischen einem Sender der Sendeeinrichtung
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und der Abbildungsanordnung angeordnet.

[0028] Bei den vorstehend erwéhnten Beeinflus-
sungsmitteln, die sendeseitig und/oder empfangsseitig
vorgesehen sein kdnnen, kann es sich insbesondere um
zur Ausfilhrung von Ablenkbewegungen ansteuerbare
bewegliche, insbesondere rotierbare, optische Elemente
handeln. Derartige optische Elemente sind beispielswei-
se Spiegel, Prismen oder Keile. Bei den Beeinflussungs-
mitteln kann es sich auch um diffraktive Optiken handeln,
die beispielsweise zurVeranderungihres strahlungsbre-
chenden Verhaltens elektrisch ansteuerbar sind.
[0029] Derartige Beeinflussungsmittel sind grundséatz-
lich bekannt. In einem besonders bevorzugten Ausflh-
rungsbeispiel wird sendeseitig und/oder empfangsseitig
jeweils wenigstens ein so genannter mikromechanischer
Spiegel (MEMS) eingesetzt.

[0030] Die Erfindung erméglicht es folglich, die fur die
Umgebungserfassung zu bewegenden Massen zu mini-
mieren. Ein Sender, beispielsweise eine Laserquelle, der
Sendeeinrichtung, ein Empfanger, beispielsweise ein
oder mehrere Fotodioden, der Empfangseinrichtung so-
wie die Abbildungsanordnung, die beispielsweise zwei
Pancoramalinsen oder omnidirektionale Linsen umfasst,
von denendie eine der Sendeeinrichtung und die andere
der Empfangseinrichtung zugeordnet ist, kbnnen in Be-
zug auf eine Basis der Erfassungsvorrichtung, d.h. be-
zlglich eines fest mit der Erfassungsvorrichtung verbun-
denen Koordinatensystems, unbeweglich angeordnet
sein.

[0031] GemaR einem weiteren Aspekt betrifft die Er-
findung die Verwendung einer Abbildungsancrdnung,
die zu jedem Zeitpunkt einen Erfassungsbereich sende-
seitig und/oder empfangsseitig vollstandig abdeckt, ins-
besondere einer Panoramalinse, einer omnidirektiona-
len Linse oder eines zumindest teilkegelformigen Spie-
gels, in einer Vortichtung zur ortsaufgelésten Erfassung
von in einem Uberwachungsbereich befindlichen Gegen-
standen, insbesondere eine Vorrichtung der vorstehend
erlduterten Art, wobei die Vorrichtung eine Sendeeinrich-
tung zur Aussendung von elektromagnetischer Strah-
lung in einem Sendebereich und eine Empfangseinrich-
tung zum Empfang von aus einem Empfangsbereich re-
flektierter Strahlung umfasst, wobei sich der Sendebe-
reich und der Empfangsbereich in dem innerhalb des
Uberwachungsbereichs liegenden und einen Erfas-
sungswinkel abdeckenden Erfassungsbereich Uberlap-
pen oderschneiden, in welchem die ausgesandte Strah-
lung von Gegensténden reflektiert wird bzw. reflektiert
werden kann, wobei die Abbildungsanordnung im Aus-
breitungsweg der ausgesandten Strahlung und/oder der
reflektierten Strahlung gelegen ist, und wobei die Vor-
richtung Ortsaufldsungsmittel zurUnterscheidung derre-
flektierten Strahlung hinsichtlich des Reflexionsortes um-
fasst.

[0032] Generell ist die Erfindung in vielfaltiger Weise
einsetzbar, beispielsweise in Fahrzeuganwendungen
und in industriellen Anwendungen.

[0033] Mdgliche Ausflihrungsformen der Erfindung
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sind vorstehend bereits erfautert worden und auchin den
abhangigen Anspriichen, der Beschreibung sowie der
Zeichnung angegeben.

[0034] Die Erfindung wird im Folgenden beispielhaft
unter Bezugnahme auf die Zeichnung beschrieben. Es
zeigen:

schematisch verschiedene Ansichten
eines AusfUhrungsbeispiels einer Ab-
bildungseinrichtung flir eine erfin-
dungsgeméaBie Erfassungsvorrich-
tung, und

Fig. 1aund 1b

schematisch unterschiedliche Aus-
fuhrungsformen einer erfindungsge-
méaBen Erfassungsvorrichtung.

Fig. 2 bis 6

[0035] Die in den Fig. 1a und 1b schematisch darge-
stellte Panoramalinse 37, die als eine Abbildungseinrich-
tungin einererfindungsgemafen Erfassungsvorrichtung
zum Einsatz kommen kann, ist bezliglich einer Achse 47
rotationssymmetrisch ausgebildet. Uber eine Strah-
lungseintrittsfliche 51, die einem nicht dargestellten
Sender, beispielsweise einer Laserquelle, zugewandtist,
einfallende Strahlung 17 wird innerhalb der Linse 37 zu-
néchst an einer ersten Flache 49 und dann an einer zwei-
ten Flache 49 reflektiert. Die Strahlung 17 tritt Gber einen
Winkelbereich von 360° (Fig. 1b) aus der Linse 37 Uber
eine umlaufende Austrittsflache 53 aus. Der Strahlungs-
verlauf ist in Fig. 1a lediglich angedeutet und nicht phy-
sikalisch korrekt wiedergegeben. Die erwé&hnten Flachen
sind in Fig. 1b durch gestrichelte bzw. strichpunktierte
Linien lediglich angedeutet.

[0036] Folglich wirdmit der Panoramalinse 37 der Sen-
der bzw. die ausgesandte Strahlung 17 auf einen 360°
umfassenden Sendebereich abgebildet. Es erfolgt eine
Umlenkung der ausgesandten Strahlung 17 um 90°. Die
die Linse 37 verlassende Strahlung 17 breitetsichin einer
Sendeebene 35 aus, die senkrecht zur optischen Achse
47 der Linse 39 verlauft.

[0037] Gestricheltistin Fig. 1a der umgekehrte Strah-
lungsverlauf angedeutet.

Die Panoramalinse 37 ist dann empfangsseitig wirksam,
wobei aus einem 360° umfassenden Empfangsbereich
einfallende Strahlung 25 auf einen nicht dargestellten
Empfanger abgebildet werden kann.

[0038] Die in den Fig. 2 bis 5 dargestellten Ausfiih-
rungsbeispiele einer erfindungsgemaBen Erfassungsan-
ordnung haben gemeinsam, dass jeweils zwei Panora-
malinsen 37, 39, wie sie in Fig. 1a und 1b gezeigt sind,
vorgesehen sind. Eine erste Linse 37 ist einer einen Sen-
der 43, beispielsweise eine Laserquelle, umfassenden
Sendeeinrichtung 15 zugeordnet, wéhrend eine zweite
Linse 39 einer Empfangseinrichtung 21 zugeordnet ist,
die einen Empfanger 41 z.B. in Farm einer Fotediode
umfasst.

[0039] Die Ausflihrungsformen der Fig. 2 bis 5 unter-
scheiden sich durch die Ausgestaltung von Strahlungs-
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beeinflussungsmitteln 31, worauf nachstehend né&her
eingegangen wird.

[0040] Im Ausfuhrungsbeispiel der Fig. 2 ist die Funk-
tionsweise der erfindungsgeméfRen Erfassungsvorrich-
tung naher angedeutet. In einem Uberwachungsbereich
11 befindet sich ein Gegenstand 13. Unter anderem auf-
grund der Abbildungseigenschaften der Sendelinse 37
erfolgt eine Aufweitung der ausgesandten Strahlung 17.
Die Linse 37 besitzt beispielsweise einen austrittsseitig
wirksamen Offnungswinkel von etwa 30°. Die Aussen-
dung der Strahlung 17 erfolgt somit in einem sich in ra-
dialer Richtung aufweitenden, 360° um die Sendelinse
37 herum abdeckenden Sendebereich 19. Dabei liegt die
Sendestrahlung 17 in einer Sendeebene 35, die senk-
recht zu einer gemeinsamen optischen Achse 47 dervon
den beiden Linsen 37, 39 gebildeten Abbildungsanord-
nung 29 verlauft. Entsprechend besitzt die zur Sendelin-
se 37 baugleiche Empfangslinse 39 einen Empfangsbe-
reich 23. Die Anordnung der beiden Linsen 37, 39 ist
derart gewahlt, dass ab einer gewlinschten Messentfer-
nung der Sendebereich 19 und der Empfangsbereich 23
einander Uberlappen bzw. schneiden. Hierdurch ergibt
sich ein gestrichelt dargestellter Erfassungsbereich 27,
in welchem die erfindungsgeméfe Erfassungsvorrich-
tung Gegensténde 13 detektieren kann.

[0041] Diese Situationistin Fig. 2 schematischin einer
Ebene dargestellt, welche die gemeinsame optische
Achse 47 der beiden Linsen 37, 39 enthélt. Bei dem Er-
fassungsbereich 27 handelt es sich folglich um einen be-
zlglich der Achse 47 rotationssymmetrischen Bereich
der Umgebung der Erfassungsvorrichtung, der sich um
360° um die Abbildungsanordnung 29 bzw. deren Achse
47 herum erstreckt. Die ausgesandte Strahlung 17 wird
von dem Gegenstand 13 an so genannten Reflexionsor-
ten 33 reflektiert, von denen in Fig. 2 lediglich einer dar-
gestellt ist.

[0042] Die Empfangslinse 39 istin umgekehrter Strah-
lungsausbreitungsrichtung wirksam. Die aus den Erfas-
sungsbereich 27 in einer Empfangsebene 55 reflektierte
Strahlung 25 wird von der Empfangslinse 39 auf den
Empfanger 41 abgebildet. In optischer Hinsicht ist die
Erfassungsvorrichtung somit hinsichtlich des generellen
Grundaufbaus symmetrisch beziiglich einer die Sende-
seite von der Empfangsseite trennenden Ebene 45 aus-
gelegt, die senkrecht zur Achse 47 verlauft.

[0043] Um mittels der Sendelinse 37 die Strahlung 17
in unterschiedliche Richtungen auszusenden, istim Aus-
breitungsweg der Strahlung 17 zwischen dem Sender 43
und der Sendelinse 37 ein optisch wirksames Element
31 angeordnet. Im Ausflhrungsbeispiel der Fig. 2 han-
delt es sich hierbei um einen rotierenden optischen Keil.
Der aus dem Keil 31 austretende Laserstrahl 17 bewegt
sich auf einem Kegelmantel, so dass der aus der Sen-
delinse 37 austretende Laserstrahl 17 um die Achse 47
rotiert und folglich den gesamten Erfassungsbereich 27
Uberstreicht.

[0044] Sendeseitig ist somit ein Laserscanner reali-
siert, wobei allerdings die fUr die Ablenkung in den Er-
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fassungsbereich 27 sorgende Linse 37 stationdr ange-
ordnet ist. Esist lediglich erforderlich, den optischen Keil
31 in Rotation zu versetzen. Durch dieses sendeseitige
Scannen ist die gewlinschte Ortsaufldsung trotz der zu
jedem Zeitpunkt gegebenen vollstandigen Abdeckung
des Erfassungsbereiches 27 durch die Sendelinse 37
gewdhrleistet.

[0045] Aufgrund der vorstehend erwahnten prinzipiel-
len symmetrischen Ausgestaltung der Erfassungsvor-
richtung ist auch empfangsseitig im Ausbreitungsweg
der reflektierten Strahlung 25 zwischen der Empfangs-
linse 39 und dem Empfanger 41 ein rotierender optischer
Keil 31 angeordnet. Der sendeseitige Keil 31 und der
empfangsseitige Keil 41 sind derart hinsichtlich ihrer Ro-
tationsbewegungen miteinander synchronisiert, dass je-
weils ein in den Erfassungsbereich 27 ausgesandter La-
serstrahlnach Reflexion an einem Gegenstand 13 mittels
der Empfangslinse 39 auf dem Empfanger 41 abgebildet
wird. Diese empfangsseitige Selektivitat stellt in vorteil-
hafter Weise sicher, dass auf die Empfangslinse 39 tref-
fende Stérstrahlung ausgeblendet wird, d.h. nichtauf den
Empfanger 41 gelangt. Diese Hintergrundausblendung
ist nicht zwingend. Alternativ ist es méglich, auf die emp-
fangsseitig vorgesehene zeitlich variierende Beeinflus-
sung der Ausbreitungsrichtung der reflektierten Strah-
lung 25 mittels des rotierenden Keils 31 zu verzichten.
Es kann stattdessen z.B. ein grof3flachigerer Empfanger
vorgesehen sein, auf den zu jedem Zeitpunkt der gesam-
te Erfassungsbereich 27 mittels der Empfangslinse 39
abgebildet wird. Aufgrund der erwahnten Stdrstrahlung
oder Hintergrundstrahlung kénnte sich allerdings ein ge-
genlber der in Fig. 2 dargestellten Anordnung ver-
schlechterter Rausch-/Signalabstand ergeben.

[0046] Zur Bestimmung der Entfernung des Gegen-
stands 13 von der Erfassungsvorrichtung ist beispiels-
weise eine Einrichtung zur Laufzeitmessung vorgese-
hen. Hierbei wird die Zeit gemessen, welche die Laser-
strahlung bendétigt, um den Weg von der Sendeeinrich-
tung 15 zum Gegenstand 13 und als reflektierte Strah-
lung 25 zurilick zur Empfangseinrichtung 21 zuriickzule-
gen. Insofern kénnen fir die erfindungsgeméaRe Erfas-
sungsvorrichtung grundsétzlich alle herkdmmlichen Me-
thoden zur Entfernungsmessung eingesetzt werden, wie
sie z.B. in Bezug auf existierende Laserscanner bekannt
sind. Auf die eigentliche Entfernungsmessung, die dem
Fachmann somit bekannt ist, braucht daher nicht néher
eingegangen zu werden.

[0047] Das sendeseitige Scannen und die empfangs-
seitige Hintergrundausblendung sind auch in den Aus-
fihrungsbeispielenderFig. 3, 4 und 5 vorgesehen, wobei
hierfiir aber jeweils unterschiedliche Mittel eingesetzt
werden.

[0048] In dem Ausflihrungsbeispiel der Fig. 3 sind der
Sender 43 und der Empféanger 41 auBerhalb der gemein-
samen optischen Achse 47 der Sendelinse 37 und der
Empfangslinse 39 angeordnet. Die hier anstelle der ro-
tierenden optischen Keile geman Fig. 2 vorgesehenen
Strahlungsbeeinflussungsmittel in Form der Ablenkein-
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richtungen 31 sorgen nicht nur fur die Rotation der aus-
gesandten Strahlung 17 bzw. reflektierten Strahlung 25,
sondern Korrigieren auBerdem die erwahnte Abwei-
chung von der optischen Achse 47. Als Ablenkeinrich-
tungen kdnnen hierbeispielsweise die bereits erwahnten
mikromechanischen Spiegel 31 (MEMS) eingesetzt wer-
den. Als Alternative zu diesen beweglichen Spiegeln 31
kénnen auch elektrisch steuerbare diffraktive Optiken
verwendet werden, wie sie ebenfalls grundsatzlich be-
kannt sind. Des Weiteren sind auch motorisch angetrie-
bene taumelnde Spiegel als Beeinflussungsmittel 31 ein-
setzbar.

[0049] Bei der zentralen Anordnung der optischen
Komponenten geman Fig. 4 existiert sowohl sendeseitig
als auch empfangsseitig jeweils ein so genannter "blinder
Fleck", derfiir die jeweilige Abbildung nicht benétigt wird.
Dieser Umstand wird hier dazu genutzt, den Sender 43
und den Empfanger 41 auf der optischen Achse nahe
derjeweiligen Linse 37 bzw. Linse 39 anzuordnen. Hier-
durch sind die aktiven Flachen des Senders 43 und des
Empfangers 41 von der jeweiligen Linse 37 bzw. Linse
39 abgewandt. Die Brennweite des von den Linsen 37,
39 gebildeten optischen Systems bestimmt den Abstand,
in welchem die Strahlungsbeeinflussungsmittel 31 ange-
ordnet sind. Bei diesen kann es sich beispielsweise um
die bereits erwahnten mikromechanischen Spiegel
(MEMS) handeln. Diese sorgen dafiir, dass der Sende-
strahl 17 bzw. das Blickfeld, aus welchem die reflektierte
Strahlung 25 einfallt, kreisférmig auf den relevanten Be-
reich der jeweiligen Linse 37 bzw. Linse 39 abgelenkt
wird.

[0050] Das Ausflihrungsbeispiel der Fig. 5 zeigt eben-
falls eine zentrale Anordnung der optoelektronischen
Bauteile. Die Ablenkung der Senderichtung bzw. Blick-
richtung erfolgt hierbei durch elektrisch steuerbare dif-
fraktive Optiken 31, wie sie ebenfalls bereits erwéhnt
wurden. In dieser Anordnung befinden sich der Sender
43 und der Empfénger 41 jeweils im Brennpunkt der zu-
gehdrigen Linse 37 bzw. Linse 39.

Bezugszeichenliste

[0051]

11 Uberwachungsbereich
13 Gegenstand

15  Sendeeinrichtung

17 ausgesandte Strahlung
19  Sendebereich

21 Empfangseinrichtung
23  Empfangsbereich

25  reflektierte Strahlung
27  Erfassungsbereich

29  Abbildungsanordnung
31 Ortsaufldsungsmittel
33  Reflexionsort

35 Sendeebene

37  Abbildungseinrichtung
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39  Abbildungseinrichtung

41 Empfanger

43  Sender

45  Symmetrieebene

47  Achse der Abbildungsanordnung
49 Reflexionsflache

51 Eintrittsflache

53  Austrittsflache

55 Empfangsebene

Patentanspriiche

1. Vorrichtung zur ortsaufgeldsten Erfassung von in ei-
nem Uberwachungsbereich (11) befindlichen Ge-
genstanden (13),
mit einer Sendeeinrichtung (15) zur Aussendungvon
elektromagnetischer Strahlung (17) in einem Sen-
debereich (19),
mit einer Empfangseinrichtung (21) zum Empfang
von aus einem Empfangsbereich (23) reflektierter
Strahlung (25),
wobei sich der Sendebereich (19) und der Emp-
fangsbereich (23) in einem innerhalb des Uberwa-
chungsbereiches (11) gelegenen und einen Erfas-
sungswinkel abdekkenden Erfassungsbereich (27)
Uberlappen oder schneiden, in welchem die ausge-
sandte Strahlung (17) von Gegenstanden (13) re-
flektiert wird,
mit einer im Ausbreitungsweg der ausgesandten
Strahlung (17) und/oder der reflektierten Strahlung
(25) gelegenen Abbildungsanordnung (29), die zu
jedem Zeitpunkt den gesamten Erfassungsbereich
(27) sendeseitig und/oder empfangsseitig abdeckt,
und mit Ortsauflésungsmitteln (31) zur Unterschei-
dungder reflektierten Strahlung (25) hinsichtlich des
Reflexionsortes (33).

2. Vorrichtung nach Anspruch 1,
dadurch gekennzeichnet,
dass der Erfassungsbereich (27) eine Mehrzahl von
moglichen Reflexionsorten (33) umfasst.

3. Vorrichtung nach Anspruch 1 oder 2,
dadurch gekennzeichnet,
cdass der Erfassungswinkel zumindest in einer Sen-
deebene (35) wenigstens 90°, vorzugsweise wenig-
stens 180° und insbesondere bevorzugt 360° be-
tragt.

4. Vorrichtung nach einem der vorhergehenden An-
spriche,
dadurch gekennzeichnet,
dass sie als Entfernungsmesser ausgebildetist, wo-
bei insbesondere fir jeden Reflexionsort (33) ein
Entfernungswert bestimmbar ist.

5. Vorrichtung nach einem der vorhergehenden An-
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10.

11.

12.

13

spriiche,

dadurch gekennzeichnet,

dass sie zur Entfernungsmessung nach dem Lauf-
zeitmessprinzip und/oder nach dem Phasenmes-
sprinzip ausgebildet ist.

Vorrichtung nach einem der vorhergehenden An-
spriche,

dadurch gekennzeichnet,

dass sie als ein Laserscanner ausgebildet ist, der
den Empfangsbereich (27) zeitlich gepulst oder kon-
tinuierlich abtastet.

Vorrichtung nach einem der vorhergehenden An-
spriuche,

dadurch gekennzeichnet,

dass die Sendeeinrichtung (15) zur Aussendung der
Strahlung (17) in wenigstens einer Sendeebene (35)
ausgebildet ist.

Vorrichtung nach einem der vorhergehenden An-
spriche,

dadurch gekennzeichnet,

dass die Abbildungsanordnung (29) zur Umlenkung
der ausgesandten Strahlung (17) und/oder der re-
flektierten Strahlung (25) ausgebildet ist.

Vorrichtung nach einem der vorhergehenden An-
spriche,

dadurch gekennzeichnet,

dass die Abbildungsanordnung (29) wenigstens ein
optisch wirksames Element umfasst, insbesondere
eine Linse, bevorzugt eine Panoramalinse und/oder
eine omnidirektionale Linse, oder eine Strahlungs-
reflexionsfléche, bevorzugt einen zumindest teilke-
gelfédrmigen Spiegel.

Vorrichtung nach einem der vorhergehenden An-
spriche,

dadurch gekennzeichnet,

dass die Abbildungsanordnung (29) eine gemein-
same Abbildungseinrichtung umfasst, die sowohl
sendeseitig als auch empfangsseitig wirksam ist.

Vorrichtung nach einem der Anspriiche 1 bis 9,
dadurch gekennzeichnet,

dass die Abbildungsanordnung (29) sowohl sende-
seitig als auch empfangsseitig jeweils eine separate
Abbildungseintichtung (37, 39) umfasst, wobei ins-
besondere die Abbildungseinrichtungen (37, 39)
baugleich sind.

Vorrichtung nach einem der vorhergehenden An-
spriche,

dadurch gekennzeichnet,

dass die Ortsaufldsungsmittel (31) empfangsseitig
wirksam sind,

wobeiinsbesondere die Sendeeinrichtung (15) dazu
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13.

14,

15.

16.

17.

18.

19.

14

ausgebildet ist, zu einem Zeitpunkt den gesamten
Erfassungsbereich (27) mit ausgesandter Strahlung
(17) zu beaufschlagen, insbesondere mittels der Ab-
bildungsanordnung (29).

Vorrichtung nach einem der vorhergehenden An-
spriiche,

dadurch gekennzeichnet,

dass die Empfangseinrichtung (21) einen Empfan-
ger (41) umfasst, der in eine Mehrzahl von Einzel-
empféngern unterteilt ist, die jeweils wenigstens ei-
nem Reflexionsort (33) zugeordnet sind.

Vorrichtung nach einem der vorhergehenden An-
spriche,

dadurch gekennzeichnet,

dass eine Einrichtung vorgesehen ist, die in bezug
auf die Reflexionsaorte (33) zur selektiven Erfassung
der reflektierten Strahlung (25) mittels der Emp-
fangseinrichtung (21) dient.

Vorrichtung nach einem der vorhergehenden An-
spriche,

dadurch gekennzeichnet,

dass im Ausbreitungsweg der reflektierten Strah-
lung (25) zwischen der Abbildungsanordnung (29)
und einem Empfénger (41) der Empfangseinrich-
tung (21) eine bewegliche Blende angeordnet ist.

Vorrichtung nach einem der vorhergehenden An-
spriiche,

dadurch gekennzeichnet,

dass die Empfangseinrichtung (21) Beeinflussungs-
mittel (81) zur zeitlich variierenden Beeinflussung
der Ausbreitungsrichtung der reflektierten Strahlung
(25) umfasst, wobei insbesondere die Beeinflus-
sungsmittel (31) im Ausbreitungsweg der Strahlung
(25) zwischen der Abbildungsanordnung (29) und
einem Empfanger (41) der Empfangseinrichtung
(21) angeordnet sind.

Vorrichtung nach einem der vorhergehenden An-
spriiche,

dadurch gekennzeichnet,

dass die Ortsauflésungsmittel (31) sendeseitig wirk-
sam sind.

Vorrichtung nach einem der vorhergehenden An-
spriiche,

dadurch gekennzeichnet,

dass eine Einrichtung (31) vorgesehen ist, die in Be-
zug auf die Reflexionsorte (33) zur selektiven Aus-
sendung der Strahlung (17) mittels der Sendeein-
richtung (15) dient.

Vorrichtung nach einem der vorhergehenden An-
spriche,
dadurch gekennzeichnet,
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21.
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dass die Sendeeinrichtung (15) Beeinflussungsmit-
tel (31) zur zeitlich variierenden Beeinflussung der
Ausbreitungsrichtung der Strahlung (17) umfasst,
wobei insbesondere die Beeinflussungsmittel (31)
im Ausbreitungsweg der Strahlung (17) zwischen ei-
nem Sender (43) der Sendeeinrichtung (15) und der
Abbildungsanordnung (29) angeordnet sind.

Vorrichtung nach einem der Anspriiche 16 bis 19,
dadurch gekennzeichnet,

dass die Beeinflussungsmittel (31) wenigstens ein
zur Ausflihrung von Ablenkbewegungen ansteuer-
bares bewegliches optisches Element, insbesonde-
re einen Spiegel, ein Prisma oder einen Keil, und/
oder zumindest eine zur Veranderung des strah-
lungsbrechenden Verhaltens ansteuerbare diffrakti-
ve Optik umfassen.

Vorrichtung nach einem der vorhergehenden An-
spriche,

dadurch gekennzeichnet,

dass sie in Bezug auf eine die Sendeseite von der
Empfangsseite trennende Ebene (45) zumindest
hinsichtlich der prinzipiellen Funktionsweise sym-
metrisch aufgebaut ist.

Verwendung einer Abbildungsanordnung (29),

die zu jedem Zeitpunkt einen Erfassungsbereich
(27) sendeseitig und/oder empfangsseitig vollstan-
dig abdeckt,

insbesondere einer Panoramalinse, einer omnidi-
rektionalen Linse oder eines zumindest teilkegelfor-
migen Spiegels,

in einer Vorrichtung zur ortsaufgeldsten Erfassung
von in einem Uberwachungsbereich (11) befindli-
chen Gegenstanden (13), insbesondere einer Vor-
richtung nach einem der vorhergehenden Anspru-
che,

wobei die Vorrichtung eine Sendeeinrichtung (15)
zur Aussendungvon elektromagnetischer Strahlung
(17) in einem Sendebereich (19) und eine Emp-
fangseinrichtung (21) zum Empfang von aus einem
Empfangsbereich (23) reflektierter Strahlung (25)
umfasst, wobei sich der Sendebereich (19) und der
Empfangsbereich (23) in dem innerhalb des Uber-
wachungsbereiches (11) gelegenen und einen Er-
fassungswinkel abdeckenden Erfassungsbereich
(27) Uberlappen oder schneiden, in welchem die
ausgesandte Strahlung (17) von Gegenstédnden (13)
reflektiert wird,

wobei die Abbildungsanordnung (29) im Ausbrei-
tungsweg der ausgesandten Strahlung (17) und/
oder der reflektierten Strahlung (25) gelegen ist, und
wobei die Vorrichtung Ortsaufldsungsmittel (31) zur
Unterscheidung der reflektierten Strahlung (25) hin-
sichtlich des Reflexionsortes (33) umfasst.
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ABSTRACT EP3002548

The mvention relates to an illumination device for generating an illumination field for an
optoelectronic sensor, having at least one light source (9) and an adjustable optical beam shaping
element (10), wherein the beam shaping element (10) engages a pressure element (16). In an
illumination device which is simple to manufacture, the light source (9) and the beam shaping
element (10) directly adjoin one another and form a compact unit (8).
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Beschreibung

[0001] Die Erfindung betrifft eine Beleuchtungseinrich-
tung zum Erzeugen eines Beleuchtungsfeldes nach dem
Oberbegriff von Anspruch 1.

[0002] Fuir die Inspektion oder Vermessung von Ob-
jekten werden haufig Kamerasysteme eingesetzt, wel-
che auch zum Lesen von Barcodes weite Verbreitung
gefunden haben. Dabei werden Bilder des Objektes er-
fasst und entsprechend der Aufgabe durch Bildverarbei-
tungsverfahren ausgewertet. Eine weitere Anwendung
von Kameras ist das Lesen von Codes. Derartige kame-
rabasierte Codeleser 16sen die noch weit verbreiteten
Barcode-Scanner zunehmend ab. Mit Hilfe eines
Bildsensors werden Objekte mit den darauf befindlichen
Codes aufgenommen, in den Bildern die Codebereiche
identifiziert und dann decodiert. Kamerabasierte Code-
leser kommen problemlos auch mit anderen Codearten
als eindimensionalen Strichcodes zurecht, die wie ein
Matrixcode auch zweidimensional aufgebaut sind und
mehr Informationen zur Verfugung stellen.

[0003] Alle diese Anwendungen haben gemein, dass
sie eine Beleuchtung bendtigen, um den zu lesenden
Barcode bzw. die zu inspizierenden und zu vermessen-
den Objekte unabhangig vom Umgebungs- oder Fremd-
licht zu erfassen. Zu diesem Zweck weisen diese Kame-
rasysteme Lichtquellen auf, die haufig als LEDs ausge-
bildet sind. Im Vergleich zu den ebenfalls gelegentlich
verwendeten Laserlichtquellen haben LEDs meist eine
divergentere Abstrahlungscharakteristik und gréRere
Abstrahlflachen.

[0004] Darlber hinaus ist bekannt, Vergusslinsen zur
Strahlfokussierung direkt auf ein LED-Gehause aufzu-
bringen.

[0005] In der DE 602 15 093 T2 ist eine steuerbare
flissige Mikrolinse offenbart, welche aus einer Isolier-
schicht und einem Tropfchen einer transparenten leiten-
den Flussigkeit besteht, die auf einem Tragermaterial an-
geordnet ist. Die Mikrolinse enthalt mehrere Elektroden,
wobei sich die Position der Mikrolinse durch die, an den
Elektroden jeweilig angelegten Spannungen verandern
lasst.

[0006] Aus dem Stand der Technik ist weiterhin eine
Beleuchtungsvorrichtung bekannt, bei welcher eine LED
ein Strahlfiihrungselement in Form einer festen TIR-Lin-
se (Total Internal Reflection) beleuchtet und welche zur
effizienten Projektion des Lichtes in die Szene eingesetzt
wird. An das Strahlfuhrungselement schlief3t sich ein Mi-
krolinsenarray aus Silikon an, auf welchem eine Deck-
platte aus Glas aufliegt. Durch eine Krafteinwirkung wird
die Deckplatte an das elastische Mikrolinsenarray ge-
drickt und somit das Mikrolinsenarray deformiert. Durch
die Deformation des Mikrolinsenarrays wird das Be-
leuchtungsfeld geformt.

[0007] Aus der W0O2009/034511 A2 ist eine Beleuch-
tungseinrichtung nach dem Oberbegriff bekannt.
[0008] Esistdie Aufgabe der Erfindung, eine Beleuch-
tungseinrichtung zur Erzeugung eines Beleuchtungsfel-
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des fur einen optoelektronischen Sensor anzugeben, der
konstruktiv einfach herstellbar ist.

[0009] Diese Aufgabe wird durch eine Beleuchtungs-
einrichtung nach Anspruch 1 gelést. Dabei geht die Er-
findungvondem Grundgedanken aus, dass das optische
Strahlformungselement direkt auf der Lichtquelle aufliegt
und durch einen, an dem Strahlformungselement angrei-
fenden Druck dieses Strahlformungselement zur Licht-
formung deformiert wird. Das Strahlformungselementbil-
det dabei mit der Lichtquelle eine einfach zu betatigende
kompakte Einheit. Auf ein Strahlfihrungselement kann
dabei verzichtet werden.

[0010] In einem Strahlengang hinter dem Strahlfor-
mungselement, der Lichtquelle abgewandt, ist ein Mikro-
linsen aufweisendes Mustererzeugungselement ange-
ordnet, welches einen Erfassungsbereich des optoelek-
tronischen Sensors durch ein Beleuchtungsmuster sicht-
bar macht. Ein solches Mustererzeugungselement er-
laubt die Einstellung der GroRe bzw. der Art der Zielge-
ometrie des optoelektronischen Sensors.

[0011] Das Mustererzeugungselement ist als adapti-
ver, Mikrolinsen aufweisender Punktmustergenerator
ausgebildet, welcher bei einer mechanischen Druckbe-
anspruchung der elastisch ausgebildeten Mikrolinsen
durch die aus einem festen Material bestehenden Deck-
platte in Abhangigkeit der vertikal angreifenden Druck-
kraft ein Beleuchtungsmuster mit variierendem Punkt-
durchmesser erzeugt. Mittels einer solchen adaptiven
Punktmusterbeleuchtung ist eine Umschaltung zwi-
schen einem Punktlichtmuster und einer homogenen Be-
leuchtung, was ein Beleuchtungsmuster ohne Struktur
darstellt, einfach moglich. Hierbei wird die homogene Be-
leuchtung der Szene verwendet, um neben der 3D-Infor-
mation (mit strukturierter Beleuchtung) Grauwertbilder
aufzunehmen. Diese zuséatzliche Information kann zur
reinen Darstellung oder algorithmischen Auswertung des
Erfassungsbereiches des optoelekironischen Sensors
verwendet werden.

[0012] Um beispielsweise bei einem Objektivwechsel
des Kamerasystems des optoelektronischen Sensors
die Zielgeometrie an den Sichtbereich des Obijektivs an-
zupassen, bestehen die Mikrolinsen aus einem elasti-
schen oder festen Material und sind auf einem festen
Tragermaterial angeordnet, wobei eine beweglich gela-
gerte, vorzugsweise lateral verschiebliche, aus einem
festen oder elastischen Material bestehende, transpa-
rente Abdeckung aufden Mikrolinsen aufliegt. Die Druck-
beaufschlagung der Mikrolinsen bewirkt eine Vergrol3e-
rung der Krummungsradien bzw. der Brennweiten der
Mikrolinsen. Dies hat eine Verringerung der Strahldiver-
genz und somit eine Verkleinerung des Lichtmusters im
Erfassungsbereich des optoelektronischen Sensors zur
Folge. Die optische Strahlformung im deformierten bzw.
undeformierten Zustand der Mikrolinsen kann durch eine
aspharische oder frei geformte oder spharische Linseno-
berflache und/oder Oberflache der Deckplatte verandert
werden. Die Mikrolinsen konnen dabei auch ein Mikro-
linsenarray bilden. Anstelle eines elastischen Mikrolin-
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senarrays und einer festen transparenten Deckplatte
kénnen ein festes Mikrolinsenarray und eine elastische
Deckplatte verwendet werden.

[0013] Das Mustererzeugungselement besteht bevor-
zugt aus zwei gekreuzten, vorzugsweise senkrecht zu-
einander stehenden, elastischen Mikrolinsenarrays, die
durch eine Trennplatte voneinander beabstandet sind,
wobei jedes Mikrolinsenarray mit je einer festen Deck-
platte abgedeckt ist und die Deckplatten unabhangig
voneinander lateral und/oder vertikal beweglich ausge-
bildet sind. Durch die jeweilige Bewegung einer der
Deckplatten in lateraler Richtung entsteht eine Scherung
des jeweiligen Mikrolinsenarrays, was zu einer nicht ro-
tationssymmetrischen Deformation der Mikrolinsen
fuhrt. Dadurch wird das Beleuchtungsmuster im Erfas-
sungsbereich des optoelektronischen Sensors lateral
verschoben. Dies hat den Vorteil, dass die Position des
Beleuchtungsmusters an den Sichtbereich der Kamera
angepasst werden kann, wenn diese Kamera ein neues
Objektiv erhalt oder wenn das Beleuchtungsmustermus-
ter an eine bevorzugte Stelle im Kamerasichtbereich po-
sitioniert werden soll. Die gekreuzte Ausfihrung der Mi-
krolinsenarrays ermaoglicht darUber hinaus eine individu-
elle Einstellung der zwei Dimensionen des Beleuch-
tungsmusters.

[0014] Besonders einfach ist es moglich, von einem
strukturierten auf ein homogenes Lichtmuster umzu-
schalten, wenn der Punktmustergenerator bei einer la-
teralen Deformation des Mikrolinsenarrays durch die
Deckplatte ein Beleuchtungsmuster erzeugt, welches la-
teral im Erfassungsbereich verschoben ist. Durch diese
laterale Verschiebung der festen Deckplatte entsteht ei-
ne Scherung des Mikrolinsenarrays, was zu einer nicht
rotationssymmetrischen Deformation der Mikrolinsen
fuhrt. Dies hat zur Folge, dass das Punktmuster lateral
verschoben wird und auf diese Weise die Position des
Punktmusters an die zu betrachtende Szene angepasst
wird.

[0015] Fur alle beschriebenen Ausflihrungsbeispiele
gilt alternativ, dass anstelle der elastisch ausgebildeten
Mikrolinsen auch feste Mikrolinsen verwendet werden
konnen, wobei eine elastische Deckplatte an den Mikro-
linsen angreift.

[0016] Die Erfindung wird nachstehend auch hinsicht-
lich weiterer Merkmale und Vorteile beispielhaft anhand
von Ausfihrungsformen und unter Bezug auf die beige-
fugte Zeichnung naher erlautert. Die Abbildungen der
Zeichnung zeigen in:

Fig. 1 eine schematische Schnittdarstellung einer
optoelektronischen Kamera mit einer Be-
leuchtungseinrichtung,

Fig. 2 ein Ausfuhrungsbeispiel einer erfindungsge-
mafen Beleuchtungseinrichtung,

Fig.3 ein erstes Ausfihrungsbeispiel der Funktions-

weise der erfindungsgemafen Beleuchtungs-
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einrichtung nach Fig. 2,
Fig.4 ein weiteres Ausfuhrungsbeispiel der Funkti-
onsweise der erfindungsgemalen Beleuch-
tungseinrichtung nach Fig. 2,
Fig.5 ein weiteres Ausfuhrungsbeispiel der Funkti-
onsweise der erfindungsgemalen Beleuch-
tungseinrichtung nach Fig. 2,
Fig. 6 eine simulierte Oberflachengeometrie einer
deformierten spharischen Mikrolinse,
Fig.7 ein erstes Ausfuhrungsbeispiel einer Funkti-
onsweise eines adaptiven Mustererzeu-
gungselementes,
Fig.8 ein zweites Ausfilhrungsbeispiel der Funkti-
onsweise eines adaptiven Mustererzeu-
gungselementes,
Fig.9 ein weiteres Ausfihrungsbeispiel der Funkti-
onsweise eines adaptiven Mustererzeu-
gungselementes,
Fig. 10  ein Ausfuhrungsbeispiel zur Funktionsweise
eines Punktmustergenerators,
Fig. 11 ein weiteres Ausfuhrungsbeispiel zur Funkti-
onsweise eines Punktmustergenerators.

[0017] Fig. 1 zeigt eine schematische Darstellung ei-
nes optoelektronischen Sensors 1. Der optoelektroni-
sche Sensor 1istbeispielsweise ein kamerabasierter Co-
deleser, kann aber ebenso ein anderer optoelektroni-
scher Sensor sein, dessen Erfassungsbereich 2 ausge-
richtet werden soll und deshalb von einer Visualisierung
mittels einer Zieleinrichtung profitiert.

[0018] Der optoelektronische Sensor 1 empfangt Licht
aus dem Erfassungsbereich 2. Im Falle eines Codelesers
kénnen sich dort beispielsweise Objekte mit zu lesenden
Codes befinden. Das Licht aus dem Erfassungsbereich
2 wird durch ein Aufnahmeobjektiv oder eine Empfangs-
optik empfangen, die vereinfacht durch eine Linse 3 dar-
gestelltist. Ein Lichtempfanger 4 wandelt das Empfangs-
licht in ein elektrisches Signal um. Bei dem Lichtempfan-
ger 4 handelt es sich beispielsweise um eine Photodiode
oder, wie bei einem kamerabasierten Codeleser, um ei-
nen CCD- oder CMOS-Chip mit einer Vielzahl von zu
einer Zeile oder einer Matrix angeordneten Pixelelemen-
ten.

[0019] Das elektrische Signal des Lichtempfangers 4
wird einer Auswerteeinheit 5 zugefuhrt, die daraus Ob-
jektinformationen des Erfassungsbereiches 2 gewinnt.
Im Beispiel des Codelesers enthalt das elektrische Signal
Bilddaten aus einem Lesefeld in dem Erfassungsbereich
2. In diesen Bilddaten werden Codebereiche gesuchtund
die Codeinformationen innerhalb von Codebereichen
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werden decodiert. Das Ergebnis der Auswertung wird an
einem Ausgang 6 bereitgestellt.

[0020] Der optoelektronische Sensor 1 umfasst wei-
terhin eine Beleuchtungseinrichtung 7, welche eine kom-
pakte Einheit 8 umfasst, bestehend aus einer Lichtquelle
9, beispielsweise eine Halbleiterlichtquelle, wie eine
LED, eine Laserdiode oder eine VC-SEL, und einem
Strahlformungselement 10. Weiterhin ist in der Beleuch-
tungseinrichtung 7 ein Mustererzeugungselement 11 an-
geordnet. In dem Erfassungsbereich 2 wird damit ein Be-
leuchtungsmuster erzeugt, um die Lage des Erfassungs-
bereiches 2 sichtbar zu machen und somit den optoelek-
tronischen Sensor 1 auf einen gewunschten Erfassungs-
bereich 2 richten zu konnen.

[0021] In Fig. 2 ist ein erstes Ausfuhrungsbeispiel der
kompakten Einheit 8 der Beleuchtungseinrichtung 7 dar-
gestellt, welche dabei als deformierbares LED-Verguss-
linsen-Array 12 ausgebildet ist. Bei einem solchen LED-
Vergusslinsen-Array 12 sind auf einer Tragerplatte 13
mehrere LEDs 14 befestigt, wobei jede einzelne LED 14
mit einer spharisch ausgebildeten Vergusslinse 15 aus
einem elastischen Material verspritztist, so dass die LED
14 und die Vergusslinse 15 die kompakte Einheit 8 bilden.
Dabei wird in einem Spritzgussprozess die Vergusslinse
15 aus einem Polymer hergestellt und mit der LED 14 zu
einer Beleuchtung assembliert. Ein solches LED-Ver-
gusslinsenarray 12 wird mit einer transparenten, aus ei-
nem festen Material bestehenden Deckplatte 16, welche
in vorliegenden Fall eine inhomogene Dicke aufweist,
zusammengedrickt, wobei das so betatigte deformierte
LED-Vergusslinsen-Array 12 zur adaptiven Strahlfor-
mung des von den LEDs 14 ausgestrahlten Lichtes ge-
nutzt wird.

[0022] Ein Ausfiihrungsbeispiel einer Funktionsweise
einer einzelnen, mit einer LED 14 vergossenen Verguss-
linse 15, die eine spharische Linsenoberflache aufweist,
ist in Fig. 3 ersichtlich. Dabei wird durch die feste Deck-
platte 16 eine Kraft F1 auf die elastische Vergusslinse
15 ausgeubt (Fig. 3A). Wird die anliegende homogene
Kraft F2 gegenuber der Kraft F1 verstarkt, wird die elas-
tische Vergusslinse 15 zusammengedriickt und defor-
miert (Fig. 3B). Die Abflachung der spharischen Linsen-
form im inneren Bereich filhrt zu einer optischen Strahl-
formung. Infolge der Deformation der elastischen Ver-
gusslinse 15 wird das von der LED 14 ausgegebene Licht
divergent beeinflusst. Alternativ zu der beschriebenen
spharischen Linsenform ist aber auch eine aspharische
oder frei geformte Linsenoberflache einsetzbar.

[0023] Wie aus Fig. 4 ersichtlich, funktioniert ein sol-
ches Strahlformungselement 10 aber auch dann, wenn
die Vergusslinse 15 fest ausgebildet ist und die Deck-
platte 16 aus einem elastischen Material besteht. Dabei
verformt sich, wie aus Fig. 4 ersichtlich, die Deckplatte
16, was ebenfalls zu einer Strahlformung des von der
LED 14 abgegebenen Lichtstrahles fuhrt.

[0024] Somit sind unterschiedliche Materialkombinati-
onen fur Deckplatte 16 und Vergusslinse 15 moglich. Be-
steht die Vergusslinse 15 aus einem elastischen Material
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wie beispielsweise Silikon, so kann die Deckplatte 16
aus einem festen Material wie Glas oder Polymer aus-
gebildet sein. Alternativ kann die Vergusslinse 15 aber
auch aus einem festen Material wie Glas und die Deck-
platte 16 aus dem elastischen Material wie Silikon be-
stehen. In einer weiteren Alternative kbnnen sowohl Ver-
gusslinse 15 als auch Deckplatte 16 aus einem voll- oder
teilelastischen Material hergestellt sein.

[0025] In Fig. 5 ist auf der Oberflache der sphéarisch
ausgebildeten Vergusslinse 15 eine Noppe 17 ausgebil-
det. Diese Noppe 17 ist insbesondere in dem Bereich
der Oberflache der Vergusslinse 15 ausgebildet, wo die
Linsenoberflache zuerst die Deckplatte 16 beruhrt. Diese
Noppe 17 im Kontaktbereich zwischen elastischer Ver-
gusslinse 15 und fester Deckplatte 16 hat den Vorteil,
dass eine Hysterese der Beleuchtungsdivergenz unter-
bunden wird, indem die Kontaktflache zwischen elasti-
scher Vergusslinse 15 und fester Deckplatte 16 minimiert
wird. Dieser Effekt kann verbessert werden, wenn auf
der Oberflache der Vergusslinse 15in vorgegebenen Ab-
standen mehrere Noppen 17 ausgebildet sind.

[0026] In Fig. 6 ist eine simulierte Oberflachengeome-
trie der beschriebenen deformierten spharischen Ver-
gusslinse 15 dargestellt, woraus hervorgeht, dass bei ei-
nem auf die Vergusslinse 15 wirkenden Druck infolge der
homogenen Kraft die Abflachung der spharischen Lin-
senform im inneren Bereich der Vergusslinse 15 erfolgt.
[0027] Fig. 7 zeigt ein Mustererzeugungselement 11
der Beleuchtungseinrichtung 7, welche ebenfalls als Mi-
krolinsenarray 18 ausgebildet ist, bei dem eine vorgege-
bene Anzahl aus elastischen Mikrolinsen 19 auf einem
festen Tragermaterial 20 positioniert sind. Ein solches
Mustererzeugungselement 11 wird bei einer Neujustie-
rung des optoelektronischen Sensors 1 benétigt. Uber
den Mikrolinsen 19 ist eine transparente, aus festem Ma-
terial bestehende Deckplatte 21 angeordnet, die in Fig.
7A ohne eine weitere Krafteinwirkung auf den Mikrolin-
sen 19 aufliegt. Das Ergebnis ist, dass das, von dem
Mikrolinsenarray 18 im Erfassungsbereich 2 des optoe-
lektronischen Sensors 1 erzeugte Beleuchtungsmuster
ein Zielkreuz 22 darstellt. Wird auf die Deckplatte 21 mit
einer homogenen Kraft F2, welche groRer ist als F1, ge-
gen die elastischen Mikrolinsen 19 gedriickt, so bewirkt
diese Druckbeaufschlagung der Mikrolinsen 19 eine Ver-
grolerung der Krimmungsradien und somit der Brenn-
weiten der Mikrolinsen 19. Dies hat eine Verringerung
der Strahldivergenz und somit eine Verkleinerung der
Dimension des Zielkreuzes 22 zur Folge, wie es in Fig.
7B dargestellt ist. Auch hier kdnnen anstelle eines elas-
tischen Mikrolinsenarrays und einer festen transparen-
ten Deckplatte ein festes Mikrolinsenarray und eine elas-
tische Deckplatte verwendet werden.

[0028] Im druckbeaufschlagtem Zustand (F>0) des
elastischen Mikrolinsenarrays 18 besteht die Moglich-
keit, dieses lateral zu deformieren, wie aus Fig. 8 hervor-
geht. Dabei befindet sich das Zielkreuz 22 im unbelas-
teten Zustand in der Mitte des Erfassungsbereiches 2
(Fig.8A). Durch die laterale Verschiebung der festen
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transparenten Deckplatte 21 und der gleichzeitigen
Druckbeaufschlagung der Mikrolinsen 19 entsteht eine
Scherung des Mikrolinsenarrays 18, was zu einer nicht
rotationssymmetrischen Deformation der Mikrolinsen 19
fuhrt, wie in Fig. 8B dargestellt. Dies hat zur Folge, dass
das Zielkreuz 22 im Erfassungsbereich 2 lateral verscho-
ben wird. Auf diese Weise kann die Position des Ziel-
kreuzes 22 in dem Erfassungsbereich des optoelektro-
nischen Sensors 1 angepasst oder an einer bestimmten
bevorzugten Stelle im Erfassungsbereich 2 positioniert
werden.

[0029] Es besteht auch die Moglichkeit, die zwei Di-
mensionen des Zielkreuzes 28 individuell voneinander
einzustellen. Zu diesem Zweck besteht das Musterer-
zeugungselement 23 aus zwei gekreuzten elastischen
Mikrolinsenarrays 24, 25. Die Orientierung von Mikrolin-
senarray 24 ist senkrecht zur Orientierung vom Mikrolin-
senarray 25, wobei die beiden Mikrolinsenarrays 24, 25
zu beiden Seiten eines Tragerelementes angeordnet
sind. Im vorgegebenen Beispiel wird das erste Mikrolin-
senarray 24 von einer ersten Deckplatte 26 aus einem
festen transparenten Material abgedeckt, wahrend das
zweite Mikrolinsenarray 25 von einer zweiten Deckplatte
27 Uberdeckt wird. Wird keinerlei Kraft auf das erste und
daszweite Mikrolinsenarray 24, 25 durch die Deckplatten
26, 27 ausgeubt, so ergibt sich ein Zielkreuz 28 wie es
in Fig. 9A gezeigt ist. Durch die individuelle Druckbeauf-
schlagung des Mikrolinsenelementes 24 Uber die erste
Deckplatte 26 und des zweiten Mikrolinsenarrays 25
durch die zweite Deckplatte 27 verschiebt sich die Di-
mension des Zielkreuzes 28 in beiden Richtungen unab-
hangig voneinander. So verkiirzt sich der waagerechte
Strich 29 des Zielkreuzes 28, wenn nur die Deckplatte
26 mit einer vorgegebenen konstanten Kraft F>0 auf das
erste Mikrolinsenarray 24 drickt. Wird dem zweiten Mi-
krolinsenarray 25 keine Kraft zugefiihrt, so bleibt der ver-
tikale Strich 30 des Zielkreuzes 28 unverandert (Fig. 9B).
In einer Alternative, welche in Fig. 9C dargestellt ist, wird
das zweite Mikrolinsenarray 25 durch die zweite Deck-
platte 27 mit einer vorgegebenen Kraft F>0 beaufschlagt,
wodurch sich der vertikale Strich 30 des Zielkreuzes 28
verkirzt. Da in diesem Fall das erste Mikrolinsenarray
24 druckunbeaufschlagt ist, bleibt der waagerechte
Strich 29 des Zielkreuzes 28 unverandert.

[0030] Insbesondere bei der Verwendung eines opto-
elektronischen Sensors 1, der als 3D-Kamerasensor zur
Entfernungsmessung ausgebildet ist, basiert das Detek-
tionsprinzip auf Triangulation unter Zuhilfenahme einer
aktiven Musterbeleuchtung. In Stereosystemen wird die
Beleuchtung zur Generierung eines kunstlichen Kontras-
tes eingesetzt, um dichte Tiefenkanten zu erzeugen und
die Abstandswerte periodischer Objekte in der zu be-
trachtenden Szene eindeutig zu bestimmen. In diesem
Fall ist das Mustererzeugungselement als Punktmuster-
generator 31 auf der Basis eines Mikrolinsenarrays 32
ausgebildet. Die auf dem Mikrolinsenarray 32 angeord-
neten Mikrolinsen 33 bestehen aus einem elastischen
Material, beispielsweise aus Silikon. Die elastischen Mi-
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krolinsen 33 sind auf einem festen Tragermaterial 34 an-
geordnetund, wie im Zusammenhang mit Fig. 1 erlautert,
ist dieses so geformte Mustererzeugungselement Be-
standteil der Beleuchtungseinrichtung 7.

[0031] EinAusfuhrungsbeispiel fir die Funktionsweise
eines solchen Punktmustergenerators 31 ist in Fig. 10
dargestellt. Das Mikrolinsenarray 32 des Punktmuster-
generators 31 wird von dem Lichtstrahl der Lichtquelle 9
durchleuchtet, wobei, wie aus Fig. 10A ersichtlich, der
Lichtstrahl konvergiert. Dies ist immer dann der Fall,
wenn keine Kraft auf das Mikrolinsenarray 32 ausgeibt
wird. Ohne diese mechanische Druckbeanspruchung bil-
den die Mikrolinsen 33 des Mikrolinsenarrays 32 in der
Fokusebene des Projektionsobjektivs kleine Brennpunk-
te aus, dessen Lichtmuster zu einem Beleuchtungsmus-
ter mit kleinen Punktdurchmessern fuhrt. Wird geman
Fig. 10B eine Kraft F2>0 durch die transparente Deck-
platte 35 auf das Mikrolinsenarray 32 ausgeibt, defor-
mieren sich die Mikrolinsen 33, wie im Zusammenhang
mit Fig. 5 erlautert. Die Deformation fihrt zu einer Abfla-
chung des Linsenkrimmungsradius in der Linsenmitte,
was wiederum zur Verschiebung des Brennpunktes
fuhrt. Die Verschiebung des Brennpunktes in der Foku-
sebene des Projektionsobjektivs fuhrt zur Vergrolierung
des Punktdurchmessers des in der Fokusebene des Pro-
jektionsobjektivs dargestellten Beleuchtungsmusters.
[0032] Wird weiterhin der Druck (F>>0) auf das elas-
tische Mikrolinsenarray 32 erhoht (Fig. 10C), verschwin-
det die gekriimmte Linsenform vollstandig. Ubrig bleiben
zwei parallele Glasplatten in Form der transparenten
Deckplatte 35 und des transparenten Tragermaterials 34
mit einem elastischen Material dazwischen. Bei dieser
Position der Mikrolinsen 33 erlischt deren Strahlfor-
mungseffekt vollstandig. In diesem Zustand wird die Fo-
kusebene des Projektionsobjektivs homogen beleuchtet,
was zu einer homogenen Beleuchtung der Szene fuhrt.
[0033] W.ird in einem druckbeaufschlagten Zustand
des elastischen Mikrolinsenarrays 32 dieses lateral de-
formiert, wie in Fig. 11 dargestellt, indem eine laterale
Verschiebung der Deckplatte 34 vorgenommen wird,
entsteht eine Scherung des Mikrolinsenarrays 32, was
zu einer nicht rotationssymmetrischen Deformation der
Mikrolinsen 33 fiihrt. Dies hat zur Folge, dass das Punkt-
muster in der Fokusebene des Projektionsobjektivs in
Richtung der Verschiebung der Deckplatte 34 verscho-
ben wird (Fig. 11 B). Im Vergleich dazu befindet sich das
Punktmuster immer dann, wenn das Mikrolinsenarray 32
frei von einer Druckbeaufschlagung ist, im Zentrum der
Fokusebene des Projektionsobjektivs (Fig. 11A). Auf-
grund der Verwendung eines solchen Punktmuster-Er-
zeugungselementes in einer 3D-Stereokamera, lassen
sich die Beleuchtungsmuster adaptiv an die Gegeben-
heiten der zu beleuchtenden Szene anpassen, wobei das
Beleuchtungsmuster zwischen strukturiertund homogen
adaptiv umgeschaltet werden kann. Dieses Umschalten
ermoglicht neben den 3D-Tiefendaten auch die Aufnah-
me von Grauwertbildern.

[0034] Es besteht ebenfalls die Mdoglichkeit, die Ver-
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anderung bzw. Verschiebung des Punktmusters fur si-
chere Stereokameras einzusetzen. In der Sicherheits-
technik muss sichergestellt werden, dass die Bildaufnah-
me immer zuverlassig funktioniert. Die Funktionalitat der
Bildsensoren wird dabei mit einem dynamischen
Bildsensortest (Hell- und Dunkelbildern) in den Pausen
der Stereobildaufnahme mit einer internen Beleuch-
tungs-LED Uberprift. Der Bildsensortest mit interner Be-
leuchtungs-LED kann eingespart werden, wenn sich das
Beleuchtungsmuster

[0035] (Position und Grolke der Punkte) von Zeit zu
Zeit Andert, um die dynamische Funktion der Bildsenso-
ren mit den Grauwertbildern der beiden Kameramodule
aus der Szene zu verifizieren.

Patentanspriiche

1. Beleuchtungseinrichtung zum Erzeugen eines Be-
leuchtungsfeldes fur einen optoelektronischen Sen-
sor, die mindestens eine Lichtquelle (9), ein anpass-
bares optisches Strahlformungselement (10) und ein
Druckelement aufweist, wobei das Druckelement an
das Strahlformungselement (10) (16) angreift, und
zur Lichtformung deformiert, und wobei die Licht-
quelle (9) und das Strahlformungselement (10) di-
rekt aneinander grenzen und eine kompakte Einheit
(8) bilden, dadurch gekennzeichnet, dass im
Strahlengang hinter dem Strahlformungselement
(10), der Lichtquelle (9) abgewandt, ein Mikrolinsen
(19) aufweisendes Mustererzeugungselement (11)
angeordnet ist, welches einen Erfassungsbereich
(2) des optoelektronischen Sensors (1) durch ein Be-
leuchtungsmuster (22, 28) sichtbar macht, dass das
Mustererzeugungselement (11) als adaptiver, Mi-
krolinsen (33) umfassender Punkimustergenerator
(31) ausgebildetist, welcher bei einer mechanischen
Druckbeanspruchung der elastisch ausgebildeten
Mikrolinsen (33) durch die aus einem festen Material
bestehenden Deckplatte (35) in Abhangigkeit der
senkrecht an den Mikrolinsen (33) angreifenden
Druckkraft das Beleuchtungsmuster mit variieren-
dem Punktdurchmesser erzeugt.

2. Beleuchtungseinrichtung nach Anspruch 1, da-
durch gekennzeichnet, dass der Punktmusterge-
nerator (31) bei einer lateralen Deformation der Mi-
krolinsen (33) durch die Deckplatte (35) ein Beleuch-
tungsmuster erzeugt, welches lateralim Erfassungs-
bereich (2) verschoben ist.

Claims

1. An illumination device for producing an illumination
field for an optoelectronic sensor which has at least
onelight source (9), an adaptable opticalbeam shap-
ing element (10) and a pressure element, wherein
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the pressure element (16) engages at the beam
shaping element (10) and deformsitforlightshaping;
and wherein the light source (9) and the beam shap-
ing element (10) are directly adjacent to one another
and form a compact unit (8), characterized in that
a pattern generating element (11) having microlens-
es (19) is arranged in the optical path behind the
beam shaping element (10) and facing away from
the light source (9), said pattern generating element
making a detection zone (2) of the optoelectronic
sensor (1) visible by an illumination pattern (22, 28);
in that the pattern generating element (11) is con-
figured as an adaptive point pattern generator (31)
which comprises microlenses (33) and which pro-
duces the illumination pattern with a varying point
diameter on a mechanical pressure exertion on the
elastic microlenses (33) by the top plate (35) com-
prising a solid material in dependence on the per-
pendicular pressure force engaging at the microlens-
es (33).

2. An illumination device in accordance with claim 1,

characterized in that the point pattern generator
(31) produces an illumination pattern, which is dis-
placed laterally in the detection zone (2), on a lateral
deformation of the microlenses (33) by the top plate
(35).

Revendications

1. Dispositif d’éclairage destiné a la production d’'une
zone d’éclairage pour un capteur optoélectronique,
qui comprend au moins une source de lumiére (9)
et un élément de formage de rayon (10) optique
adaptable et un élément de compression, I'élément
de compression attaquant I'élement de formage de
rayon {(10) et le déformant pour le formage de la lu-
miére, et dans lequel la source de lumiére (9) etl'élé-
ment de formage de rayon (10) sont directement ad-
jacents I'un a l'autre et forment une unité compacte
(8), caractérisé en ce qu’en arriere de I'élément de
formage de rayon (10) dans le chemin optigue, un
élément de génération de motif (11) comprenant des
microlentilles (19) est agencé en étant détourné de
la source de lumiére (9), qui rend visible une zone
de détection (2) du capteur optoélectronique (1) par
un motif d’éclairage (22, 28), en ce que I'élémentde
génération de motif (11) est réalisé sous forme de
générateur de motif de points (31) adaptatif compre-
nant des microlentilles (33), qui, lors d’'une sollicita-
tion mécanique par pression des microlentilles (33)
réalisées élastiques, génére le motif d’éclairage
avec variation du diamétre des points par la plague
de couverture (35) constituée en un matériau solide,
en fonction de la force de compression attaquant
verticalement les microlentilles (33).
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Dispositif d’éclairage selon la revendication 1, ca-
ractérisé en ce que lors de la déformation latérale
des microlentilles (33) par la plaque de couverture
(35), le générateur de motif de points (31) génére un
motif d’éclairage qui est décalé latéralement dansla
zone de détection (2).
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1. Title of the Invention

Peripheral Shape Measuwrement Device
2. Claims

A periphberal shape measurement device constituting a device
that measuies the peripheral shape of an cbjact to be measured, the device
comprising’

a light-reflection-based distance measurement device that emits
th

4 light, recetves the reflection of said lght, measures the distance up to the

point of reflection, and outputs a distance signal that corresponds to said
distance;

a rotating mewber that is provided in a rotatable watier sicund
a center line, and that holds said light-reflection-based distance measurement
devige i an orientation whereby said light is emitted towards said centes
ling;

a drive means that causes said rotating member {0 rotate
continuously in one direction around said center ling;

a moving apparatus that causes said object to be measured and
said sotating member 1o snove relative to one anothet ina direction that is

paraile! to said center line, with said object to be measured roughly

positioned on said center
a signal ttansmission means that is provided between said

rotating member and a support member that supports said rotating member,

and that transmits the distance sigual that is output from said light-reflection-

based distance measurement device fiom said rotating member side to said
suppott mermber side; and

a signal processing device that—basad on the distance signal

transmitted via said signal transition means and {procee

along said center live direction—obtains the periphesal shape of said object

to be measured sround said center line from the distance between the outer
periphesal surface of said measwied object avd said Hght-reflection-based

distance measursment device.

3. Detailed Description of the Invention
- Industrial Field of Applicability

The present iavention pertains o a device that measuses the
peripheral shape of an object to be measured; and in particular, to a device
that measuses petipheral shapes by using a light-reflectiov-based distance

measuremest device.

- Prior Ant

As devices for measuring the peripheial shape of an object to be
measused, light-scanning weasurewment devices ase knowsn in the prior awt.
These scan nartow light beams in a direction that intersects the object to be
measured, detect light beaws using photoreceptors such 4s {nage seusois or
the like that are disposed on opposite sides sandwiching the object to be
measured. and then measuie the dimensions of areas where the light is
blocked by the obiect to be measured. With such a configuration, by rotating

the measurement device around the ohiect to be measured,
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the cross soctional shape of the object © be measured and faspects] of its
peripheal shape such as the diameter size, width dimension, or the like are
rmeaswied. In sddition, by causing the wmeasurament device and object to be
measurad {0 move relative to one ancther in a dizection that is paralle] to the
sfosementioned center line ol wotation, the petipheral shape of the entite
object to be measured can be measuted.
- Issues Resolved by the Investion

‘That said, with such conventional periphesal shape
sreaswiement devices, becanse they measuse the shadow of the object 16 be

measuied, if, for example, indentations are present on the ohject to be

measured.

The present twvention was concejved taking the sbove
circumstances info consideration. As such, it is an object of the present
invention to provide a peviphesal shape measwerment device that can
accurately measuiie an object to be measured even if indentations or the like

are present thereon.

- Means for Resolving the Issues (Des

@

Tuorder to achieve these objoctives, the present tnvention

constitites a periphersat shape measurement device constituting a device that
roeaswies the peripberal shape of an object to be measwied, the device

comprising: {a) a light-reflection-based distance measurement devize that

emits a light, recetves the reflection of said light, measures the distaunce up fo
the point of reflection, and outputs a distance signal that corresponds to that
distance; (b} a rotating member that is provided in a rotatable matter around
3 center line, and that holds said Light-refliection-based distance weasuremesnt

device in an orientation whereby said light is emitted towards said center

lise; (¢) a drive weass that causes the rotativg mowmber to wisle
continucusly in one direction around said center line; () a moving appamatus
that causes said object to be measured and said rotating mewber {0 move
relative to one asother in a direction that is parallel o said center line, with
said object to be measured roughly positioned on said center line; (&) a
signal pansoission weans that is piovided between s3id sotating wember
and a support member that supports said wtating member, and that {ransmits

the distance stgual that is output from said light-reflection-based distance

measurement device from said rotating member side to said support member

side; and () a signal processing device that—based on the distance signal
transmitted via said signal tansition means and [proceeding] sequentially
along said center line direction-—obrtains the peripheral shape of said object
1 be measured around said centes line from the distance between the outer
peripheral surface of said measured object and said light-reflection-based

distance measurement device.

- Operation and Effects of the Invention

{n a peripheral shape measuiement device such as this, with the
object to be weasured disposed on a center line [aroend which] the rotativg
member is rotationally driven, the rotating member is continuously rotated
around that cewser line by the dsive means, and the wotating mesmber and
object to be measured are moved, by the moving apparatus, relative to one
another in a di

ection that is paralie] to the center Hine. As a result, the light-

reflection-based distance measurement device, which is held on the rotating

ight is emitted towards the

mamber in an orientation whereby the
aforementioned couvter line, is rotated ssound the aforcmentioned center line
and made to engage in relative motion vis-4-vis the object to be measured in

a direction that is

Iel to the center Hine while receiving the reflected light
that was reflected by the peripheral surfaces of the object to be measured
that was disposed on the center line and measuring the distance to the
peripheral surface {theteoi].

ance to the

Mext, a distance signal that corresponds to the di
aforementioned peviphesal susiace and that is ovtput fromuthe light-
reflection-based distance measurement device is transmitted from the
rotation mewber side to the suppott mesnber side via the signal transmission

meaans, and s further provided to the signal processisg device. The signal

¢ device obtains the petipheral shape of the object to be measured
in terms of such factors as its size and cross-sectional shape, doing so using
the distance between the light-reflection-based distance measurement device
and the peripberal surface of the object to be messuted expiessed by said
distance sigual-—for example, based on the distance between the center line
aud the light-ieficctiov-based distance wmeasurement dovice—ithe rotation
speed of the rotating member duve to the drive means, and the speed of
relative motion due to the moving apparatus.

Here, because the surface shape measurement device of the
present invention is designed to measure the distance up to the surface of the
obiect to be measured usivg a light-reflection-based distance measurement
gevice, such measurements can be taken even in cases where unevenness is
present on the surface. For example, it 15 possible to acourately measure the
bottom position or cross-sectional shape of an object to be measured where
indentations or flaws ate present ou the peripheral surface, as well as to

measuse the peripheral shape of an object 1o be weasured whose cross

section is L-shaped or H-shaped.
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Tu addition, because the rotating mewber is continuously
rotated in one ditection around the center line by a drive means, then by
causing it to rotate at kigh speed, not ondy is it possible to seasuse the
peripheral shape of the object to be measured efficiently and at high
wesotution, bul 15 possible © weasure the peripberal surface shape with
high precision even in cases where, for example, the object to be measured is
made to move 4t high speed over the aforementioned center line. In this
case, if one provides a phurality of said light-reception-based distance
measwrement devices at equal angular intervals on said rotating member,
thew it will be possible to perform weasurements at a1 even greater

resolution.

- Embodiments

Below, an embodiment of the present invention shall be
descsibed based ou the figutes.

Figure 1 and Figure 2 are, respectively, a front view and side
view of a periphewl shape weasurewent device constituting an ewbodiment
of the present invention. Their purpose is o inspect the surface flaws ot
diameter of 2 copper sample 10 having a cylindrical shape and serving as the
object to be measured. In the measurement device in question, a moving
table 14 15 disposed on a roughly horizontal base 12. The moving table 14 is
wade to move in a tvear weciprocal fasbion in the Jeft and right ditections of
Figure 2 by mesns of a drive motor 16 {operating] via a feed screw 18 and
ball st 20. A sotary escoder 22 1s mousted oo the drive motox 16, aund a
table position signal 8T that expresses the position of the moving table 14,
which iy moved in accordance with the amouus of rotation of the drive motor
16, is output from that rotary enceder 22. The moving device is configured
from the above-described moving table 14 and the drive motor 16 and the
tike.

A frame 24 operating as a support member 15 fixed on the
moving table 14. As i clear from Figure 3, at the top of the frame 24, 3

cylindrical shape that is paralle] to the direction of movement of the moving

table 14 is formed, and inside that cylinder, a rotating cylinder 28 is held ina
rotatable manner via a pair of bearings 26. At one end of the rotating
cylinder 28, a ring-shaped rotating plate 30 is concentrically fixed, while at
the othes end of the rotativg cylinder 28, a pulley 32 is fixed Itis
continuously motated in one direction via a belt 36 by a drive motor 34

provided on the moving table 14, A rotary encoder 38 is mouuted onto the

drive motor 34, and from that rotary encoder 38, a wotation position signal

SR that expresses the rotation position of the rotating plate 30 that is rotated
inaccordance with the awount of rotation of the drive mwior 34 is output
The above-described rotating plate 30 corresponds to a rotating member, and
its central Hine of rotation corresponds to the center Hine. In addition, the
drive motor 34 corresponds to the drive means that continuously rotates that

rofating member.

On the above-described rotating plate 30, four laser
measurement devices 40 are disposed at 90° intervals around a shared
circnmference that centess ou said conter line of sotation. These Jaser
measwrement devices 48 constitute light-reflection based distance
measusesment devices that emit a laser Jight, recetve the seflected Jight from
the laser light using position sensors and image sensors or the ke, and
based on those light reception positions, measure the distance from the laser

measurement device 40 to the reflection point. They are all mounted in such

a way as to emit their laser kght toward the center line of rotation of the
wotating plate 30, Said copper sample 10 is beld at a fixed position by a
holding apparatus (not skown in the figure) in an orientation whemeby its
axial center matches the center line of rotation of the rotating plate 30. By
ermitting Iaser light toward the cester line of rotation of the rotating plate 36,
the above-described laser measutement devices 40 measuie the distance up
to the poripberal surface of the copper sample 10, and they each owput
distance signals SD that express that distance. Now, the power souice of
these laser weasurement devices 40 canbe configured in a variety of
manness. One could mount batteries or the like on the rotating plate 30, one
could form a genesator by providing s coil on a wotating cylinder 28 while
fixing magnets on the frame 24, or one could even send power from the
frame 24 to the rotating cylinder 28 side via a skip ring.

At the same time, this peripheral shape measuement device is
farnished with a measurement circuit shown in Figure 4, After the
messutewent signals 8D that sie ontpur frow the sioiementioned four laser
measwrement devices 40 are converted to digital signals by measns of an A/
copvetter (not shown in the figure), they aie each travsmitted to a frawe via
a 1otary transformer 42 that is made up of a pair of coils disposed in mutual

opposition between the frame 24 and the rotati

der 28, Tu addition,

£C

once they have been transmitted to the frame 24 side in this way, the
distance signals SD are each [fed] into s microcomputer 46 in accordance
with sample signals 85 via an itesface 44. The wicrocomputer 46 s
provided with a table position signal 8T and a otation position signal SR
from said rotary encoders 22 and 3%,

The above-described microcomputer 46 corresponds to the
signal processing device; it performs signal processing in accordance with a
progras that 15 store in advasce o a ROM while also utilizing the temposary

ctions of a RAM.
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Based on the distance to the periphesal sus{ace of the copper sampie 19
expressed by the distance signal, position of the moving table 14 expressed
by the table position signal ST, sotational position of the sotating plate 30
expiessed by the rotation position signal SR, and the dimension R [from| the
centes line of rotation of the iotary plate 30 1o the lases weasurement device
40 that has been set in advance, it measures the peripheral shape of the
copper sample 10 and displays its pevipheral shape by cutputting a display
signal DD 1o a display unit 48.

'The operation of the peripheral shape measurement device

covfigused in the above wannes shall now be described,
First, the copper sample 10 is fixed inic position at the cente

line of rotation of the rotating plate 30 by means of a holding device (not
shown in the figures), asd while the rotating plate 30 is made w0 rotate
continuously in one direction by the drive motor 34, the moving table 14 is
wwved Hueatly by the drive motor 16, Because the axis of the copper sanple

6 is aligned with the center line of rotation of the rotating plate 30 and the
direction of motion of the woving table 14 is wade patalie] to the conter line

of rotation of the rotating plate 30, the rotating plate 30 rotates

r with the axis of the copper sample 10 and is moved in its
axial direction. In addition, because laser measursment devices 40 are
mounted onto the otating plate on the shared circumference centering on ifs
centes line of rotation, the Jaser measwement devices 40 alse totate

concentrica

with the axis of the copper sample 10 while also moving in its
axial directiosn.

Is SD that express the distance to the

Mext, distance sig

peripheral surface of the copper sample 10 are output friom said Iaser
measwement devices 490, I one defines the distance expressed by these
distance signals SD as d, the madius [0 of the copper sample 19 is obtained
by the difference (R - &) between the aforenesntioned dimension R and that
distance d. Accordingly, the previously described microcomputer 46 is
provided with those distance signals 8D and cosmputes that difference (R -
d), and in accordance with the rotation position of the rotating plate 30
expressed by the rotation position signal SR, it outputs a display sigual DD
that expresses that difference (R - d), and causes a graph like that showan, for
example, in Figure 6 to be displayed on said display unit 48.

Figure 6 displays the vadius over the entire ciscumforence (2

{iliegiblel} at an arbitrary location in the axial direction of the copper sample

10, Because four laser measurement devices 40 are mounted on the rotating
plate 30 at 90° intervals, the peripheral shape at a single location on the
copper samwple 10 is measured with cach guartet rotation of the rotating plaie
Tn addition, i the radius, as shown by the solid Hne, js constant across
the entire circumference, then the cioss sectional shape of the copper sample
10 in that segion will be a porfoct clrcle, indicating that no sutface flaws or

the like are present. Howevet, in cases where, as shows for example in

Figure 3, surface flaws 50 are prasent, then because the light reflection point
of the reflected light will be offset, then the distance signal SO that
exprosses a distance (d + Ad) that includes the depth of the flaw Ad will be
provided from the laser measurement device 40. Consequently, at
cicwnferential positions where susface flaws 50 do exist, then as shown by
the dash-dot line in Figure 6, the radius will be smalier, and the location of
the flaw in the chrcunderential direction and the flaw depth Ad will be
recognized based on that graph.

Mow, as the above-described graph shows in Figure 6 is

displaved for cach quaster sotation of the rotating plate 30, then based on the

position of the moving table 14 expressed by the table position signal

the position of the copper sample 10 in the axial direction e expressed
in each graph. Consequently, the peripheral shape of the copper sample 10
will be sequentially measured in the axial direction, and changes iu the
dameter togather with the pesition avd length of susface {laws 56 in the
xial direction will be recognized.
In this way, with the peripberal shape measurement device of
the present embodiment, because the peripheral shape of the copper sample

10 is measured by obtaining the distances up to the surface of the copper

sample 10, it is possible to perform such measutements even in cases where
unevenness is present on its surface, and not only is it possible to obtain the
dtameter of the coppet sanple 10, but one mmay also acouraiely measwse the
position and depth of said surface flaws 50

Maoscoves, s the exawple sbove, a coppet sawple 10 sewvivg as

an object to be measured was disposed at a fixed pos

ion, aid measurements
of the peripheral shape in the axial direction of the copper sample 10 were
performed by movisg laser measurement devices 40 in a direction that was
paralle! with its center line of rotation. However, it would also be possibie to
move the olyect to be measwied along the center Jine of wistion of the Jaser
measurement devices 40. [n that case, the rotating plate 30 that holds the
above-described laser measwement devices 40 woudd be continuously
motated in one direction arcund its center line of rotation, and it could

therefore be mwtated at high speeds on the order of, for exawmple, 3000 - 3000

pm. In addition, because four laser measurement devices 40 would be

provided on the rotating plate 30
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and the ounter shape could be measuted at each quasies iotation, then even in
cases where the object to be measured was moved at a high speed of, for
axample, several weters per second (s}, it would stitl be possible to
measuse its peripheral shape with high resolution. In addition, in the present
ewbodiment, because a rotary transformer 42 was used as a signal
transmission means, then even if the rotating plate 30 is rotated at high spead
as described above, voise will not be introduced into sakd distance signals

8D, and this bas the benefit of making it possible to measure with high

PIECision.

In addition, the display method of the abeve-described

embodiment was metely an example {of the poss 5], as one could
display the cross-sectional shape of the copper sample 10 as is, display it
stereoscopically in three dimensions, or record it on a chart or the like.
Moreoves, rathet than pesforming such display, one could apply a coating
waterial at Jocations whese surface flaws 5O aie present, o5 sond a signal that

rided| flaw

shows the positions and depths of flaws to a separatefly pio
removal device

in addition, in the above-described embodiment, because fou
laser measurement devices 40 were mounted at 20° wtervals on the rotating
plate 30, the microcomputer 46 serving as the signal processing device may
detect misalignment o1 the like between the axis of the copper sample 10 and
the center tine of rotation of the laser weasnrewent devices 46 and then
correct the periphieral shape jaccordingly|. It can also measure the cioss

secttonal shape of the object to be weasured by applving difforential

ication to the di als 81 cutput from the laser measurement

devices 40 at oppositely disposed po ns. Moreover, so long the object of
the present invention is achieved, the rumber laser measurement devices 40

may be [as low as} | or 2, snd their number can be appropriately determined

tnaccordance with the weasureresnt regquisesmens.
In addition, in the above-described embodiment, a table

osition signal ST and rotation position signal SR were provided 1o the
P £ ¥ g It

the drive miotors 16 and 34 provide rotational ditve at a constast speed, such
signals are not necessarily required.

Further still, a description was given of a case where the
diasneter of a cylindrically shaped copper sarmple 10 serving as the object 1o
be measured was mesasured along with the positions and depths of flaws
[thereon], but the peripheral shape measurement device of the present
invention could be advantagecusly applied to peripheral shape
weaswrements of objects to be measured having various shapes, suchas L-
shaped or Heshaped coppet samples, sesin products, ot objects whose cross-
sectional shiape changes in the axial direction.

Fustbermore, o the above-described embodiment, a rotaty

transformer 42 was employed as the signal ttansmission means, but it would

also be possible to use 4 slip ring or the 1

o

Qther embodiments shall not be ittustrated [herein], but the

present invention could be implemented using various embodiments t©

Figure 5

Figure 6

which modifications or improvements have been applizd based on expertise

of those skilled in the art.

4. Brief Description of the Figuies
Figuse 1 is a front view of a periphesal shape measuresment
device constituting an embodiment of the present invention. Figure 2 is a

side view wherein a portion of the device of Figure 1 has been cut out.

igure 3 is a diagram that shows an enfarged cutout of a portion of Figure 2.

Figure 4 is a block disgram of the measurement circutt that is provided to
the device of Figuwre 1. Figure 5 is a diagram that describes the measurement
principles [employed} when measuring the periphersl shape using the device
of Figure 1. Figure 6 is a diagram that shows an example of the
measwement results that are displayed on the display unit of the device of

Figure 1.

10: copper sample {object to be measured)
14: moviog fable
16: drive motor {imeving device}

24 frame (support member)

)

30: wtating plate (rotating mermber)

34 drive mofor (drive means)

40 laser measuewent device Jight-reflection-based distavce wessutement
device)

42 totary tausformer (signsl anstussion means)

46: microcomputer (signal processing device)

5

=
<

: distance signal

Applicant  Daido 3teel Co. Lid.

Attornevs  Haruyuki Ikeda (and two others)

=

Figure 4

28 wiary encodes

38 rotary encoder

490 laser neasurement device
40 Iaser measurement device
40 faser measwremnent device
40 laser measurement device
44 interface

44 werface

44 interface

44 intesface

omputer

3
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LIDAR BASED 3-D IMAGING WITH FAR-FIELD ILLUMINATION
OVERLAP

David S. Hall
Mathew Noel Rekow

Pieter J. Kerstens

CROSS REFERENCE TO RELATED APPLICATION
[0001] The present application for patent claims priority
from U.S. patent application serial number 15/420,366,
entitled LIDAR Based 2-D Imaging With Far-Field
Illumination Overlap,” filed January 31, 2017, which, in
turn, claims priority under 35 U.S.C. §119 from U.S.
provisional patent application serial number 62/289,278,
entitled “LIDAR Based 3-D Imaging With Far-Field
Illumination Overlap,” filed January 31, 2016, the
subject matter of which is incorporated herein by

reference in its entirety.

TECHNICAL FIELD
[0002] The described embodiments relate to LIDAR based 3-

D point cloud measuring systems.

BACKGROUND INFORMATION
[0003] LIDAR systems employ pulses of light to measure
distance to an object based on the time of flight (TOF)
of each pulge of light. A pulse of light emitted from a
light source of a LIDAR system interacts with a distal
cbject. A portion of the light reflects from the object
and returns to a detector of the LIDAR system. Based on
the time elapsed between emission of the pulse of light
and detection of the returned pulse of light, a distance
is estimated. In some examples, pulses of light are

generated by a laser emitter. The light pulses are

1
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focused through a lens or lens assembly. The time it
takes for a pulse of laser light to return to a detector
mounted near the emitter is measured. A distance is
derived from the time measurement with high accuracy.
[0004] Some LIDAR systems employ a single laser
emitter/detector combination combined with a rotating
mirror to effectively scan across a plane. Distance
measurements performed by such a system are effectively
two dimensional (i.e., planar), and the captured distance

points are rendered as a 2-D (i.e. single plane) point

cloud. In some examples, rotating mirrors are rotated at
very fast speeds (e.g., thousands of revolutions per
minute) .

[0005] In many operational scenariosg, a 3-D point cloud
is required. A number of schemes have been employed to
interrogate the surrounding environment in three
dimensions. In some examples, a 2-D instrument is
actuated up and down and/or back and forth, often on a
gimbal. This is commonly known within the art as
*winking” or “nodding” the sensor. Thus, a single beam
LIDAR unit can be employed to capture an entire 3-D array
of distance points, albeit one point at a time. In a
related example, a prism is employed to “divide” the
laser pulse into multiple layers, each having a slightly
different vertical angle. This simulates the nodding
effect described above, but without actuation of the
sensor itself.

[0006] In all the above examples, the light path of a
single laser emitter/detector combination is somehow
altered to achieve a broader field of view than a single
sensor. The number of pixels such devices can generate
per unit time is inherently limited due limitations on
the pulse repetition rate of a single laser. Any
alteration of the beam path, whether it is by mirror,

prism, or actuation of the device that achieves a larger

2
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coverage area comes at a cost of decreased point cloud
density.

[0007] As noted above, 3-D point cloud systems exist in
several configurations. However, in many applications it
is necessary to generate image information over a broad
field of view. For example, in an autonomous vehicle
application, the wvertical field of view should extend
down as close as possible to see the ground in front of
the vehicle. In addition, the wvertical field of view
should extend above the horizon, in the event the car
enters a dip in the road. In addition, it is necessary
to have a minimum of delay between the actions happening
in the real world and the imaging of those actions. in
some examplesg, it is desirable to provide a complete
image update at least five times per second. To address
these reqguirements, a 3-D LIDAR system has been developed
that includes an array of multiple laser emitters and
detectors. This system is described in U.S. Patent No.
7,969,558 issued on June 28, 2011, the subject matter of
which is incorporated herein by reference in its
entirety.

[0008] In many applications, a sequence of pulses is
emitted. The direction of each pulse is sequentially
varied in rapid succession. In these examples, a
distance measurement associated with each individual
pulse can be congidered a pixel, and a collection of
pixels emitted and captured in rapid succession (i.e.,
"point cloud") can be rendered as an image or analyzed
for other reasons (e.g., detecting obstacles). In some
examples, viewing software is employed to render the
resulting point clouds as images that appear three
dimensional to a user. Different schemes can be used to
depict the distance measurements as 3-D images that

appear as if they were captured by a live action camera.
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[0009] In some examples, the timing of successive light
emission pulses is set such that the return signal
associated with a particular pulse emission is detected
before the subseguent pulse emission is triggered. This
ensures that a detected return signal is properly
associated with the particular pulse emission that
generated the detected return signal.

[0010] In some other examples, multiple pulses are
emitted into the surrounding environment before a return
signal from any of the multiple pulses is detected.
Traditiconally, this approach raises the potential for
cross-talk among detected signals. In cother words, when
multiple pulses are emitted into the surrounding
environment before a return signal from any of the
multiple pulses is detected, a detected return signal
might be incorrectly associated with a different pulse
emission than the particular pulse emission that gave
rise to detected return signal. This can potentially
cause errors in distance measurement.

[0011] Traditionally, to avoid cross-talk among multiple
pulses, each of the multiple pulses is projected in a
different direction. By projecting each of the multiple
pulses in a different direction, each volume of space
interrogated by each of the multiple pulses i1s completely
separated from any volume of space interrogated by any of
the other multiple pulses. As the separation among
simultaneously interrogated spaces is increased, the
likelihood of inducing measurement error due to cross-
talk is reduced.

[0012] Existing LIDAR systems employ a single beam of
light to interrogate a particular volume of the
surrounding environment at any given time. The detection
of return signals includes significant sources of

measurement noise. These problems are exacerbated as
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measurement ranges are extended for a LIDAR system
without increasing laser pulse intensity.

[0013] These systems are limited in the intensity of
light that can be projected onto the volume of the
environment subject to measurement by each beam of light.
In some examples, human eye safety protocols limit the
intensity of light emitted from the LIDAR device.

[0014] Improvements in signal strength and noise
rejection are desgired to extend the measurement range of

a LIDAR gsystem.

SUMMARY
[0015] Methods and systeme for performing 3-D LLIDAR
measurements of objects simultaneously illuminated by two
or more beams of light in the far field are described
herein. A 3-D LIDAR based measurement device
simultaneously emits at least two beams of light into a
three dimensional environment. Each beam of light is
emitted from the 3-D LIDAR device at a different
location. At least two of the emitted beams are
projected from the 3-D LIDAR device such that a portion
of the three dimensional environment is illuminated by
the two or more light beams at a distance of at least
five meters from the LIDAR device. In addition, the two
or more light beams do not overlap at a distance of less
than five meters from the LIDAR device.
[0016] The beams of light emitted from the 3-D LIDAR
device are glightly divergent. Thus, the beam intensity
is highest at the window of the device, and steadily
decreases further away from the device. It follows that
the risk of damage to the human eye is greatest in short
range of the device and the rigk diminishes as the
distance from the device increases.
[0017] By emitting multiple beams of light from the 3-D

LIDAR device at different locations, the risk of eye
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damage is minimized at short distances because the beams
are not overlapping. Hence, at short distances, only a
single beam may incidentally interact with a human evye.
As the distances increase, the beams begin to overlap,
until a critical distance is reached where, ideally, two
or more beams fully overlap with each other. In some
examples, the critical distance is in a range of 100-200
meters away from the 3-D LIDAR device. At these
distances, more than one beam may incidentally interact
with a human eye without risk of harm due to beam
divergence.

[0018] In a further aspect, the LIDAR system determines
the time of flight of the multiple beams of illumination
light projected from the LIDAR device to a location in
three dimensional environment and back to the LIDAR
device. The distance between the LIDAR device and the
particular location of the three dimensional environment
illuminated by the beams of illumination light is
determined based on the time of flight.

[0019] The foregoing is a summary and thus contains, by
necessity, simplifications, generalizations and omissions
of detail; conseguently, those skilled in the art will
appreciate that the summary is illustrative only and is
not limiting in any way. Other aspects, inventive
features, and advantages of the devices and/or processes
described herein will become apparent in the non-limiting

detailed description set forth herein.

BRIEF DESCRIPTION OF THE DRAWINGS
[0020] FIG. 1 is a simplified diagram illustrative of one
embodiment of a 3-D LIDAR system 100 in at least one
novel aspect.
[0021] FIG. 2 depicts an exploded wview of 3-D LIDAR

system 100 in one exemplary embodiment.
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[0022] FIG. 3 is a simplified diagram illustrative of
another embodiment of a 3-D LIDAR system 10 in at least
one novel aspect.

[0023] FIG. 4 depicts a view of light emigsion and
collection engine 112 of 3-D LIDAR system 100C.

[0024] FIG. 5 depicts a view of collection optics 116 of
2-D LIDAR system 100 in greater detail.

[0025] FIG. 6 depicts a cutaway view of collection optics
116 of 3-D LIDAR system 100 that illustrates the shaping
of each beam of collected 1light 118.

[0026] FIG. 7 depicts elements of a LIDAR system
including a pulsed illumination system 130, a 1light
detection system 150, and controller 140.

[0027] FIG. 8 depicts an exemplary diagram 180
illustrating the timing of light emission from each of
sixteen different multiple beam illumination systems.
[0028] FIG. 9 depicts an illustration of the timing of
emission of a pulse measurement beam and capture of the
returning measurement pulse.

[0029] FIG. 10 depicts a flowchart illustrative of a
method 200 of performing LIDAR measurements in at least

one novel aspect.

DETAILED DESCRIPTION
[0030] Reference will now be made in detail to background
examples and some embodiments of the invention, examples
of which are illustrated in the accompanying drawings.
[0031] FIG. 1 is a diagram illustrative of an embodiment
of a 3-D LIDAR system 100 in one exemplary operatiocnal
scenario. 3-D LIDAR system 100 includes a lower housing
101 and an upper housing 102 that includes a domed shell
element 103 constructed from a material that is
transparent to infrared light (e.g., light having a
wavelength within the spectral range of 700 to 1,700

nanometers) . In one example, domed shell element 103 is
7
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transparent to light having a wavelengths centered at 905
nanometers.

[0032] As depicted in FIG. 1, a plurality of beams of
light 105 are emitted from 3-D LIDAR system 100 through
domed shell element 103 over an angular range, o,
measured from a central axis 104. In the embodiment
depicted in FIG. 1, each beam of light is projected onto
a plane defined by the x and y axes at a plurality of
different locations spaced apart from one another. For
example, beam 106 is projected onto the xy plane at
location 107.

[0033] In the embodiment depicted in FIG. 1, 3-D LIDAR
system 100 is configured to scan each of the plurality of
beams of light 105 about central axis 104. Each beam of
light projected onto the xy plane traces a circular
pattern centered about the intersection point of the
central axis 104 and the xy plane. For example, over
time, beam 106 projected onto the xy plane traces out a
circular trajectory 108 centered about central axis 104.
[0034] FIG. 2 depicts an exploded view of 3-D LIDAR
system 100 in one exemplary embodiment. 3-D LIDAR system
100 further includes a light emission/collection engine
112 that rotates about central axis 104. In the depicted
embodiment, a central optical axis 117 of light
emission/collection engine 112 is tilted at an angle, 0,
with respect to central axis 104. As depicted in FIG. 2,
2-D LIDAR system 100 includes a stationary electronics
board 110 mounted in a fixed position with respect to
lower housing 101. Rotating electronics board 111 is
disposed above stationary electronics board 110 and is
configured to rotate with respect to stationary
electronics board 110 at a predetermined rotational
velocity (e.g., more than 200 revolutions per minute) .
Electrical power signals and electronic signals are

communicated between stationary electronics board 110 and

8
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rotating electronics board 111 over one or more
transformer, capacitive, or optical elements, resulting
in a contactless transmission of these signals. Light
emigsgion/collection engine 112 ig fixedly positioned with
respect to the rotating electronics board 111, and thus
rotates about central axis 104 at the predetermined
angular velocity, ®.

[0035] As depicted in FIG. 2, light emission/collection
engine 112 includes an array of light emitting elements
114 and an array of light detecting elements 113. Light
emitted from each of the light emitting elements 114 is
directed toward a mirror (not shown). Light reflected
from the mirror passes through a series of illumination
optics 115 that collimate the emitted light into an array
of beams of light 105 that are emitted from 3-D LIDAR
system 100 asg depicted in FIG. 1. In general, any number
of light emitting elements can be arranged to
simultaneously emit any number of light beams from 3-D
LIDAR system 100. Light reflected from objects in the
environment is collected by collection optics 116.
Collected light passes through collection optics 116
where it is focused onto each detecting element of the
array of detecting elements 113. After passing through
collection optics 116, the collected light is reflected
from a mirror (not shown) onto each detector element.
[0036] In one aspect, a 3-D LIDAR device emits at least
two beams of light into a three dimensional environment.
Each beam of light is emitted from the 3-D LIDAR device
at a different location. At least two of the emitted
beams are projected from the 3-D LIDAR device such that
the portion of the three dimensional environment
illuminated by a first of the plurality of light beams
substantially overlaps a portion of the three dimensional
environment illuminated by a second of the plurality of

light beams at a distance of at least five meters from

9
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the LIDAR device. In addition, the portion of the three
dimensional environment illuminated by a first of the
plurality of light beams does not substantially overlap a
portion of the three dimensiocnal environment illuminated
by a second of the plurality of light beams at a distance
of less than five meters from the LIDAR device.

[0037] The beams of light emitted from the 3-D LIDAR
device are slightly divergent. In one example, the beam
diameter is approximately 15 millimeters at the window of
the device, and is approximately 20 centimeters at a
distance of 100 meters from the device. Thus, the beam
intensity is highest at the window of the device, and
steadily decreases further away from the device. 1t
follows that the risk of damage to the human eye is
greatest in short range of the device and the risk
diminishes as the distance from the device increases.
[0038] By emitting multiple beams of light from the 3-D
LIDAR device at different locations, at short distances,
the risk of eye damage is minimized because the beams are
not overlapping. Hence, at short distances, only a
single beam may incidentally interact with a human eye.
As the distances increase, the beams begin to overlap,
until a critical distance is reached where, ideally, two
or more beams fully overlap with each other. In scme
examples, the critical distance is in a range of 100-200
meters away from the 3-D LIDAR device. In these distance
ranges, more than one beam may incidentally interact with
a human eye. However, at these distances, the combined
beam intensity is below eye damage limits due to beam
divergence.

[0039] FIG. 3 is a diagram illustrative of another
embodiment of a 3-D LIDAR system 10 in one exemplary
operational scenario. 3-D LIDAR system 10 includes a
lower housing 11 and an upper housing 12 that includes a

cylindrical shell element 13 (e.g., outer lens)
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constructed from a material that is transparent to
infrared light (e.g., light having a wavelength within
the spectral range of 700 to 1,700 nanometers) . In one
example, cylindrical shell element 13 is transparent to
light having a wavelengths centered at 905 nanometers.
[0040] As depicted in FIG. 3, 3-D LIDAR system 10
includes a light emission/collection engine 112 tilted at
a ninety degree angle with respect to central axis 14.

In one aspect, two beams of light are emitted from 3-D
LIDAR gystem 10 from different, spatially distinct
locations of the 3-D LIDAR device. As depicted in FIG.
2, a beam of light characterized by chief ray 16 is
emitted from light emiceion/collection engine 112 at the
surface of illumination optic 19A and a beam of light
characterized by chief ray 17 is simultaneously emitted
from light emission/collection engine 112 at the surface
of illumination optic 19B. The surfaces of illumination
optices 19A and 19B are spatially distinct. In addition,
the beam of light characterized by chief ray 16 is
emitted from 3-D LIDAR system 10 at location 18A on the
outer lens 13 and the beam of light characterized by
chief ray 17 is simultaneocusly emitted from the 3-D LIDAR
system 10 at location 18B on the outer lens 13. Location
18A and 18B are spatially distinct.

[0041] Furthermore, the beams are pointed such that they
begin to overlap at a distance, R., from the device and
maximally overlap at a critical distance, R., (e.g., 100-
200 meters from 3-D LIDAR device 10). In the embodiment
depicted in FIG. 3, the chief ray 16 of one illumination
beam of light and the chief ray 17 of another
illumination beam of light are illustrated. Each beam of
light is projected outward into the surrounding
environment along different trajectories. The

trajectories intersect at location 15 in the far-field.
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Location 15 is located at a critical distance, R., from 3-
D LIDAR system 10.

[0042] Each beam of light emitted from system 10 diverges
slightly as illustrated in FIG. 3. In cne example, a
beam of light emitted from system 10 illuminates a spot
size of 20 centimeters in diameter at a distance of 100
meters from system 10. In this manner, each beam of
illumination light is a cone of illumination light
emitted from system 10. For a portion of each beam
trajectory from 3-D LIDAR gystem 10 to location 15, the
beams do not intersect. At a distance, Rg, the beams
begin to overlap. In some examples, the distance, R,
where the beams begin to overlap is five meters, or more.
Hence, at a distance of legs than five meters, the beams
do not overlap at all. As the distance increases beyond
R:, the percentage of overlap continues to increase until
a maximum overlap is reached at the critical distance, R..
Ideally, the percentage of overlap at the critical
distance 1is 100%. However, in practice, any significant
amount of overlap is beneficial as the overlapping
illumination provides a stronger return signal to 3-D
LIDAR device 10.

[0043] As depicted in FIG. 3, two beams of light are
emitted from 3-D LIDAR system 10 from different locations
of the 3-D LIDAR device and from two different lens
elements. Furthermore, the beams are pointed such that
they overlap at a critical distance from the device
(e.g., 100-200 meters from 3-D LIDAR device 20). As
depicted in FIG. 3, emission lens 19A and 19B are two
different lens elements, each having their own optical
axis. In some other embodiments, lens elements 19A and
19B may be congtructed as a single optical component that
includes two different lens elements, each having their

own optical axis.
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[0044] In the embodiment depicted in FIG. 3, 3-D LIDAR
system 10 is configured to scan each of the plurality of
beams of light 16 and 17 about central axis 14. As the
beams of light rotate about central axis 14, each beam of
light projected into the surrounding environment (e.g.,
each cone of illumination light associated with each
beam) illuminates a volume of the environment
corresponding the cone shaped illumination beam as it is
swept around central axig 14. In general, any number of
beams may be emitted from 3-D LIDAR system 10 to provide
overlapping illumination in the far-field, or in
different locations in the far-field.

[0045] 1n some embodiments, each beam configured to
overlap with another beam in the far-field is generated
by a separate illumination socurce (e.g., laser diode,
LED, etc.) In some other embodiments, illumination light
generated by a particular illumination source is
subdivided and collimated to generate two or more
different beams that are each directed such that they
overlap in the far field.

[0046] FIG. 4 depicts another view of light
emission/collection engine 112. In the depicted
embodiment, light emission/collection engine 112 includes
intermediate electronics boards 121, 122, and 123 which
provide mechanical support and electrical connectivity
between rotating electronics board 111 and various
elements of light emission/collection engine 112. For
example, each of the array of light detecting elements
113 is mounted to intermediate electronics board 121.
Intermediate electronics board 121, in turn, is
mechanically and electrically coupled to rotating
electronice board 111. Similarly, each of the array of
light emitting elements 114 is mounted to intermediate
electronics board 123. Intermediate electronics board

123, in turn, is mechanically and electrically coupled to
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rotating electronics board 111. In another example,
illumination optics 115 and collection optics 116 are
mechanically mounted to intermediate electronics board
122. In this example, intermediate electronics board 122
spatially and optically separates the illumination optics
115 and the collection optics 116 to avoid contamination
of the collected light with illumination light.
Intermediate electronics board 122, in turn, is
mechanically and electrically coupled to rotating
electronics board 111. In this manner, the intermediate
electronics boards provide mechanical and electrical
connectivity and additional board area for mounting
electrical components required for the operation of 3-D
LIDAR gystem 100.

[0047] FIG. 5 depicts a view of collection optics 116 in
greater detail. As depicted in FIG. 5, collection optics
116 include four lens elements 116A-D arranged to focus
collected light 118 onto each of the array of detecting
elements 113. Light passing through collection optics
116 is reflected from mirror 124 and is directed onto
each of the array of detecting elements 113. In another
aspect, one or more of the optical elements of collection
optics 116 is constructed from one or more materials that
absorb light outside of a predetermined wavelength range
that includes the wavelengths of light emitted by each of
the array of light emitting elements 114. In one
example, one or more of the lens elements are constructed
from a plastic material that includes a colorant additive
to absorb light having wavelengths less than infrared
light generated by each of the array of light emitting
elements 114. In one example, the colorant is Epolight
7276A availlable from Aako BV (The Netherlandg) . In
general, any number of different colorants can be added
to any of the plastic lens elements of collection optics

116 to filter out undesired spectra.
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[0048] FIG. 6 depicts a cutaway view of collection optics
116 to illustrate the shaping of each beam of collected
light 118.

[0049] As described hereinbefore, one or more of the
optical elements of collection optics 116 is constructed
from one or more materials that absorb light outside of a
predetermined wavelength range that includes the
wavelengths of light emitted by each of the array of
light emitting elements 114. However, in general, one or
more of the optical elements of jillumination optics 115
may also be constructed from one or more materials that
absorb light outside of a predetermined wavelength range
that includes the wavelengths of light emitted by each of
the array of light emitting elements 114.

[0050] A LIDAR system, such as 3-D LIDAR system 10
depicted in FIG. 3, and system 100, depicted in FIG. 1,
includes multiple, pulsed illumination sources emitting
pulsed beams of illumination light from the LIDAR device
into the surrounding environment. In some embodiments,
the pulsed illumination sources are laser based. In some
embodiments, the pulsed illumination sources are based on
one or more light emitting diodes. In dgeneral, any
suitable pulsed illumination source may be contemplated.
[0051] In one embodiment, two or more pulsed beams of
illumination light simultaneocusly illuminate a particular
location of the three dimensional environment (e.g.,
pixel) with pulses of illumination light. Light
reflected from the location is detected by a
photosensitive detector of the LIDAR system during a
measurement window having a duration that is less than or
equal to the time of flight of light from the LIDAR
gsystem out to the programmed range of the LIDAR system,
and back. The photosensitive detector detects a return
pulse or pulses of light reflected from a particular

location of the three dimensional environment
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simultaneously illuminated by two or more illumination
beams. In this manner, the reflection from a particular
measurement location of each of the multiple illumination
beams is captured by the LIDAR system.

[0052] In a further aspect, the LIDAR system determines
the time of flight of the beams of illumination light
from the LIDAR device to the particular spot of the three
dimensional environment illuminated by the beams of
illumination light and back to the LIDAR device. This
determination is based on the reflected light detected
during the measurement window. The distance between the
LIDAR device and the particular location of the three
dimensional environment illuminated by the beams of
illumination light is determined based on the time of
flight.

[0053] FIG. 7 depicts elements of a LIDAR system
including a pulsed illumination system 130, a 1light
detection gystem 150, and controller 140.

[0054] Pulsed illumination system 130 includes pulsed
light emitting devices 136 and 137. Pulsed light
emitting devices 136 and 137 generate simultaneous,
pulsed light emission in response to pulsed electrical
current signals 134 and 133, respectively. The light
generated by pulsed light emitting devices 136 and 137 is
focused and projected onto a particular location 138 in
the surrounding environment by one or more optical
elements of the LIDAR system. The beams of light
generated by the pulsed lighting emitting devices 136 and
137 are directed such that they overlap at location 138.
In one example, light emitted by pulsed light emitting
devices 136 and 137 is focused and projected onto a
particular location by illumination optics 115 that
collimate the emitted light into pulsed beams of light 16
and 17 emitted from 3-D LIDAR system 10 as depicted in

FIG. 3.
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[0055] Pulsed illumination system 130 includes drivers
131 and 132 that supply current pulses to light emitting
devicesgs 137 and 136, respectively. The current pulses
generated by drivers 131 and 132 are controlled by
control signal, MPC. In this manner, the timing and
shape of pulses generated by light emitting devices 136
and 137 are controlled by controller 140.

[0056] In a further embodiment, a LIDAR system, such as
LIDAR system 100 depicted in FIG. 1, includes sixteen,
multiple beam, pulsed illumination systems operating in
coordination with a common controller (e.g., controller
140) . FIG. 8 depicts an exemplary diagram 180
illustrating the timing of light emission from each of
the sixteen, multiple beam illumination systems.

[0057] As depicted in FIG. 8, a measurement pulse is
emitted from a first multiple beam illumination system.
After a delay time, Tpray, @ measurement pulse is emitted
from a second multiple beam illumination system of the
LIDAR device. In this manner a sequence of sixteen
measurement pulses are emitted in different directions
from the LIDAR device during a measurement period,
TumeasvremenT - The drivers of each of the gixteen multiple
beam illumination systems are charged after the
measurement period for a charging period, Tcuarce- After,
the charging period, another measurement pulse is emitted
from each multiple beam illumination system over a
subsequent measurement period.

[0058] In some embodimente, the delay time i1s set to be
greater than the time of flight of the measurement pulse
to and from an object located at the maximum range of the
LIDAR device. 1In this manner, there is no cross-talk
among any of the sixteen multiple beam illumination
systems.

[0059] In some other embodiments, a measurement pulse may

be emitted from one multiple beam illumination system
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before a measurement pulse emitted from another multiple
beam illumination system has had time to return to the
LIDAR device. In some of these embodiments, care is
taken to ensure that there is sufficient spatial
separation between the areas of the surrounding
environment interrogated by each set of beams to avoid
cross-talk.

[0060] As depicted in FIG. 7, light reflected from
location 138 simultaneocusly illuminated by multiple beams
is detected by light detector 155. Light detector 155
generates an output signal 151 that is amplified by an
analog trans-impedance amplifier 152. In general, the
amplification of output signal 1b1 may include multiple,
amplifier stages. In this sense, analog trans-impedance
amplifier 152 is provided by way of non-limiting example,
as many other analog signal amplification schemes may be
contemplated within the scope of this patent document.
[0061] The amplified signal 153 is communicated to
controller 140. An analog-to-digital converter (ADC) 144
of controller 140 is employed to convert the analog
signal 153 into a digital signal used for further
processing. Controller 140 generatesgs an enable/disable
signal 145 employed to control the timing of data
acquisition by ADC 144 in concert with control signal,
MPC.

[0062] FIG. 9 depicts an illustration of the timing
assocliated with the emission of a measurement pulse and
capture of the returning measurement pulse sequence. AsS
depicted in FIG. 9, the measurement begins with pulse
firing signals 161 (e.g., MPC[1l] and MPC[2]) generated by
controller 140. Due to internal system delay, a pulse
index eignal 162 ie determined that is shifted from the
multiple pulse firing signal 161 by a time delay, Tp. The
time delay includes the known delays associated with

emitting light from the LIDAR system (e.g., signal
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communication delays and latency associated with the
switching elements, energy storage elements, and pulsed
light emitting device) and known delays associated with
collecting light and generating signals indicative of the
collected light (e.g., amplifier latency, analog-digital
conversion delay, etc.).

[0063] As depicted in FIG. 9, a return signal 163 is
detected by the LIDAR system in response to the
illumination of a particular location by both light
emitting devices 136 and 137. A measurement window
(i.e., a period of time over which collected return
signal data is associated with a particular measurement
pulse) 1e initiated by enabling data acquisition from
light detecting element 150. Controller 140 controls the
timing of the measurement window to correspond with the
window of time when a return signal is expected in
response to the emission of the corresponding measurement
pulse. In some examples, the measurement window is
enabled at the point in time when the measurement pulse
is emitted and is disabled at a time corresponding to the
time of f£light of light over a distance that is twice the
range of the LIDAR system. In this manner, the
measurement window is open to collect return light from
ocbjects adjacent to the LIDAR gystem (i.e., negligible
time of f£light) to objects that are located at the
maximum range of the LIDAR system. In this manner, all
other light that cannot possibly contribute to useful
return signal is rejected.

[0064] As depicted in FIG. 9, return signal 163 includes
two return measurement pulses that correspond with
different objects in the path of the multiple beams. In

general, signal detection is performed on all detected

measurement pulses. Further signal analysis may be

performed to identify the closest signal (i.e., first

instance of the return measurement pulse), the strongest
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signal, and the furthest signal (i.e., last instance of
the return measurement pulse in the measurement window) .
Any of these instances may be reported as potentially
valid distance measurements by the LIDAR system. For
example, a time of flight, TOF,;, may be calculated from
the closest (i.e., earliest) return measurement pulse
that corresponds with the emitted measurement pulse
sequence as depicted in FIG. 9.

[0065] In the embodiment described with reference to FIG.
7, two different light emitting devices (i.e., light
emitting devices 136 and 137) are employed to
simultaneously generate two different beams directed to
overlap in the far field. However, in general, a single
light emitting device may be employed along with a beam
splitting optic to subdivide the beam of light emitted
from the single light emitting device into two or more
beams that are directed to overlap in the far field by
additional optical elements. In these embodiments, a
single light emitting source simultaneously generates
multiple beams that overlap in the far field with a
single trigger signal, rather than having to coordinate
the timing of multiple trigger signals (e.g., MPC[1l] and
MPC[2]) to achieve simultaneocus overlapping illumination
in the far field.

[0066] FIG. 10 illustrates a method 200 of performing
LIDAR measurements with multiple illumination beams
overlapping in the far field in at least one novel
aspect. Method 200 is suitable for implementation by any
of the embodiments described herein. In one aspect, it
is recognized that data processing blocks of method 200
may be carried out via a pre-programmed algorithm
executed by one or more processorsg of controller 140, or
any other general purpose computing system. It is

recognized herein that the particular structural aspects

20

HESAI EX1002, P.981



WO 2017/132704 PCT/US2017/015874

of the described embodiments do not represent limitations
and should be interpreted as illustrative only.

[0067] In block 201, two or more light beams are emitted
from a LIDAR device into a three dimensional environment
in a plurality of different directions. Portions of the
three dimensional environment illuminated by each of the
two or more light beams substantially overlap at a
distance of at least five meters from the LIDAR device.
None of the two or more light beams overlap any of the
other two or more light beams at a distance less than
five meters from the LIDAR device.

[0068] In block 202, an amount of light reflected from a
location in the three dimensional environment
gsimultaneougly illuminated by the two or more light beams
is detected.

[0069] 1In block 203, a time of flight of the two or more
light beams emitted from the LIDAR device and detected by
one or more photosensitive detectors of the LIDAR device
is determined.

[0070] In one or more exemplary embodiments, the
functions described may be implemented in hardware,
gsoftware, firmware, or any combination thereof. If
implemented in software, the functions may be stored on
or transmitted over as one or more instructions or code
on a computer-readable medium. Computer-readable media
includes both computer storage media and communication
media including any medium that facilitates transfer of a
computer program from one place to another. A storage
media may be any available media that can be accessed by
a general purpose or special purpose computer. By way of
example, and not limitation, such computer-readable media
can comprise RAM, ROM, EEPROM, CD-ROM or other optical
disk storage, magnetic disk storage or other magnetic
storage devices, or any other medium that can be used to

carry or store desired program code means in the form of
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instructions or data structures and that can be accessed
by a general-purpose or special-purpose computer, or a
general-purpose or special-purpose processor. Also, any
connection is properly termed a computer-readable medium.
For example, 1f the software is transmitted from a
website, server, or other remote source using a coaxial
cable, fiber optic cable, twisted pair, digital
subscriber line (DSL), or wireless technologies such as
infrared, radio, and microwave, then the coaxial cable,
fiber optic cable, twisted pair, DSL, or wireless
technologies such as infrared, radio, and microwave are
included in the definition of medium. Disk and disc, as
used herein, includes compact disc (CD), laser disc,
optical disc, digital versatile disc (DVD), floppy disk
and blu-ray disc where disks usually reproduce data
magnetically, while discs reproduce data optically with
lasers. Combinations of the above should also be included
within the scope of computer-readable media.

[0071] Although certain specific embodiments are
described above for instructional purposes, the teachings
of this patent document have general applicability and
are not limited to the specific embodiments described
above. Accordingly, various modifications, adaptations,
and combinations of various features of the described
embodiments can be practiced without departing from the

gscope of the invention as set forth in the claims.
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CLAIMS

What is claimed is:

1. A light detection and ranging (LIDAR) device,
comprising:

one or more illumination sources configured to emit
two or more light beams from the LIDAR device into a
three dimensional environment in a plurality of different
directions such that a portion of the three dimensional
environment is illuminated by each of the two or more
light beams, wherein a first of the two or more light
beams is emitted from the LIDAR device at a first
location, and a second of the two or more light beams is
emitted from the LIDAR device at a second location that
is spatially distinct from the first location;

one or more photosensitive detectors configured to
detect an amount of light reflected from a location in
the three dimensional environment simultaneously
illuminated by the two or more light beams; and

a computing system configured to determine a time of
flight of the two or more light beams emitted from the
one or more illumination sources and detected by the one

or more photosensitive detectors.

2. The LIDAR device of Claim 1, wherein the portion
of the three dimensional environment illuminated by each
of the two or more light beams is located at least five
meters from the LIDAR device and none of the two or more
light beams overlap any of the other two or more light
beams at a distance less than five meters from the LIDAR

device.

3. The LIDAR device of Claim 2, wherein the first
and second locations are located on a surface of an

optical element.

23

HESAI EX1002, P.984



WO 2017/132704 PCT/US2017/015874

4, The LIDAR device of Claim 2, wherein the first
location ie located on a surface of a first optical
element and the second location is located on a surface

of a second optical element.

5. The LIDAR device of Claim 1, wherein the one or
more illumination sources comprises:

a light emitting device configured to emit a first
amount of light;

one or more optical elements configured to collimate
the first amount of light into a first beam of light; and

a beam gplitting element configured to separate the
first beam of light into a second beam cf light and a
third beam of light, wherein the second beam of light is
emitted from the LIDAR device at a first location, and
wherein the third beam of light is emitted from the LIDAR
device at a second location that is spatially distinct
from the first location, and wherein portions of the
three dimensional environment illuminated by the second
beam of light and the third beam of light substantially
overlap at a distance of at least five meters from the
LIDAR device and no portions of the second beam of light
and the third beam of light overlap at any distance less

than five meters from the LIDAR device.

6. The LIDAR device of Claim 1, wherein a first of
the one or more illumination sourceg emite a first of the
two or more light beams from the LIDAR device at a first
location, and a second of the one or more illumination
sources emits a second of the two or more light beams
from the LIDAR device at a second location, wherein the

first and second locations are spatially distinct.
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7. The LIDAR device of Claim 1, wherein each of the

one or more illumination sources is laser based.

8. The LIDAR device of Claim 1, wherein each of the
one or more illumination sources includes a light

emitting diode.

9. The LIDAR device of Claim 1, wherein each of the
one or more illumination sources emit pulses of

illumination light.

10. A light detection and ranging (LIDAR) device,
comprising:

one or more light emitting devices configured to
emit a first amount of light;

one or more optical elements configured to collimate
the first amount of light into a first beam of light;

a beam splitting element configured to separate the
first beam of light into a second beam cf light and a
third beam of light, wherein the second beam of light is
emitted from the LIDAR device at a first location, and
wherein the third beam of light is emitted from the LIDAR
device at a second location that i1s spatially distinct
from the first location, and wherein portions of the
three dimensional environment illuminated by the second
beam of light and the third beam of light substantially
overlap at a distance of at least five meters from the
LIDAR device and no portions of the second beam of light
and the third beam of light overlap at any distance less

than five meters from the LIDAR device.

11. The LIDAR device of Claim 10, further
comprising:
one or more photosensitive detectors configured to

detect an amount of light reflected from a location in
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the three dimensional environment simultaneously
illuminated by the second and third beams of light; and
a computing system configured to determine a time of
flight of the second and third beams of light emitted
from the one or more light emitting devices and detected

by the one or more photosensitive detectors.

12. The LIDAR device of Claim 10, wherein the first
location is located on a surface of a firet optical
element and the second location is located on a surface

of a second optical element.

13. 1he LIDAR device of Claim 10, wherein the first
location is located on a surface of a first optical
element and the second location is located on a surface

of a second optical element.

14. The LIDAR device of Claim 10, wherein each of

the one or more light emitting devices is laser based.

15. The LIDAR device of Claim 10, wherein each of
the one or more light emitting devices is a light

emitting diode.

16. A method comprising:

emitting two or more light beams from a LIDAR device
into a three dimensional environment in a plurality of
different directione such that portions of the three
dimensional environment illuminated by each of the two or
more light beams substantially overlap at a distance of
at least five meters from the LIDAR device and none of
the two or more light beams overlap any of the other two
or more light beams at a distance less than five meters

from the LIDAR device;
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detecting an amount of light reflected from a
location in the three dimensional environment
simultaneousgly illuminated by the two or more light
beams; and

determining a time of flight of the two or more
light beams emitted from the LIDAR device and detected by

one or more photosensitive detectors of the LIDAR device.

17. The method of Claim 16, wherein a first of the
two or more light beams is emitted from the LIDAR device
at a first location, and a second cof the two or more
light beams is emitted from the LIDAR device at a second
location that is spatially distinct from the first

location.

18. The method of Claim 17, wherein the first
location is located on a surface of a first optical
element and the second location is located on a surface

of a second optical element.

19. The method of Claim 17, wherein the first
location ies located on a surface of a first optical
element and the second location is located on a surface

of a second optical element.

20. The method of Claim 17, further comprising:

emitting a first amount of light from one or more
light emitting devices;

collimating the first amount of light into a first
beam of light; and

splitting the first beam of light into a second beam
of light and a third beam of light, wherein the second
beam of light is emitted from the LIDAR device at a first
location, and wherein the third beam of light is emitted

from the LIDAR device at a second location that is
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spatially distinct from the first location, and wherein
portions of the three dimensional environment illuminated
by the second beam of light and the third beam of light
substantially overlap at a distance of at least five
meters from the LIDAR device and no portions of the
second beam of light and the third beam of light overlap

at any distance less than five meters from the LIDAR

device.

28

HESAI EX1002, P.989



WO 2017/132704 PCT/US2017/015874

1/10

100

HESAI EX1002, P.990



WO 2017/132704

PCT/US2017/015874

2/10

e ey

————104

R M\'\.
> Ny
r"‘j 4\.4
o “,
; .
X
&
; 103 y

102

R e

FIG. 2

HESAI EX1002, P.991



PCT/US2017/015874

WO 2017/132704

3/10

10
15

FIG. 3

HESAI EX1002, P.992



PCT/US2017/015874

WO 2017/132704

4/10

123

112

Bl

enceais

FIG. 4

HESAI EX1002, P.993



PCT/US2017/015874

WO 2017/132704

5/10

(52

~

-
\\\k§§§§§§§u§ﬁb\ e L L iz
I

— ——

5

7
i

4

o

L e,

i

FIG. 5

HESAI EX1002, P.994



WO 2017/132704 PCT/US2017/015874

6/10

116D
116B 116C

FIG. 6

HESAI EX1002, P.995



WO 2017/132704 PCT/US2017/015874

7/10

| |
' Z :
|
! DRIVER i
| 7 MPCI[2] 131 |
: :
| |
| |
| |
' :
! 134 i
|
| DRIVER J—» :
: V' MPC[1] 132 :
| |
|
CONTROLLER ! !
140 : :
| |
PROC 1 1
141 b :
MEM 150 !
42 S _______________
143 153 1 i
|
| TRANS-
| ADC : IMPEDANCE
o 144 ! AMPLIFIER
145 : 152
|
|
|
R .
146

HESAI EX1002, P.996



WO 2017/132704 PCT/US2017/015874

8/10

180

A

—>: :<—TDELAY

LD L],

il ‘ll k-
L

N Tewaree TIME

TMEASUREMENT

FIG. 8

HESAI EX1002, P.997



PCT/US2017/015874

WO 2017/132704

9/10

TIME

161
/

—

T¥YNOIS ONIAIS
34S71Nd F1dIL TN

TIME
TIME

DISABLE
DATA ACQ

TIVIEASUREI\II ENT

TOF,

/162
ENABLE
DATA ACQ

1
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
'I‘
|

To

TVYNOIS NdNL13Y
3S1Nd F1dILINN

T¥YNOIS X3AdNI
3S1Nd A1dIL TN

FIG. 9

HESAI EX1002, P.998



WO 2017/132704 PCT/US2017/015874

10/10

200

EMIT TWO OR MORE LIGHT BEAMS FROM A LIDAR DEVICE INTO A
THREE DIMENSIONAL ENVIRONMENT IN A PLURALITY OF DIFFERENT
DIRECTIONS SUCH THAT PORTIONS OF THE THREE DIMENSIONAL
ENVIRONMENT ILLUMINATED BY EACH OF THE TWO OR MORE LIGHT

BEAMS SUBSTANTIALLY OVERLAP AT A DISTANCE OF AT LEAST [~—201
FIVE METERS FROM THE LIDAR DEVICE AND NONE OF THE TWO OR
MORE LIGHT BEAMS OVERLAP ANY OF THE OTHER TWO OR MORE
LIGHT BEAMS AT A DISTANCE LESS THAN FIVE METERS FROM THE

LIDAR DEVICE

DETECT AN AMOUNT OF LIGHT REFLECTED FROM A LOCATION IN
THE THREE DIMENSIONAL ENVIRONMENT SIMULTANEOUSLY ~—202
ILLUMINATED BY THE TWO OR MORE LIGHT BEAMS

DETERMINE A TIME OF FLIGHT OF THE TWO OR MORE LIGHT BEAMS
EMITTED FROM THE LIDAR DEVICE AND DETECTED BY ONE OR ~~203
MORE PHOTOSENSITIVE DETECTORS OF THE LIDAR DEVICE

FIG. 10

HESAI EX1002, P.999



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2017/015874

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - GO1S 17/89; GO1C 3/08; G01J 3/02; GO1J 3/28; GO1J 3/44; GO1S 7/497; G018 17/06 (2017.01)

CPC-  GO01S 17/89; GO1C 21/30; GO1J 3/0278; G01J 3/2803; GO1J 3/4406; GO1S 7/4814; GO1S
7/4815; GO1S 7/4863; GO1S 7/4865; G0O1S 7/497; GO1S 17/06; G01S 17/10; G01S 17/93; G06Q
10/047; GO6Q 30/02; HO4N 13/025; HO4N 13/0271 (2017.02)

According to International Patent Classification (IPC) or to both national classification and IPC
B. FIELDS SEARCHED

Minimum documentation scarched (classification system followed by classification symhals)
See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
See Search History document

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 2015/0131080 A1 (FACET TECHNOLOGY CORP.) 14 May 2015 (14.05.2015) entire 1-9, 16-20
document
Y US 2014/0071234 A1 (MILLETT) 13 March 2014 (13.03.2014) entire document 1-9, 16-20
Y US 2010/0020306 A1 (HALL) 28 January 2010 (28.01.2010) entire document 6, 17-20
Y US 2015/0015895 A1 (FARO TECHNOLOGIES, INC.) 15 January 2015 (15.01.2015) entire 8
document
D Further documents are listed in the continuation of Box C. D See patent family annex.
*  Special categories of cited documents: “T” later document published after the international filing date or priority
“A”  document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
“E” earlier application or patent but published on or afier the international  “X» document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
“L” d_ocgment wll;ilc_:hhmﬁy thrgl\y d(}ubtzl on prfion'ty }::lain_\(s). or whicl;lis step when the document is taken alone
cited to establish the publication date of another citation or OtheT «yv  gocument of particular relevance; the claimed invention cannot be
special reason (as specified) o considered to involve an_ inventive step when the document is
“O” document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art

“P” document published prior to the international filing date but laterthan  «g»  gocument member of the same patent family
the priority date claimed

Date of the actual completion of the international search Datc of mailing of the international search report
27 April 2017 2 3 MAY 20‘]7

Name and mailing address of the ISA/US Authorized officer

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents Blaine R. Copenheaver

P.O. !Bo.x 1450, Alexandria, VA 22313-1450 PCT Helpdesk: §71-272-4300

Facsimile No. 571-273-8300 PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)

HESAI EX1002, P.1000



INTERNATIONAL SEARCH REPORT International application No.

PCT/US2017/015874

Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I:] Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

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

This International Searching Authority found multiple inventions in this international application, as follows:
See Extra Sheet(s)

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

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

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

4. % No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-9, 16-20

Remark on Protest The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

]

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

No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)

HESAI EX1002, P.1001



INTERNATIONAL SEARCH REPORT International application No.

PCT/US2017/015874

Continued from Box No. Il Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-9,16-20, drawn to a light detection and ranging (LIDAR) device.
Group I, claims 10-20, drawn to a light detection and ranging (LIDAR) device wherein portions of the three dimensional environment
illuminated by the second beam of light and the third beam of light substantially overlap at a distance of at least five meters.

The inventions listed as Groups I-1l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the Group
| invention: one or more photosensitive detectors configured to detect an amount of light reflected from a location in the three
dimensional environment simultaneously illuminated by the two or more light beams; and a computing system configured to determine a
time of flight of the two or more light beams emitted from the one or more illumination sources and detected by the one or more
photosensitive detectors as claimed therein is not present in the invention of Group Il. The special technical feature of the Group Il
invention: wherein portions of the three dimensional environment illuminated by the second beam of light and the third beam of light
substantially overlap at a distance of at least five meters from the LIDAR device and no portions of the second beam of light and the third
beam of light overlap at any distance less than five meters from the LIDAR device as claimed therein is not present in the invention of
Group I. i

Groups | and Il lack unity of invention because even though the inventions of these groups require the technical feature of one or more
illumination sources configured to emit two or more light beams from the LIDAR device into a three dimensional environment in a
plurality of different directions such that a portion of the three dimensional environment is illuminated by each of the two or more light
beams, wherein a first of the two or more light beams is emitted from the LIDAR device at a first location, and a second of the two or
more light beams is emitted from the LIDAR device at a second location that is spatially distinct from the first location, this technical
feature is not a spacial technical feature as it does not make a contribution over the prior art.

Specifically, US 2010/0020306 A1 (HALL) 28 January 2010 (28.01.2010) teaches one or more illumination sources configured to emit
two or more light beams from the LIDAR device into a three dimensional environment in a plurality of different directions such that a
portion of the three dimensional environment is illuminated by each of the two or more light beams (Paras. 36-38 and Figs. 5-8), wherein
a first of the two or more light beams is emitted from the LIDAR device at a first location, and a second of the two or more light beams is
emitted from the LIDAR device at a second location that is spatially distinct from the first location (Paras. 45-46 and Figs. 9-10).

Since none of the special technical features of the Group | or |l inventions are found in more than one of the inventions, unity of invention
is lacking.

Form PCT/ISA/210 (extra sheet) (January 2015)

HESAI EX1002, P.1002
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PATENT COOPERATION TREATY

PCT

INTERNATIONAL SEARCH REPORT
(PCT Article 18 and Rules 43 and 44)

Applicant’s or agent’s file reference FOR FURTHER see Form PCT/ISA/220
78715-001WO00 ACTION as well as, where applicable, item 5 below.
International application No. International filing date {day/month/vear) (Earliest) Priority Date (day/month/vear)
PCT/US17/39306 26 June 2017 (26.06.2017) 26 September 2016 (26.09.2016)
Applicant

OUSTER, INC.

This international search report has been prepared by this International Searching Authority and is transmitted to the applicant
according to Articlc 18. A copy is being transmitted to the International Bureau.
~

&
This international search report consists nfa total of 2 sheets,

D It is also accompanied by a copy of each prior art document cited in this report.

1. Basis of the report
a. With regard to the language, the international search was carried out on the basis of*
@ the international application in the language in which it was filed.

D a translation of the international application into which is the language of
a translation fumished for the purposes of international search (Rules 12.3(a) and 23.1(b)).

b. D This international search report has been established taking into account the rectification of an obvious mistake
authorized by or notified to this Authority under Rule 91 (Rule 43.6bis(a)).

c. D With regard to any nucleotide and/or amino acid sequence disclosed in the international application, see Box No. 1.
2. D Certain claims were found unsearchable (see Box No. 1I).
3. [Zl Unity of invention is lacking (see Box No. [11),

4. With regard to the title,
the text is approved as submitted by the applicant.

D the text has been established by this Authority to read as follows:

5. With regard to the abstract, N
IX] the text is approved as submitted by the applicant.

L—_I the text has been established, according to Rule 38.2, by this Authority as it appears in Box No. IV. The applicant may,
within one month from the date of mailing of this international search report, submit comments to this Authority.

6. With regard to the drawings,
a. the figure of the drawings Lo be published with the abstract is Figure No, 1
,X] as suggested by the applicant.
D as selected by this Authority, because the applicant failed to suggest a figure.
I:I as selected by this Authority, because this (igure better characterizes the invention.

b. D none of the figures is to be published with the abstract.

Form PCT/ISA/210 (first sheet) (January 2015)
HESAI EX1002, P.1004



INTERNATIONAL SEARCH REPORT International application No.

PCT/US17/39306

Box No. I1 Observations where certain claims were found unscarchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. l_—_] Claims Nos.:

because they relate (o subject matter not required to be searched by this Authority, namely:

2. l_—_] Claims Nos.:

because they relate (o parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. I:] Claims Nos.:

because they are dependent claims and are not drafied in accordance with the second and third sentences of Rule 6.4(a).

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

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

1. [E As all required additional search fees were timely paid by the applicant, this international search report covers all scarchable
claims.

O

As all searchable claims could be searched without cffort justifying additional fees, this Authority did not invite payment of
additional fees.

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

4. I:] No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanicd by the applicant’s protest and, where applicable, the
payment of a protest fee.

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

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

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)

HESAI EX1002, P.1005



INTERNATIONAL SEARCH REPORT International application No.
PCT/US17/39306

A.  CLASSIFICATION OF SUBJECT MATTER
IPC - Go1J1/02, G01J1/08, G02B6/00 (2017.01)

CPC -
G01J1/026, GO1J1/08, GO2B6/002

According o International Patent Classification (IPC) or to both national classification and IPC

B, FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields scarched
See Search History document

Electronic data base consulted during the intemational search (name of data base and, where practicable, search terms used)

See Search History document

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 7,433,042 B1 (CAVANAUGH, D. et al.) October 7, 2008; figures 1-3: column 2, lines 43-63; [1-3,6-9, 14, 17, 20-23,
column 3, lines 1-5; column 4, lines 6- column 5, line 9; column 5, lines 22-33; column 7, lines 28, 31, 34-37, 42, 45,
24-30 48-51, 56, 59, 62-65, 70,

73,77, 78, and 80

4-5, 10-13, 15-16, 18-19,
Y 24-27, 29-30, 32-33,
38-41, 43-44, 46-47,
52-55, 57-58, 60-61,
66-68, 71-72, 74-76, 79,

and 81-86
Y US 6,721,262 B1 (JORDACHE, N. et al.) April 13, 2004; figures 5-6(4); column 3, line 39- 4,95,18,19, 32, 33,
column 4, line 3 46-47, 60, 61
Y US 2016/0150963 A1 (ROUKES, M. et al.) June 2, 2016; figure 13; paragraphs [0027, 0030, 10-13, 24-27, 38-41,
0032, 0070]. 52-55, 66-69, 75, 76
Y US 2015/0292948 A1 (VERIFOOD, LTD.) October 15, 2015; figure 5; paragraphs [0160, 0163]. |15, 16, 29, 30, 43, 44, 57,
58,71,72,74
Y WO 2016/125165 A2 (VERIFOOD, LTD.) August 11, 2016; figures 11-13 and 20; paragraphs 78, 81-84

{0136, 0170, 0172, 0173, 0181, 0184-0186, 0218].

@ Further documents are listed in the continuation of Box C. D See patent family annex.

" Special categories of cited documents: “T” later document published after the international filing date or priority

“A" document defining the general state of the art which is not considered date and not in conflict with the ap{)hc_anon but cited to understand
to be of particular relevance the principle or theory underlying the invention

“E" carlier application or patent but published on or after the international “X” document of particular relevance; the claimed invention cannot be
{iling date considered novel or cannot be considered to involve an inventive

“L”™  document which may throw doubts on priority claim(s) or which is step when the document is taken alone

cited to establish the publication date of another citation or other wyn

special reason (as specified) document of particular relevance; the claimed invention cannot be

o ; . _ considered to involve an invenlive step when the document is
O document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art

“P”  document published prior to the international filing date but later than “ &

the priority date claimed document member of the same patent family

Date of the actual completion of the international search Date of mailing of the international search report
10 October 2017 (10.10.2017) O? N O\J 20‘[7
Name and mailing address of the ISA/ Authorized officer
Mail Stop PCT, Attn: ISA/US, Commissioner for Patents Shane Thomas
P.0O. Box 1450, Alexandria, Virginia 22313-1450
L. PCT Helpdesk: 571-272-4300
Facsimile No. 571-273-8300 PCT OSP; 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015) HESAI EX1002, P.1006



INTERNATIONAL SEARCH REPORT

International application No.

PCT/US17/39306

C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 2010/0008588 A1 (FELDKHUN, D. et al.) Janaury 14, 2010; figures 1 and 12: paragraphs

81-82, and 84-86
[0031, 0038-0040, 0120]

Form PCT/ISA/210 (continuation of second sheet) (January 2015) HESAI EX1002. P.1007



INTERNATIONAL SEARCH REPORT International application No.

PCT/US17/393086

Tk

-Continued from Box 1] -***-

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions tc be examined, the appropriate additional examination fee must be paid.

Group I: Claims 1-72 are directed towards a micro-optical receiver channel, an image sensor, and a method.
Group II: Claims 1-16 and 73-86 are directed towards an optical channel for receiving photons and detecting the photons.

The inventions listed as Groups I-l do not relate to a single general inventive concept tnder PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

The special technical features of Group | include at least wherein the aperture accepts an input cone of light containing a wide range of
wavelengths, and the optical filter filters out all but a narrow band of the wavelengths centered at an operating wavelength, and wherein
the pixel is configured to detect photons within the narrow band of wavelengths, which are not present in Group Il

The special technical features of Group Il include at least a bulk imaging optic; an aperture layer located at an imaging plane of the bulk
optic; a collimating lens layer behind the aperture layer and separated therefrom by a focal length of the collimating lens layer; an optical
filter behind the collimating lens layer; and a pixel offset from the optical filter opposite the collimating lens layer, and responsive to
photons incident on the pixel, which are not present in Group |.

The common technical features shared by Groups I-1l are an optical channel comprising: an aperture; an optical lens adjacent the
aperture; an optical filter adjacent the optical lens; and a pixel adjacent the optical filter.

However, these common features are previously disclosed by US 2012/0320164 A1 (LIPTON). Lipton discloses an optical channel
comprising: an aperture (polarizing aperture 306; Fig. 3 and para [0046]); an optical lens adjacent the aperture (lens 302 adjacent to
aperture 306; Fig. 3 and para [0046]); an optical filter adjacent the optical lens (a patterned polarizer (optical filter) adjacent lens 302;
Fig. 3 and para [0046]); and a pixe! adjacent the optical filter (a pixel image sensor 309 adjacent to the polarizer 308; Fig. 3, paras
[0032], [0046]).

Since the common technical features are previously disclosed by the Lipton reference, these common features are not special and so
Groups I-I! lack unity.

Form PCT/ISA/210 (extra shect) (January 2015) EX1002. P.1008
HESAI y P



PATENT COOPERATION TREATY

From the
INTERNATIONAL SEARCHING AUTHORITY

To: Jennifer Hayes PCT

Nixon Peabody LLP

300 South Grand Avenue

Suite 4100

Los Angeles, California 90071-3151
United States of America

WRITTEN OPINION OF THE
INTERNATIONAL SEARCHING AUTHORITY

(PCT Rule 43bis.1)

* Date ofmaiiing

|| snmiinis 07 NOV 2017

Applicant’s or agent’s file reference FOR FURTHER ACTION

78715-001WOQO0 See paragraph 2 below

International application No. International filing date (day/monthsyear) Priority date (day/month/year)
PCT/US17/39306 26 June 2017 (26.06.2017) 26 September 2016 (26.09.2016)

International Patent Classification (IPC) or both national classification and [PC
IPC - G01J1/02, G01J1/08, G02B6/00 (2017.01)

CPC -
(G01J1/026, G01J1/08, GO2B6/002

Applicant o TER INC.

— e

1. This opinion contains indications relating to the following items:
Box No. 1 Basis of the opinion

Box No. I Priority

Box No. Il Non-establishment of opinion with regard to novelty. inventive step and industrial applicability
Box No. IV Lack of unity of invention

Box No. V. Reasoned statement under Rule 435is. I(a)(i) with regard to novelty, inventive step and industrial applicability;
cilations and explanations supporting such statement

Box No. VI Certain documents cited

Box No. VII  Certain defects in the international application

XL XXX

Box No. VIII Certain observations on the international application

2. FURTHER ACTION

If a demand for international preliminary examination is made, this opinion will be considered to be a written opinion of the
International Preliminary Examining Authority (“IPEA™) except that this does not apply where the applicant chooses an Authority
other than this one to be the IPEA and the chosen IPEA has notified the International Bureau under Rule 66.1bis(b) that written
opinions of this International Searching Authority will not be so considered.

If this opinion is, as provided above, considered to be a written opinion of the IPEA, the applicant is invited to submit to the IPEA
a written reply together, where appropriate, with amendments, before the expiration of 3 months from the date of mailing of Form
PCT/ISA/220 or before the expiration of 22 months from the priority date, whichever expires later.

For further options, see Form PCT/ISA/220.

Name and mailing address of the ISA/US | Date of completion of this opinion Authorized officer
Mail Stop PCT, Attn: ISA/US . sh Th
Commissioner for Patents ane Thomas
P.O. Box 1450, Alexandria, Virginia 22313-1450 10 October 2017 (10.10.201 7) PCT Helpdesk: 571-272-4300
Facsimile No. 571-273-8300 PCT OSP: 571-272-7774

Form PCT/ISA/237 (cover sheet) (January 2015)
HESAI EX1002, P.1009



WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING AUTHORITY PCT/IUS17/39306

Box No. I Basis of this opinion

1. With regard to the Janguage, this opinion has been established on the basis of:
E] the international application in the language in which it was filed.

a translation of the international application into o whuch is the language of a translation
furnished for the purposes ol international search (Rules 12.3(a) and 23.1(b)).

2. [:| This opinion has been established taking into account the rectification of an obvious mistake authorized by or notified to
this Authority under Rule 91 (Rule 43 bis. 1(a)).

3. I:l With regard to any nucleotide and/or amino acid sequence disclosed in the international application, this opinion has
been established on the basis of a sequence listing:

a. I:] forming part of the international application as filed:
l:l in the form of an Annex C/ST.25 text file.
I:I on paper or in the form of an image filc.

b. I:l furnished together with the international application under PCT Rule 13ter.1(a) for the purposes of international
search only in the form of an Annex C/ST.25 text file.

c. I:l furnished subsequent to the international filing date for the purposes of international search only:
I:I in the form of an Annex C/ST.25 text file (Rule 13zer. 1(a)).

I:I on paper or in the form of an image file (Rule 13zer. 1(b) and Administrative Instructions, Section 713).

4. I:l In addition, in the case that more than one version or copy ol a sequence listing has been filed or furnished, the required
statements that the information in the subsequent or additional copies is identical to that forming part of the application as
filed or does not go beyond the application as filed, as appropriate, were furnished.

5. Additional comments:

Form PCT/ISA/237 (Box No. I) (January 2015) HESAI EX1002, P.1010



, ional application N,
WRITTEN OPINION OF THE International application No

INTERNATIONAL SEARCHING AUTHORITY PCT/US17/39306

Box No. IV Lack of unity of invention

1. @ In response 1o the invitation (Form PCT/ISA/206) to pay additional fees the applicant has, within the applicable time limit:

IXI paid additional fees.

D paid additional fees under protest and, where applicable, the protest fee.
D paid additional fees under protest but the applicable protest fee was not paid.
D not paid additional fees.

2. D This Authority found that the requirement of unity of invention is not complied with and chose not to invite the applicant to
pay additional fees.

3. This Authority considers that the requirement of unity of invention in accordance with Rule 13. [,13.2and 133 is

l:l complied with.

IXI not complied with for the following reasons:

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fee must be paid.

Group I: Claims 1-72 are directed towards a micro-optical receiver channel, an image sensor, and a method.
Group I Claims 1-16 and 73-86 are directed towards an optical channel for receiving photons and detecting the photons.

The inventions listed as Groups I-ll do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

The special technical features of Group | inciude at least wherein the aperture accepts an input cone of light containing a wide range of
wavelengths, and the optical filter filters out all but a narrow band of the wavelengths centered at an operating wavelength, and wherein
the pixel is configured to detect photons within the narrow band of wavelengths, which are not present in Group 11.

The special technical features of Group Il include at least a bulk imaging optic; an aperture layer located at an imaging plane of the bulk
optic; a collimating lens layer behind the aperture layer and separated therefrom by a focal length of the collimating lens layer; an optical
filter behind the collimating fens layer; and a pixel offset from the opticat filter opposite the collimating lens layer, and responsive to
photons incident on the pixel, which are not present in Group |.

The common technical features shared by Groups I-l are an optical channel comprising: an aperture; an optical lens adjacent the
aperture; an optical filter adjacent the optical lens; and a pixel adjacent the optical filter.

However, these common features are previously disciosed by US 2012/0320164 A1 (LIPTON). Lipton discloses an optical channel
comprising: an aperture (polarizing aperture 306; Fig. 3 and para [0046]); an optical lens adjacent the aperture (lens 302 adjacent to
aperture 306; Fig. 3 and para [0046]); an optical filter adjacent the optical lens (a patterned polarizer (optical filter) adjacent lens 302; Fig.
3 and para [0046]); and a pixel adjacent the optical filtter (a pixel image sensor 309 adjacent to the polarizer 308; Fig. 3, paras [0032],
[0046]).

Since the common technical features are previously disclosed by the Lipton reference, these common features are not special and so
Groups -1l fack unity.

4. Consequently, this opinion has been established in respect of the following parts of the international application:

[z all parts.

D the parts relating to claims Nos.
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Box No. V Reasoned statement under Rule 435is.1(a)(i) with regard to novelty, inventive step and industrial applicability;
citations and explanations supporting such statement

1. Statement

Novelty (N) Claims SEE BELOW YES
Claims SEE BELOW NO

Inventive step (IS) Claims NONE YES
Claims 1-86 NO

Industrial applicability (1A) Claims 1-86 YES
Claims NONE NO

2. Citations and explanations:

-***-Continued from Box No. V: 1. Statement-***-
NOVELTY

YES 4-5,10-13, 15-16, 18-19, 24-27, 29-30, 32-33, 38-41, 43-44, 46-47, 52-55, 57-58, 60-61, 66-69, 71-72, 74-76, 79, and 81-86
NO 1-3,6-9, 14, 17, 20-23, 28, 31, 34-37, 42, 45, 48-51, 56, 59, 62, 63-65, 70, 73, 77, 78, and 80

-***-Continued from Box No. V: 2. Citations and explanations:-***-

Claims 1-3, 6-9, 14, 17, 20-23, 28, 31, 34-37, 42, 45, 48-51, 56, 59, 62-65, 70, 73, 77, 78, and 80 lack novelty under PCT Article 33(2) as
being anticipated by US 7,433,042 B1 to Cavanaugh, D. et al. (hereinafter ‘Cavanaugh’)

As for claim 1, Cavanaugh discloses a micro-optical receiver channel (a channel defined by the aperture masks 135 and 137 for the light
to each superpixel of a detector 110; figure 2; column 4, lines 6-19, 52-58) comprising: an input aperture layer (aperture mask 135; figure
2; column 4, lines 52-58); an optical lens layer adjacent the input aperture layer (micro lens array 130 is between aperture mask 135 and
aperture mask 137; figure 2; column 4, lines 6-19, 52-58); an optical filter layer adjacent the optical lens layer (color filter array 120 is
adjacent the micro lens array 130; figure 2; colurnn 4, lines 6-19); and a pixel layer adjacent the optical filter layer (color fitter array 120 is
as close as possible to detector array 110 (pixel array); figure 2; column 4, lines 6-19).

As for claim 2, Cavanaugh discloses the micro-optical receiver channel of claim 1, wherein the input aperture layer comprises an aperture
(aperture mask 135 has an array of openings restricting light to the shape of the super pixel (an aperture); figure 2; column 4, lines
52-58).

As for claim 3, Cavanaugh discloses the micro-optical receiver channel of claim 1, wherein the input aperture layer comprises an aperture
and a stop material surrounding the aperture (aperture mask 135 has an array of openings restricting light to the shape of the super pixel
(an aperture) and may for a field stop, such as by being tubular baffies (stop material surrounding the aperture); figure 2; column 4, lines
52-58).

As for claim 6, Cavanaugh discloses the micro-optical receiver channel of claim 1, wherein the optical lens layer comprises a collimating
lens (micro lens array 130 is placed at where the objective lens 140 forms an image of the object under observation to help collimate the
light; figure 2; column 4, lines 6-19; column 5, lines 22-33).

As for claim 7, Cavanaugh discloses the micro-optical receiver channel of claim 1, wherein the input aperture layer comprises an aperture
(aperture mask 135 has an array of openings restricting light to the shape of the super pixel (an aperture); figure 2; column 4, lines
52-58), and wherein the optical lens layer comprises a lens (micro lens array 130 is an array of lenses, one per super-pixel; figure 2;
column 4, lines 6-19), the aperture aligned with the lens (micro lens array 130 is an array of lenses to fill each specific super-pixel with the
apertures restricting light to the shape of the super pixel; figure 2; column 4, lines 6-19, 52-58).

As for claim 8, Cavanaugh discloses the micro-optical receiver channel of claim 1, further comprising a second aperture layer between
the optical lens layer and the optical filter layer (micro lens array 130 is between aperture mask 135 and aperture mask 137 with optical
filter 120 on the other side of aperture mask 137 from micro lens array 130; figure 2; column 4, lines 6-19, 52-58).

As for claim 9, Cavanaugh discloses the micro-optical receiver channel of claim 1, wherein the optical filter layer comprises an optical
bandpass filter (the color filter array is made of bandpass filters which may be narrow band; figures 2 and 3; column 3, lines 1-5: column
4, line 59- column 5, line 9).

As for claim 14, Cavanaugh discloses the micro-optical receiver channel of claim 1, wherein the pixel comprises a plurality of subpixels
(each super pixel includes an array of subpixels such as a 4x4 array; figures 2 and 3; column 4, lines 6-19; 59-67).

-***-Continued Within the Next Supplemental Box-***-
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Box No. VI Certain observations on the iternational application

The following observations on the clarity of the claims, description, and drawings or on the question whether the claims arc fully

supported by the description, are made:

Claims 23, 37, 51, and 65 are objected to under PCT Rule 66.2(a)(v) as lacking clarity under PCT Article 6 because claims 23,37, 51,
and 65 lack antecedent basis for 'the optical filter layer'. For the purposes of this examination, claims 29, 43,57, and 71 interpret ‘the

optical filter layer’ as ‘the optical filter'.

Claims 29, 43, 57 and 71 are objected to under PCT Rule 66.2(a)(v) as lacking clarity under PCT Article 6 because claims 29,43, 57
and 71 lack antecedent basis for ‘the pixel layer'. For the purposes of this examination, claims 29, 43, 57, and 71 interpret ‘the pixel
layer’ as 'the pixel’.

Claims 32 and 33 are objected to under PCT Rule 66.2(a)(v) as lacking clarity under PCT Article 6 because claims 32 and 33 lack
antecedent basis for ‘the stop region'. For the purposes of this examination, ciaims 32 and 33 interpret 'the stop region’ as ‘a stop region
for the aperture’.

Claims 77 is objected to under PCT Rule 66.2(a)(v) as lacking clarity under PCT Article 6 because claim 77 lacks antecedent basis for
‘the bulk imaging optic’. For the purposes of this examination, claim 77 is interpreted as depending on claim 73 rather than claim 63,
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As for claim 17, Cavanaugh discloses a micro-optical receiver channel (a channel defined by the aperture masks 135 and 137 for the
light to each superpixel of a detector 110, figure 2; column 4, fines 6-19, 52-58) comprising: an aperture surrounded by a stop region
(aperture mask 135 is a tubular baffle: figure 2; column 4, lines 52-58); an optical lens adjacent the aperture (micro lens array 130 is
between aperture mask 135 and aperture mask 137; figure 2; column 4, lines 6-19, 52-58); an optical filter adjacent the optical lens
(color filter array 120 is adjacent the micro lens array 130; figure 2; column 4, lines 6-19); and a pixel adjacent the optical filter (color filter
array 120 is as close as possible to detector array 110 (pixef array); figure 2; column 4, lines 6-19), wherein the aperture accepts an
input cone of light containing a wide range of wavelengths (light is received into the lenses 130 in a limited cone shaped aperture due to
the external aperture 150; figures 2 and 3; column 2, lines 43-63; column 4, line 59- column 5, line 9), and the optical filter filters out all
but a narrow band of the wavelengths centered at an operating wavelength (the optical filter array 120 may be an array of narrow band
filters to filter the light into a series of narrow band wavelengths 10 nm wide (narrow band of wavelengths centered at an operating
wavelength); figures 2 and 3; column 2, lines 43-63; column 4, line 59- column 5, line 9), and wherein the pixel is configured to detect
photons within the narrow band of wavelengths (the super pixe! has each sub-pixel receive light from a specific narrow band filter in the
color filter array 120 to detect only the specific array; figures 2 and 3; column 2, lines 43-63; column 4, line 59- column 5, line 9).

As for claim 20, Cavanaugh discloses the micro-optical receiver channel of claim 17, wherein the optical lens comprises a collimating
lens (micro lens array 130 is placed at where the objective lens 140 forms an image of the object under observation; figure 2; column 4,
lines 6-19; column 5, lines 22-33).

As for claim 21, Cavanaugh discloses the micro-optical receiver channel of claim 17, wherein the aperture is aligned with the lens (micro
lens array 130 is an array of lenses to fill each specific super-pixel with the apertures restricting light to the shape of the super pixe!;
figure 2; column 4, lines 6-19, 52-58).

As for claim 22, Cavanaugh discloses the micro-optical receiver channet of claim 17, further comprising a second aperture between the
optical lens and the optical filter (micro lens array 130 is between aperture mask 135 and aperture mask 137 with optical filter 120 on the
other side of aperture mask 137 from micro lens array 130; figure 2; column 4, lines 6-19, 52-58).

As for claim 23, Cavanaugh discloses the micro-optical receiver channel of claim 17, wherein the optical filter comprises an optical
bandpass filter (the color filter array is made of bandpass filters which may be narrow band; figures 2 and 3; column 3, lines 1-5; column
4, line 58- column 5, fine 9).

As for claim 28, Cavanaugh discloses the micro-optical receiver channel of claim 17, wherein the pixel comprises a plurality of subpixels
(each super pixel includes an array of subpixels such as a 4x4 array; figures 2 and 3; column 4, lines 6-19; 59-67).

As for claim 31, Cavanaugh discloses an image sensor (a hyperspectral imager; figure 2; column 4, lines 6-19) comprising: a plurality of
micro-optical receiver channels (multiple channels defined by the aperture masks 135 and 137 for the light to reach each superpixel of a
detector 110; figure 2; column 4, lines 6-18, 52-58), each micro optical receiver channel comprising: an aperture {(aperture mask 135;
figure 2; column 4, lines 52-58); an optical lens adjacent the aperture (micro lens array 130 is between aperture mask 135 and aperture
mask 137; figure 2; column 4, lines 6-19, 52-58); an optical filter adjacent the optical lens (color filter array 120 is adjacent the micro lens
array 130; figure 2; column 4, lines 6-19); and a pixel adjacent the optical filter (color filter array 120 is as close as possible to detector
array 110 (pixel array); figure 2; column 4, lines 6-19).

As for claim 34, Cavanaugh discloses the micro-optical receiver channe! of claim 31, wherein the optical lens comprises a collimating
lens (micro lens array 130 is placed at where the objective lens 140 forms an image of the object under observation: figure 2; column 4,
lines 6-19; column 5, lines 22-33).

As for claim 35, Cavanaugh discloses the micro-optical receiver channel of claim 31, wherein the aperture is aligned with the lens (micro
lens array 130 is an array of lenses to fill each specific super-pixel with the apertures restricting light to the shape of the super pixel;
figure 2; column 4, lines 6-19, 52-58).

As for claim 36, Cavanaugh discloses the micro-optical receiver channel of claim 31, further comprising a second aperture between the
optical lens and the optical filter (micro lens array 130 is between aperture mask 135 and aperture mask 137 with optical filter 120 on the
other side of aperture mask 137 from micro lens array 130; figure 2; column 4, lines 6-19, 52-58).

As for claim 37, Cavanaugh discloses the micro-optical receiver channel of claim 31, wherein the optical filter comprises an optical
bandpass filter (the color filter array is made of bandpass filters which may be narrow band; figures 2 and 3; column 3, lines 1-5; column
4, line 59- column 5, line 9).

As for claim 42, Cavanaugh discloses the micro-optical receiver channel of claim 31, wherein the pixel comprises a plurality of subpixels
(each super pixel includes an array of subpixels such as a 4x4 array; figures 2 and 3; column 4, lines 6-19: 59-67).

-***-Continued Within the Next Supplemental Box-***-
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As for claim 45, Cavanaugh discloses a method comprising: providing a micro-optical receiver channel (a channel defined by the
aperture masks 135 and 137 for the light to each superpixel of a detector 110; figure 2; column 4, lines 6-19, 52-58) comprising: an
aperture surrounded by a stop region (aperture mask 135 is a tubular baffle: figure 2; column 4, lines 52-58); an optical lens adjacent
the aperture (micro lens array 130 is between aperture mask 135 and aperture mask 137; figure 2; column 4, lines 6-19, 52-58); an
optical filter adjacent the optical lens (color filter array 120 is adjacent the micro lens array 130; figure 2; column 4, lines 6-19); and a
pixel adjacent the optical filter (color filter array 120 is as close as possible to detector array 110 (pixel array); figure 2; column 4, lines
6-19), wherein the aperture accepts an input cone of light containing a wide range of wavelengths (light is received into the lenses 130
in a limited cone shaped aperture due to the external aperture 150; figures 2 and 3; column 2, lines 43-63; column 4, line 59- column 5,
line 9), and the optical filter filters out all but a narrow band of the wavelengths centered at an operating wavelength (the optical filter
array 120 may be an array of narrow band filters to filter the light into a series of narrow band wavelengths 10 nm wide (narrow band of
wavelengths centered at an operating wavelength); figures 2 and 3: colurnn 2, lines 43-63; column 4, line 59- column 5, line 9), and
wherein the pixel is configured to detect photons within the narrow band of wavelengths (the super pixel has each sub-pixel receive light
from a specific narrow band filter in the color filter array 120 to detect only the specific array; figures 2 and 3; column 2, lines 43-63;
column 4, line 58- column 5, line 9).

As for claim 48, Cavanaugh distloses lhe melhiod of clain 45, wherein the optical lens comprises a collimating lens (micro lens array
130 is placed at where the objective lens 140 forms an image of the object under observation; figure 2; column 4, lines 6-19; column 5,
lines 22-33).

As for claim 49, Cavanaugh discloses the method of claim 45, wherein the aperture is aligned with the lens (micro lens array 130 is an
array of lenses to fill each specific super-pixel with the apertures restricting light to the shape of the super pixel; figure 2; column 4, lines
6-19, 52-58).

As for claim 50, Cavanaugh discloses the method of claim 45, further comprising a second aperture between the optical lens and the
optical filter (micro lens array 130 is between aperture mask 135 and aperture mask 137 with optical filter 120 on the other side of
aperture mask 137 from micro lens array 130; figure 2; column 4, lines 6-19, 52-58).

As for claim 51, Cavanaugh discloses the method of claim 45, wherein the optical filter comprises an optical bandpass filter (the color
filter array is made of bandpass filters which may be narrow band; figures 2 and 3; column 3, lines 1-5; column 4, line 59- column 5, line
9).

As for claim 56, Cavanaugh discloses the method of claim 45, wherein the pixel comprises a plurality of subpixels (each super pixel
includes an array of subpixels such as a 4x4 array; figures 2 and 3; column 4, lines 6-19; 59-67).

As for claim 59, Cavanaugh discloses a method comprising: using a micro-optical receiver channel (a channel defined by the aperture
masks 135 and 137 for the light to each superpixel of a detector 110: figure 2; column 4, lines 6-19, 52-58) comprising: an aperture
surrounded by a stop region (aperture mask 135 is a tubular baffle; figure 2; column 4, lines 52-58); an optical lens adjacent the
aperture (micro lens array 130 is between aperture mask 135 and aperture mask 137; figure 2; column 4, lines 6-19, 52-58); an optical
filter adjacent the optical lens (color filter array 120 is adjacent the micro lens array 130; figure 2; column 4, lines 6-19); and a pixel
adjacent the optical filter (color filter array 120 is as close as possible to detector array 110 (pixel array); figure 2; column 4, lines 6-19),
wherein the aperture accepts an input cone of light containing a wide range of wavelengths (light is received into the lenses 130in a
limited cone shaped aperture due to the external aperture 150; figures 2 and 3; column 2, lines 43-63; column 4, line 59- column 5, line
9), and the optical filter filters out alf but a narrow band of the wavelengths centered at an operating wavelength (the optical filter array
120 may be an array of narrow band filters to filter the light into a series of narrow band wavelengths 10 nm wide (narrow band of
wavelengths centered at an operating wavelength); figures 2 and 3; column 2, lines 43-63; column 4, line 59- column 5, line 9), and
wherein the pixel is configured to detect photons within the narrow band of wavelengths (the super pixel has each sub-pixel receive light
from a specific narrow band filter in the color filter array 120 to detect only the specific array; figures 2 and 3; column 2, lines 43-63;
column 4, line 59- column 5, line 9).

As for claim 62, Cavanaugh discloses the method of claim 59, wherein the optical lens comprises a coliimating lens (micro lens array
130 is placed at where the objective lens 140 forms an image of the object under observation; figure 2; colurmn 4, lines 6-19; column 5,
lines 22-33).

As for claim 63, Cavanaugh discloses the method of claim 59, wherein the aperture is aligned with the lens (micro tens array 130 is an
array of lenses to fill each specific super-pixel with the apertures restricting light to the shape of the super pixel; figure 2; column 4, lines
6-19, 52-58).

As for claim 64, Cavanaugh discloses the method of claim 59, further comprising a second aperture between the optical lens and the
optical filter (micro lens array 130 is between aperture mask 135 and aperture mask 137 with optical filter 120 on the other side of
aperture mask 137 from micro lens array 130; figure 2; column 4, lines 6-19, 52-58).

As for claim 65, Cavanaugh discloses the method of claim 59, wherein the optical filter comprises an optical bandpass filter (the color
filter array is made of bandpass filters which may be narrow band; figures 2 and 3; column 3, lines 1-5; column 4, fine 59- column 5, line
9).

As for claim 70, Cavanaugh discloses the method of claim 59, wherein the pixel comprises a plurality of subpixels (each super pixel
includes an array of subpixels such as a 4x4 array; figures 2 and 3; column 4, lines 6-19; 59-67).

-***-Continued Within the Next Supplemental Box-***-
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As for claim 73, Cavanaugh discloses an optical channel for receiving photons and detecting the photons (a channel defined by the
apertures for the light to each superpixel of a detector 110; figure 1; column 4, lines 6-19) comprising: a bulk imaging optic {objective
lens 140; figure 1; column 4, lines 6-19); an aperture layer located at an imaging plane of the bulk optic {aperture 152 is the exit pupil of
the optical system with objective lens 140; figures 1 and 3; column 4, lines 28-43); a collimating lens layer behind the aperture layer and
separated therefrom by a focal length of the colfimating lens layer (to help collimate the light, the micro lens array 130 is placed at where
the objective lens 140 forms an image of the object under observation so each MLA lens forms an image of the exit pupit of aperture
162, thus the aperture Is separated by focal length from the MLA; figure 2; column 4, lines 28-51; column 5, lines 22-33); an optical filter
behind the collimating lens layer (color filter array 120 is adjacent the micro lens array 130; figure 1; column 4, fines 6-19); and a pixel
offset from the optical filter opposite the collimating lens layer (detector array 110 comprising super-pixels and is behind filter array 120
and the micro lens array 130; figure 1; column 4, lines 6-19), and responsive to photons incident on the pixel {the super pixels form a
detector array to create a hyperspectral imager; figures 1 and 3; column 4, lines 6-19 and 59-67).

As for claim 77, Cavanaugh discloses the optical channel of claim 73, wherein the bulk imaging optic is image space telecentric
(objective lens 140 is preferably a telecentric lens, and ; figure 1; column 4, lines 6-27).

As for claim 78, Cavanaugh discloses set of optical channels of claim 73 having the set of pixels of the set of optical channels being
arranged on a single image sensor (the imager forms a series of channels for each superpixel, to receive an image from the superpixel,
which may be part of a single detector array, such as a CMOS sensor; figures 1 and 3; column 4, lines 6-19 and 28-43: column 5, lines
1-8).

As for claim 80, Cavanaugh the discloses set of optical channels of claim 78 further comprising a butk imaging optic having apertures at
a focal plane projected into a field defining fields of view for each optical channel (lens 140 has the apertures 150 and 152 acting as
entrance and exit pupils for the light to reach each superpixel of a detector 110, with the apertures forming the field of view for the
superpixels; figure 1; column 4, lines 6-19 and 28-43).

Claims 4, 5, 18, 19, 32, 33, 47, 60, and 61 lack an inventive step under PCT Article 33(3) as being obvious over Cavanaugh in view of
US 6,721,262 B1 to Jordache, N. et al. (hereinafter ‘Jordache’).

As for claim 4, Cavanaugh discloses the micro-optical receiver channel of claim 3, but Cavanaugh fails to disclose wherein the stop
material comprises a reflective material. However, Jordache discloses wherein the stop material comprises a reflective material
(aperture stop 158 is created from chromium and may be either absorb or reflect light, with the thickness of the chromium layer 170
determining whether the stop absorbs or reflects; figures 5-6(4); column 3, line 39- column 4, line 3). It would have been obvious to one
of ordinary skill in the art at the time of the invention to modify the micro-optical receiver channel of Cavanaugh to provide wherein the
stop material comprises a reflective material, as taught by Jordache, in order to provide an additional reflection which internal optics
may capture scattered light in order to improve the signai.

As for claim 5, Cavanaugh discloses the micro-optical receiver channel of claim 3, but Cavanaugh fails to disclose wherein the stop
material comprises a light absorbing material. However, Jordache discloses wherein the stop material comprises a light absorbing
material (aperture stop 158 is created from chromium and may be either absorb or reflect light, with the thickness of the chromium layer
170 determining whether the stop absorbs or reflects; figures 5-6(4); column 3, line 39- column 4, line 3). It would have been obvious to
one of ordinary skill in the art at the time of the invention to modify the micro-optical receiver channel of Cavanaugh to provide wherein
the stop material comprises a light absorbing material, as taught by Jordache, in order to minimize internal reflections from the aperture
stop and prevent cross-talk between channels.

As for claim 18, Cavanaugh discloses the micro-optical receiver channel of claim 17, but Cavanaugh fails to disclose wherein the stop
region comprises a reflective material. However, Jordache discloses wherein the stop material comprises a reflective material (aperture
stop 158 is created from chromium and may be either absorb or reflect light, with the thickness of the chromium layer 170 determining
whether the stop absorbs or reflects; figures 5-6(4); column 3, line 39- column 4, line 3). It would have been obvious to one of ordinary
skill in the art at the time of the invention to modify the micro-optical receiver channel of Cavanaugh to provide wherein the stop material
comprises a reflective material, as taught by Jordache, in order to provide an additional reflection which internal optics may capture
scattered light in order to improve the signal.

As for claim 19, Cavanaugh discloses the micro-optical receiver channel of claim 17, but Cavanaugh fails to disclose wherein the stop
region comprises a light absorbing material. However, Jordache discloses wherein the stop material comprises a light absorbing
material (aperture stop 158 is created from chromium and may be either absorb or reflect light, with the thickness of the chromium layer
170 determining whether the stop absorbs or reflects; figures 5-6(4); column 3, line 39- column 4, line 3). It would have been obvious to
one of ordinary skill in the art at the time of the invention to modify the micro-optical receiver channel of Cavanaugh to provide wherein
the stop material comprises a light absorbing material, as taught by Jordache, in order to minimize internal reflections from the aperture
stop and prevent cross-tatk between channels.

-***-Continued Within the Next Supplemental Box-***-
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As for claim 32, Cavanaugh discloses the micro-optical receiver channel of claim 31, but Cavanaugh fails to disclose wherein a stop
region for the aperture comprises a reflective material. However, Jordache discloses wherein a stop region for the aperture comprises a
reflective material (aperture stop 158 is created from chromium and may be either absorb or reflect light, with the thickness of the
chromium layer 170 determining whether the stop absorbs or reflects; figures 5-6(4); column 3, line 39- column 4, line 3). It would have
been obvious to one of ordinary skill in the art at the time of the invention to modify the micro-optical receiver channel of Cavanaugh to
provide wherein a stop region for the aperture comprises a reflective material, as taught by Jordache, in order to provide an additional
reflection which internal optics may capture scattered fight in order to improve the signal.

As for claim 33, Cavanaugh discloses the micro-optical receiver channel of claim 31, but Cavanaugh fails to disclose wherein a stop
region for the aperture comprises a light absorbing material. However, Jordache discloses wherein a stop region for the aperture
comprises a light absorbing material (aperture stop 158 is created from chromium and may be either absorb or reflect light, with the
thickness of the chromium layer 170 determining whether the stop absorbs or refiects; figures 5-6(4); column 3, line 39- column 4, line
3). Itwould have been obvious to one of ordinary skill in the art at the time of the invention to modify the micro-optical receiver channel
of Cavanaugh to provide wherein a stop region for the aperture comprises a light absorbing material, as taught by Jordache, in order to
minimize internal reflections from the aperture stop and prevent cross-talk between channels.

As for claim 46, Cavanaugh discloses the method of claim 45, but Cavanaugh fails to disclose wherein the stop region comprises a
reflective material. However, Jordache discloses wherein the stop material comprises a reflective material (aperture stop 158 is created
from chromium and may be either absorb or reflect fight, with the thickness of the chromium layer 170 determining whether the stop
absorbs or reflects; figures 5-6(4); column 3, line 39- column 4, line 3). It would have been obvious to one of ordinary skill in the art at
the time of the invention to modify the micro-optical receiver channel of Cavanaugh to provide wherein the stop material comprises a
reflective material, as taught by Jordache, in order to provide an additional reflection which internal optics may capture scattered light in
order to improve the signal.

As for claim 47, Cavanaugh discloses the method of claim 45, but Cavanaugh fails to disclose wherein the stop region comprises a light
absorbing material. However, Jordache discloses wherein the stop material comprises a light absorbing material (aperture stop 158 is
created from chromium and may be either absorb or reflect light, with the thickness of the chromium layer 170 determining whether the
stop absorbs or reflects; figures 5-6(4); column 3, line 39- column 4, line 3). It would have been obvious to one of ordinary skill in the art
at the time of the invention to modify the micro-optical receiver channel of Cavanaugh to provide wherein the stop material comprises a
light absorbing material, as taught by Jordache, in order to minimize internal reflections from the aperture stop and prevent cross-talk
between channels.

As for claim 60, Cavanaugh discloses the method of claim 59, but Cavanaugh fails to disclose wherein the stop region comprises a
reflective material. However, Jordache discloses wherein the stop material comprises a reflective material (aperture stop 158 is created
from chromium and may be either absorb or reflect light, with the thickness of the chromium layer 170 determining whether the stop
absorbs or reflects; figures 5-6(4); column 3, line 39- column 4, line 3). It would have been obvious to one of ordinary skill in the art at
the time of the invention to modify the micro-optical receiver channe! of Cavanaugh to provide wherein the stop material comprises a
reflective material, as taught by Jordache, in order to provide an additional reflection which internal optics may capture scattered light in
order to improve the signal.

As for claim 61, Cavanaugh discloses the method of claim 59, but Cavanaugh fails to disclose wherein the stop region comprises a light
absorbing material. However, Jordache discloses wherein the stop material comprises a light absorbing material (aperture stop 158 is
created from chromium and may be either absorb or reflect light, with the thickness of the chromium layer 170 determining whether the
stop absorbs or reflects; figures 5-6{4); column 3, line 39- column 4, line 3). It would have been obvious to one of ordinary skill in the art
at the time of the invention to modify the micro-optical receiver channel of Cavanaugh to provide wherein the stop material comprises a
light absorbing material, as taught by Jordache, in order to minimize internal reflections from the aperture stop and prevent cross-talk
between channels.

Cloims 10 13, 24 27, 38 41, 62 bb, 66 60, 76, 76 lack an invontive etep under PCT Article 33(3) as being obvious over Cavanaugh in
view of US 2016/0150963 A1 to Roukes, M. et al. (hereinafter ‘Roukes’).

As for claim 10, Cavanaugh discloses the micro-optical receiver channel of claim 1, but Cavanaugh fails to disclose wherein the pixel
layer comprises at least one single-photon avalanche diode detector. However, Roukes discloses wherein the pixel layer comprises at
least one single-photon avalanche diode detector (an array of optical detectors comprises an array of Single-Photo Avalanche Diode
Detectors; figure 13; paragraphs [0027, 0030, 0070}) .t would have been obvious to one of ordinary skill in the art at the time of the
invention to modify the micro-optical receiver channel of Cavanaugh to provide wherein the pixel layer comprises at least one
single-photon avalanche diode detector, as taught by Roukes, in order to provide the ability to detect very low level signals for
spectrographic purposes.

As for claim 11, Cavanaugh discloses the micro-optical receiver channel of claim 1, but Cavanaugh fails to disclose wherein the pixel
layer comprises a plurality of single-photon avalanche diode detectors. However, Roukes discloses wherein the pixel layer comprises a
plurality of single-photon avalanche diode detectors (an array of optical detectors comprises an array of Single-Photo Avalanche Diode
Detectors; figure 13; paragraphs [0027, 0030, 0070]) .It would have been obvious to one of ordinary skill in the art at the time of the
invention to modify the micro-optical receiver channel of Cavanaugh to provide wherein the pixel layer comprises a plurality of
single-photon avalanche diode detectors, as taught by Roukes, in order to provide the ability to detect very low level signals for
spectrographic purposes.
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As for claim 12, Cavanaugh discloses the micro-optical receiver channel of claim 1, but Cavanaugh fails to disclose wherein the pixel
layer comprises at least one resonant cavity photodiode. However, Roukes discloses wherein the pixel layer comprises at least one
resonant cavity photodiode (an array of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors using resonant
cavities; figure 13; paragraphs [0027, 0030, 0032, 0070}) .It would have been obvious to one of ordinary skill in the art at the time of the
invention to modify the micro-optical receiver channel of Cavanaugh to provide wherein the pixel layer comprises at least one resonant
cavity photodiode, as taught by Roukes, in order to provide the ability to detect very low level signals for spectrographic purposes.

As for claim 13, Cavanaugh discloses the micro-optical receiver channel of claim 1, but Cavanaugh fails to disclose wherein the pixel
layer comprises a plurality of resonant cavity photodiodes. However, Roukes discloses wherein the pixel layer comprises a plurality of
resonant cavity photodiodes (an array of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors using
resonant cavities; figure 13; paragraphs [0027, 0030, 0032, 0070]). It would have been obvious to one of ordinary skill in the art at the
time of the invention to modify the micro-optical receiver channel of Cavanaugh to provide wherein the pixel layer comprises a plurality
of resonant cavity photodicdes, as taught by Roukes, in order to provide the ability to detect very low level signals for spectrographic
purposes.

As for claim 24, Cavanaugh discloses the micro-optical receiver channel of claim 17, bul Cavanaugh fails o distluse wherein the pixel
comprises at least one single-photon avalanche diode detector. However, Roukes discloses wherein the pixel comprises at least one
single-photon avalanche diode detector (an array of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors;
figure 13; paragraphs [0027, 0030, 0070}) .It would have been obvious to one of ordinary skill in the art at the time of the invention to
modify the micro-optical receiver channel of Cavanaugh to provide wherein the pixel comprises at least one single-photon avalanche
diode detector, as taught by Roukes, in order to provide the ability to detect very low level signals for spectrographic purposes.

As for claim 25, Cavanaugh discloses the micro-optical receiver channel of claim 17, but Cavanaugh fails to disclcse wherein the pixel
comprises a plurality of single-photon avalanche diode detectors. However, Roukes discloses wherein the pixel comprises a plurality of
single-photon avalanche diode detectors (an array of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors;
figure 13; paragraphs [0027, 0030, 0070]) .It would have been obvious to one of ordinary skill in the art at the time of the invention to
modify the micro-optical receiver channel of Cavanaugh to provide wherein the pixel comprises a plurality of single-photon avalanche
diode detectors, as taught by Roukes, in order to provide the ability to detect very low level signals for spectrographic purposes.

As for claim 26, Cavanaugh discloses the micro-optical receiver channel of claim 17, but Cavanaugh fails to disclose wherein the pixel
comprises at least one resonant cavity photodiode. However, Roukes discloses wherein the pixel comprises at least one resonant cavity
photodiode (an array of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors using resonant cavities; figure
13; paragraphs [0027, 0030, 0032, 0070}) .It would have been obvious to one of ordinary skill in the art at the time of the invention to
modify the micro-optical receiver channel of Cavanaugh to provide wherein the pixel comprises at least one resonant cavity photodiode,
as taught by Roukes, in order to provide the ability to detect very low level signals for spectrographic purposes.

As for claim 27, Cavanaugh discloses the micro-optical receiver channel of claim 17, but Cavanaugh fails to disclose wherein the pixel
comprises a plurality of resonant cavity photodiodes. However, Roukes discloses wherein the pixel comprises a plurality of resonant
cavity photodiodes (an array of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors using resonant cavities;
figure 13; paragraphs [0027, 0030, 0032, 0070}). It would have been obvious to one of ordinary skill in the art at the time of the invention
to modify the micro-optical receiver channel of Cavanaugh to provide wherein the pixel comprises a plurality of resonant cavity
photodiodes, as taught by Roukes, in order to provide the ability to detect very low level signals for spectrographic purposes.

As for claim 38, Cavanaugh discloses the micro-optical receiver channel of claim 31, but Cavanaugh fails to disclose wherein the pixel
comprises at least one single-photon avalanche diode detector. However, Roukes discloses wherein the pixel comprises at least one
single-photon avalanche diode detector (an array of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors;
figure 13; paragraphs [0027, 0030, 0070]) .It would have been obvious to one of ordinary skill in the art at the time of the invention to
modify the micro-optical receiver channel of Cavanaugh to provide wherein the pixel comprises at least one single-photon avalanche
diode detector, as taught by Roukes, in order to provide the ability to detect very low level signals for spectrographic purposes.

As for claim 39, Cavanaugh discloses the micro-optical receiver channel of claim 31, but Cavanaugh fails to disclose wherein the pixel
comprises a plurality of single-photon avalanche diode detectors. However, Roukes discloses wherein the pixel comprises a plurality of
single-photon avalanche diode detectors (an array of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors;
figure 13; paragraphs {0027, 0030, 0070]) .It would have been obvious to one of ordinary skill in the art at the time of the invention to
modify the micro-optical receiver channel of Cavanaugh to provide wherein the pixel comprises a plurality of single-photon avalanche
diode detectors, as taught by Roukes, in order to provide the ability to detect very low level signals for spectrographic purposes.

As for claim 40, Cavanaugh discloses the micro-optical receiver channel of claim 31, but Cavanaugh fails to disclose wherein the pixel
comprises at least one resonant cavity photodiode. However, Roukes discloses wherein the pixel comprises at least one resonant cavity
photodiode (an array of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors using resonant cavities; figure
13; paragraphs [0027, 0030, 0032, 0070]) .It would have been obvious to one of ordinary skill in the art at the time of the invention to
modify the micro-optical receiver channel of Cavanaugh to provide wherein the pixel comprises at least one resonant cavity photodiode,
as taught by Roukes, in order to provide the ability to detect very low level signals for spectrographic purposes.
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As for claim 41, Cavanaugh discloses the micro-optical receiver channel of claim 31, but Cavanaugh fails to disclose wherein the pixel
comprises a plurality of resonant cavity photodiodes. However, Roukes discloses wherein the pixel comprises a plurality of resonant
cavity photodiodes (an array of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors using resonant
cavities; figure 13; paragraphs [0027, 0030, 0032, 0070}). It would have been obvious to one of ordinary skill in the art at the time of the
invention to modify the micro-optical receiver channel of Cavanaugh to provide wherein the pixel comprises a plurality of resonant cavity
photodiodes, as taught by Roukes, in order to provide the ability to detect very low level signals for spectrographic purposes.

As for claim 52, Cavanaugh discloses the method of claim 45, but Cavanaugh fails to disclose wherein the pixel comprises at least one
single-photon avalanche diode detector. However, Roukes discloses wherein the pixel comprises at least one single-photon avalanche
diode detector (an array of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors; figure 13; paragraphs
[0027, 0030, 0070]). It would have been obvious to one of ordinary skill in the art at the time of the invention to modify the method of
Cavanaugh the pixel comprises at least one single-photon avalanche diode detector, as taught by Roukes, in order to provide the ability
to detect very low level signals for spectrographic purposes.

As for claim 53, Cavanaugh discloses the method of claim 45, but Cavanaugh fails to disclose wherein the pixel comprises a plurality of
single-photon avalanche diode detectors. IHowever, Roukes discloses wherein the pixel comprises a piurality of single-photon avalanche
diode detectors (an array of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors; figure 13; paragraphs
[0027, 0030, 0070]). it would have been obvious to one of ordinary skill in the art at the time of the invention to modify the method of
Cavanaugh the pixel comprises a plurality of single-photon avalanche diode detectors, as taught by Roukes, in order to provide the
ability to detect very low level signals for spectrographic purposes.

As for claim 54, Cavanaugh discloses the method of claim 45, but Cavanaugh fails to disclose wherein the pixel comprises at least one
resonant cavity photodiode. However, Roukes discloses wherein the pixel comprises at least one resonant cavity photodiode (an array
of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors using resonant cavities; figure 13; paragraphs
[0027, 0030, 0032, 0070}). It wouid have been obvious to one of ordinary skill in the art at the time of the invention to modify the method
of Cavanaugh to provide wherein the pixel comprises at least one resonant cavity photodiode, as taught by Roukes, in order to provide
the ability to detect very low level signals for spectrographic purposes.

As for claim 55, Cavanaugh discloses the method of claim 45, but Cavanaugh fails to disclose wherein the pixel comprises a plurality of
resonant cavity photodiodes. However, Roukes discloses wherein the pixel comprises a plurality of resonant cavity photodiodes (an
array of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors using resonant cavities; figure 13; paragraphs
{0027, 0030, 0032, 0070]). It would have been obvious to one of ordinary skill in the art at the time of the invention to modify the method
of Cavanaugh to provide wherein the pixel comprises a piurality of resonant cavity photodiodes, as taught by Roukes, in order to provide
the ability to detect very low level signals for spectrographic purposes.

As for claim 66, Cavanaugh discloses the method of claim 59, but Cavanaugh fails to disclose wherein the pixel comprises at least one
single-photon avalanche diode detector. However, Roukes discloses wherein the pixel comprises at least one single-photon avalanche
diode detector (an array of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors; figure 13; paragraphs
[0027, 0030, 0070)). it would have been obvious to one of ordinary skill in the arl at the time of the invention to modify the method of
Cavanaugh to provide wherein the pixel comprises at least one single-photon avalanche diode detector, as taught by Roukes, in order
to provide the ability to detect very low level signals for spectrographic purposes.

As for claim 67, Cavanaugh discloses the method of claim 59, but Cavanaugh fails to disclose wherein the pixel comprises a plurality of
single-photon avalanche diode detectors. However, Roukes discloses wherein the pixel layer comprises a plurality of single-photon
avalanche diode detectors (an array of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors; figure 13;
paragraphs [0027, 0030, 0070]). It would have been obvious to one of ordinary skill in the art at the time of the invention to modify the
method of Cavanaugh to provide wherein the pixel comprises a plurality of single-photon avalanche diode detectors, as taught by
Roukes, in order to provide the ability to detect very low level signals for spectrographic purposes.

As for claim 68, Cavanaugh discloses the method of claim 59, but Cavanaugh fails to disclose wherein the pixel comprises at least one
resonant cavity photodiode. However, Roukes discloses wherein the pixel comprises at least one resonant cavity photodiode (an array
of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors using resonant cavities; figure 13; paragraphs
[0027, 0030, 0032, 0070}). It would have been obvious to one of ordinary skill in the art at the time of the invention to modify the method
of Cavanaugh to provide wherein the pixel comprises at least one resonant cavity photodiode, as taught by Roukes, in order to provide
the ability to detect very low level signals for spectrographic purposes.

As for claim 69, Cavanaugh discloses the method of claim 59, but Cavanaugh fails to disclose wherein the pixel comprises a plurality of
resonant cavity photodiodes However, Roukes discloses wherein the pixel comprises a plurality of resonant cavity photodiodes (an
array of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors using resonant cavities; figure 13; paragraphs
{0027, 0030, 0032, 0070)). It would have been obvious to one of ordinary skill in the art at the time of the invention to modify the method
of Cavanaugh to provide wherein the pixel comprises a plurality of resonant cavity photodiodes, as taught by Roukes, in order to provide
the ability to detect very low level signals for spectrographic purposes.
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As for claim 75, Cavanaugh discloses the optical channel of claim 73 but Cavanaugh fails tc disclose wherein the pixel comprises at
least one single-photon avalanche diode detector. However, Roukes discloses wherein the pixel comprises at least one single-photon
avalanche diode detector (an array of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors using resonant
cavities; figure 13; paragraphs [0027, 0030, 0032, 0070]). It would have been obvious to one of ordinary skill in the art at the time of the
invention to modify the optical channel of Cavanaugh to provide wherein the pixel comprises at least one single-photon avalanche diode
detector, as taught by Roukes, in order to provide the abiiity to detect very low level signals for spectrographic purposes.

As for claim 76, Cavanaugh discloses the optical channel of claim 73 but Cavanaugh fails to disclose wherein the pixel comprises at
least one resonant cavity photodiodes. However, Roukes discloses wherein the pixel comprises at least one resonant cavity
photediodes (an array of optical detectors comprises an array of Single-Photo Avalanche Diode Detectors using resonant cavities;
figure 13; paragraphs [0027, 0030, 0032, 0070]). It would have been ohvious to one of ordinary skill in the art at the time of the invention
to modify the optical channel of Cavanaugh to provide wherein the pixel comprises at least one resonant cavity photodiodes, as taught
by Roukes, in order to provide the ability to detect very low level signals for spectrographic purposes.

Ciaims 16, 16, 28, 30, 43, 44, 67, 68, 71, 72, 74 lack an inventive step under PCT Article 33(3) as being obvious ovor Cavanaugh in
view of US 2015/0292948 A1 to Verifood, LTD. (hereinafter ‘Verifood').

As for claim 15, Cavanaugh discloses the micro-optical receiver channel of claim 1, but Cavanaugh fails to disclose further comprising a
diffuser between the optical filter layer and the pixe! layer. However, Verifood discloses a diffuser between the optical filter layer and the
pixel layer (a stopper mounting 178 comprises a diffusive material and is between the filter array 170 and detector 190 made of a
plurality of pixels; figure 5; paragraphs [0160, 0163]). It would have been obvious to one of ordinary skill in the art at the time of the
invention to modify the micro-optical receiver channel of Cavanaugh to provide a diffuser between the optical filter layer and the pixel
layer, as taught by Verifood, in order to provide the advantage of a removing any specular component and providing uniform fight
across a subpixel.

As for claim 16, Cavanaugh, in view of Verifood, discloses the micro-optical receiver channel of claim 15, but Cavanaugh fails to
disclose further comprising a third aperture layer between the optical filter layer and the diffuser. However, Verifood discloses a third
aperture layer between the optical filter layer and the diffuser (a stopper mounting 178 comprises a diffusive material and is between the
fiter array 170 and a aperture array 172; figure 5; paragraphs [0160, 0163]). It would have been obvious to one of ordinary skill in the
art at the time of the invention to modify the micro-optical receiver channel of Cavanaugh to provide a third aperture layer between the
optical filter layer and the diffuser, as taught by Verifood, in order to provide the advantage of a removing any specular component and
providing uniform light across a subpixel.

As for claim 29, Cavanaugh discloses the micro-optical receiver channel of claim 17, but Cavanaugh fails to disclose further comprising
a diffuser between the optical filter and the pixel . However, Verifood discloses a diffuser between the optical filter and the pixel (a
stopper mounting 178 comprises a diffusive material and is between the filter array 170 and detector 190 made of a plurality of pixels;
figure 5; paragraphs [0160, 0163]). It would have been obvious to one of ordinary skill in the art at the time of the invention to modify the
micro-optical receiver channel of Cavanaugh to provide a diffuser between the optical filter and the pixel, as taught by Verifood, in order
to provide the advantage of a removing any specular component and providing uniform light across a subpixel.

As for claim 30, Cavanaugh, in view of Verifood, discloses the micro-optical receiver channel of claim 29, but Cavanaugh fails to
disclose further comprising a third aperture between the optical filter and the diffuser. However, Verifood discloses a third aperture
between the optical filter and the diffuser (a stopper mounting 178 comprises a diffusive material and is between the filter array 170 and
a aperture array 172; figure 5; paragraphs {0160, 0163]). It would have been obvious to one of ordinary skill in the art at the time of the
invention to modify the micro-optical receiver channel of Cavanaugh to provide a third aperture between the optical filter layer and the
diffuser, as taught by Verifood, in order to provide the advantage of a removing any specular component and providing uniform light
across a subpixel.

As for claim 43, Cavanaugh discloses the micro-optical receiver channel of claim 31, but Cavanaugh fails to disclose further comprising
a diffuser between the optical filter and the pixel . However, Verifood discloses a diffuser between the optical fiiter and the pixel (a
stopper mounting 178 comprises a diffusive material and is between the filter array 170 and detector 190 made of a plurality of pixels;
figure 5; paragraphs [0160, 0163]). It would have been obvious to one of ordinary skill in the art at the time of the invention to modify the
micro-optical receiver channel of Cavanaugh to provide a diffuser between the optical filter and the pixel, as taught by Verifood, in order
to provide the advantage of a removing any specular component and providing uniform light across a subpixel.

As for claim 44, Cavanaugh, in view of Verifood, discloses the micro-optical receiver channel of claim 43, but Cavanaugh fails to
disclose further comprising a third aperture between the optical filter and the diffuser. However, Verifood discloses a third aperture
between the optical filter and the diffuser (a stopper mounting 178 comprises a diffusive material and is between the filter array 170 and
a aperture array 172; figure 5; paragraphs [0160, 0163]). It would have been obvious to one of ordinary skill in the art at the time of the
invention to modify the micro-optical receiver channel of Cavanaugh to provide a third aperture between the optical filter layer and the
diffuser, as taught by Verifood, in order to provide the advantage of a removing any specular component and providing uniform light
across a subpixeal.
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As for claim 57, Cavanaugh discloses the method of claim 45, but Cavanaugh fails to disclose further comprising a diffuser between the
optical filter and the pixel . However, Verifood discloses a diffuser between the optical filter and the pixe! (a stopper mounting 178
comprises a diffusive material and is between the filter array 170 and detector 190 made of a plurality of pixels; figure 5; paragraphs
[0160, 0163]). It would have been obvious to one of ordinary skill in the art at the time of the invention to modify the method of
Cavanaugh to provide a diffuser between the optical filter and the pixel, as taught by Verifood, in order to provide the advantage of a
removing any specular component and providing uniform light across a subpixel.

As for claim 58, Cavanaugh, in view of Verifood, discloses the method of claim 57, but Cavanaugh fails to disclose further comprising a
third aperture between the optical filter and the diffuser. However, Verifood discloses a third aperture between the optical filter and the
diffuser (a stopper mounting 178 comprises a diffusive material and is between the filter array 170 and a aperture array 172; figure 5;
paragraphs [0160, 0163]). {t would have been obvious to one of ordinary skill in the art at the time of the invention to modify the method
of Cavanaugh to provide a third aperture between the opticai filter layer and the diffuser, as taught by Verifood, in order to provide the
advantage of a removing any specular component and providing uniform light across a subpixel.

As for claim 71, Cavanaugh discloses the method of claim 59, but Cavanaugh faiis to disclose further comprising a diffuser between the
oplical filler and the pixel . However, Vetiluod discluses a diffuser between the optical filter and the pixel (a stopper mounting 178
comprises a diffusive material and is between the filter array 170 and detector 190 made of a plurality of pixels; figure 5; paragraphs
(0160, 0163]). it would have been obvious to one of ordinary skill in the art at the time of the invention to modify the method of
Cavanaugh to provide a diffuser between the opticai filter and the pixel, as taught by Verifood, in order to provide the advantage of a
removing any specular component and providing uniform light across a subpixel.

As for claim 72, Cavanaugh, in view of Verifood, discloses the method of claim 71, but Cavanaugh fails to disclose further comprising a
third aperture between the optical filter and the diffuser. However, Verifood discloses a third aperture between the optical filter and the
diffuser (a stopper mounting 178 comprises a diffusive material and is between the filter array 170 and a aperture array 172; figure 5;
paragraphs [0160, 0163]). It would have been obvious to one of ordinary skill in the art at the time of the invention to modify the method
of Cavanaugh to provide a third aperture between the optical filter layer and the diffuser, as taught by Verifood, in order to provide the
advantage of a removing any specular component and providing uniform light across a subpixel.

As for claim 74, Cavanaugh discloses the optical channel of claim 73, and Cavanaugh futher discloses whereby the pixel can detect
incident photons across its full width and height to increase the dynamic range of the system (the super pixel receives a full image of
the imaged object across the super pixel (across its full width and height) to create a larger color range with 16 wavelengths possible
per super pixel; figures 1 and 3; column 4, lines 6-19, 27-51; column 4 line 59-column 5, line 8). But Cavanaugh fails to disclose further
comprising a diffuser that spreads light rays passed from the aperture layer through the optical filter across an area of a corresponding
pixel, However, Verifood discloses a diffuser that spreads light rays passed from the aperture layer through the optical filter across an
area of a corresponding pixel (a stopper mounting 178 comprises a diffusive material and is between the filter array 170 and detector
180 made of a plurality of pixels; figure 5; paragraphs [0160, 0163]). It would have been obvious to one of ordinary skill in the art at the
time of the invention to modify the optical channel of Cavanaugh to provide a diffuser that spreads light rays passed from the aperture
layer through the optical filter across an area of a corresponding pixel, as taught by Verifood, in order to provide the advantage of a
removing any specular component and providing uniform light across a subpixel.

Claims 79, 81-84 lack an inventive step under PCT Article 33(3) as being obvious over Cavanaugh in view of WO 2016/125165 A2 to
Vertifood, LTD. (hereinafter 'Vertifood 27).

As for claim 79, Cavanaugh discloses the set of opticai channels of claim 78 but Cavanaugh fails to disclose wherein multiple sets of
optical channels are fabricated on the same wafer and diced to yield multiple sets of optical channels. However Vertifood 2 discloses
multiple sets of optical channels are fabricated on the same wafer and diced to yield multiple sets of optical channels {lens and filters
may be assembled on the same substrate and then cut into multiple individual assemblies; figure 20; paragraphs [0218]). It would have
been obvious to one of ordinary skill in the art at the time of the invention to modify the optical channels of Cavanaugh to provide
multiple sets of optical channels are fabricated on the same wafer and diced to yield multiple sets of optical channels, as taught by
Verifood 2, in order to provide the advantage of being able to assemble the resulting device using wafer level packaging technigues,
allowing for cheaper and easier mass production of the optical channels, as well as a compact shape suitable for portable use such as
a within a phone for mobile applications.

-***-Continued Within the Next Supplemental Box-***-

Form PCT/ISA/237 (Supplemental Box) (January 2015) HESAI EX1002. P.1021



WRITTEN OPINION OF THY International application No.

INTERNATIONAL SEARCIIING AUTHORITY PCT/US17/39306

Supplemental Box

In case the space in any of the preceding boxes is not sufficient.
Continuation of:

-"**-Continued from Previous Supplemental Box-***-

As for claim 81, Cavanaugh discloses the set of optical channels with the bulk imaging optic of claim 80 but Cavanaugh fails to disclose
further comprising a bulk transmitter optic having a set of optical emitters at a focal plane projecting light into a field defining transmitter
fields of view that are overlapping with the fields of view defined by the set of optical channels, and operating at a same wavelength as
the set of optical channels and a controller to form an active illumination optical sensor. However Verifood 2 discloses a bulk transmitter
optic having a set of optical emitters at a focal plane projecting light into a field defining transmitter fields of view that are overlapping
with the fields of view defined by the set of optical channels (the illumination module 140 may comprise an array of LEDs 210 (set of
optical emitters) while the spectrometer module 160 comprises multiple photodiodes 263 sharing lens 225 (bulk transmitter optic) able to
detect the light from the LEDs 210 being reflected off an object (overlapping field of view); figures 11-13; paragraphs [0170, 0172,
0181]), and operating at a same wavelength as the set of optical channels (the photodiodes 263 are responsive to the illumination from
the LEDs across a broad set of wavelengths; figures 11 and 12; paragraphs [0173, 01841) and a controller to form an active illumination
optical sensor (controf board 105 and processor 106 may control the LEDs and modulate the light to form a spectrometer (active
illumination optical sensor); figure 11; paragraphs [0170, 0184-0186]). It would have been obvious to one of ordinary skill in the art at the
time of the invention to modify the opticat channels of Cavanaugh to provide a buik transmitter optic having a set of optical emitters at a
focal plane projecting light into a field defining transmitter fields of view that are overlapping with the fields of view defined by the set of
optical channels, as taught by Verifood 2, in order to provide the advantage of being able to controf the light emitted to ensure sufficient
illumination across a broad band of wavelengths to properly image targets, and because Vertifood 2 teaches a compact shape suitable
for portable use such as a within a phone for mobile applications.

As for claim 82, Cavanaugh, in view of Verifood 2, discloses the active illumination optical sensor of claim 81 and Cavanaugh further
discloses wherein the bulk imaging optic is image space telecentric (objective lens 140 is preferably a telecentric lens, and in various
embodiments may be telecentric; figures 1 and 10; column 4, lines 6-27; column 7, lines 24-30).

As for claim 83, Cavanaugh, in view of Verifood 2, discloses the active illumination optical sensor of claim 81 but Cavanaugh fails to
disclose wherein the set of optical emitters are arranged on a single semiconductor die. However, Verifood 2 discloses wherein the set
of optical emitters are arranged on a single semiconductor die (light sources may be a flip chip mounted LED die which may be mounted
inan array ; figure 12-13; paragraphs [0136, 0172, 0174]). It would have been obvious to one of ordinary skill in the art at the time of the
invention to modify the optical channels of Cavanaugh to provide wherein the set of optical emitters are arranged on a single
semiconductor die, as taught by Verifood 2, in order to provide the advantage of being able to assemble the resulting device using wafer
level packaging techniques, allowing for cheaper and easier mass production of the optical channels, as well as a compact shape
suitable for portable use such as a within a phone for mobile applications.

As for claim 84, Cavanaugh, in view of Verifood 2, discloses the active illumination optical sensor of claim 81 but Cavanaugh fails to
disclose wherein the set of optical emitters are lasers. However, Verifood 2 discloses wherein the set of optical emitters are lasers
(either in combination or alternatively to the LEDs, the light sources 140 may comprise lasers; figure 12; paragraph [0172)). It would
have been obvious to one of ordinary skill in the art at the time of the invention to madify the optical channels of Cavanaugh to provide
wherein the set of optical emitters are lasers, as taught by Verifood 2, in order to provide the advantage of being able to assemble the
resulting device using wafer level packaging techniques, allowing for cheaper and easier mass production of the optical channels, as
well as a compact shape suitable for portable use such as a within a phone for mobile applications.

Claims 81-82, and 84-86 lack an inventive step under PCT Article 33(3) as being obvious over Cavanaugh in view of US 2010/0008588
Alto Feldkhun, D. et al. (hereinafter ‘Feldkhun’).

As for claim 81, Cavanaugh discloses the set of optical channels with the bulk imaging optic of claim 80 but Cavanaugh fails to disclose
further comprising a bulk transmitter optic having a set of optical emitters at a focal plane projecting light into a field defining transmitter
fields of view that are overlapping with the fields of view defined by the set of optical channels, and operating at a same wavelength as
the set of optical channels and a controller to form an active illumination optical sensor. However Feldkhun discloses a bulk transmitter
optic having a set of optical emitters at a focal plane projecting light into a field defining transmitter fields of view that are overlapping
with the fields of view defined by the set of optical channels (system 100 (bulk transmitter optic) includes a pattern projector 101,
comprising a set of radiation sources 107 (optical emitters), which illuminates a sample object 103 (projecting light into a field defining
transmitier fields of view) which is images via multi-channel imaging system 102 with lenses 103 (overlapping with fields of view defined
by a set of optical channels); figure 1; paragraphs [0038-0040]), and operating at a same wavelength as the set of optical channels (the
projector 101 emits light that imaging system 102 comprising the channels is able to image; figure 1; paragraphs {0038-0040]) and a
controller to form an active illumination optical sensor {a controfier 115 may coordinate the emission and imaging of the light such as to
detect depth in three dimensions ; figures 1 and 12; paragraphs [0031, 0038-0040, 0120]). It would have been obvious to one of ordinary
skill in the art at the time of the invention to modify the optical channel of Cavanaugh to provide a bulk transmitter optic having a set of
optical emitters at a focal plane projecting light into a field defining transmitter fields of view that are overlapping with the fields of view
defined by the set of optical channels, and operating at a same wavelength as the set of optical channels and a controller to form an
active illumination optical sensor, as taught by Feldkhun, in order to provide the advantage of a reference pattern which may be
measured to perform 3D depth measurements using off the shelf optics suitable for use in a phone, providing a further advantage of
aliowing both depth measurements and color discrimination for augmented reality applications.

As for claim 82, Cavanaugh, in view of Feldkhun, discloses the active illumination optical sensor of claim 81 and Cavanaugh further
discloses wherein the bulk imaging optic is image space telecentric (objective lens 140 is preferably a telecentric lens, and in various
embodiments may be telecentric; figures 1 and 10; column 4, lines 6-27; column 7, lines 24-30).

-***-Continued Within the Next Supplemental Box-***-
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As for claim 84, Cavanaugh, in view of Feldkhun, discloses the active illumination optical sensor of claim 81 but Cavanaugh fails to
disclose wherein the set of optical emitters are lasers. However Feldkhun discloses wherein the set of optical emitters are lasers (a
pattern projector 101, comprising a set of radiation sources 107 may use laser diodes; figure 1; paragraphs [0039]). It wouid have been
obvious to one of ordinary skill in the art at the time of the invention to modify the optical channel of Cavanaugh to provide wherein the
set of optical emitters are lasers, as taught by Feldkhun, in order to provide the advantage of a reference pattern which may be
measured to perform 3D depth measurements using off the shelf optics suitable for use in a phone, providing a further advantage of
allowing both depth measurements and color discrimination for augmented reality applications.

As for claim 85, Cavanaugh, in view of Feldkhun, discloses the active illumination optical sensor of claim 81 but Cavanaugh fails to
disclose wherein the active illumination optical sensor is configured to measure the distance to an object in the scene for each transmit
receiver pair. However Feldkhun discloses wherein the active illumination optical sensor is configured to measure the distance to an
object in the scene for each transmit receiver pair (the system is able to estimate the location and distance by sequentially emitting
patterns from the projector with each emitter and detector array working individually to record separate patterns (each pair) and then
using that to measure the location (measure the distance to an object); figure 1; paragraphs [0038-0040]). It would have been obvious to
one of ordinary skill in the art at the time of the invention to modify the optical channel of Cavanaugh to provide wherein the active
iltlumination optical sensor is configured to measure the distance to an abject in tho scono for oach transmit receivor pair, as taught by
Feldkhun, in order to provide the advantage of a reference pattern which may be measured to perform 3D depth measurements using
off the shelf optics suitable for use in a phone, providing a further advantage of allowing both depth measurements and color
discrimination for augmented reality applications.

As for claim 86, Cavanaugh, in view of Feldkhun, discloses the active illumination optical sensor of claim 85 but Cavanaugh fails to
disclose wherein the active illumination optical sensor is a 3D depth sensor. However Feldkhun discloses wherein the active illumination
optical sensor is a 3D depth sensor (the system 100 may be used to project and imaging of the light such as to detect depth in three
dimensions; figures 1 and 12; paragraphs [0031, 0038-0040, 0120]). It would have been obvious to one of ordinary skill in the art at the
time of the invention to modify the optical channel of Cavanaugh to provide wherein the active illumination optical sensor is a 3D depth
sensor, as taught by Feldkhun, in order to provide the advantage of a reference pattern which may be measured to perform 3D depth
measurements using off the shelf optics suitable for use in a phone, providing a further advantage of allowing both depth measurements
and color discrimination for augmented reality applications.

Claims 1-86 have industrial applicability as defined by PCT Article 33(4) because the subject matter can be made or used in industry.
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MONOLITHIC LED ARRAYS FOR UNIFORM AND HIGH-BRIGHTNESS LIGHT
SOURCES

FIELD OF THE INVENTION
This invention relates to the field of light emitting devices, and in particular to a light

source comprising a monolithic array of light emitting elements.

5 BACKGROUND OF THE INVENTION
The ever expanding use of semiconductor light emitting devices has produced a
highly competitive market for these devices. In this market, performance and price are often
significant for providing product distinction among vendors.
Light emitting elements are typically grown on a wafer ('growth substrate') and
10 include an active light emitting material sandwiched between an N-type semiconductor and a
P-type semiconductor. Hundreds or thousands of light emitting elements may be grown
simultaneously on the growth substrate, with 'lanes’ or 'streets' separating each of the light
emitting elements. The light emitting elements are singulated into individual light emitting
'chips' by slicing/dicing along these dividing streets and removing the growth substrate. One
15  or more of these singulated chips may be mounted on a submount that provides structural
support to the light emitting chips and provides a means for connecting the chip to an
external source of power.
The light output intensity is dependent upon the current that flows through the light
emitting element; however, the heat produced within the light emitting element is also
20  dependent upon this current, and thus the maximum current, and therefore light output, is
limited by the allowable junction temperature (typically 125°C). In addition, the LED
efficacy drops with increased junction temperature and with increased current density due to

the "droop" effect.
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In order to address these issues one way is to increase the surface area of the LED.
This allows to decrease the current density of the LED and improve its efficacy, and at the
same time decrease its thermal resistance and lower the junction temperature. This comes at
the expense of cost, reliability (larger size LEDs are usually more fragile) footprint, and
source size (etendue). Larger LED source size impacts the secondary optics size which are
usually needed in LED lamps. This in turn leads to additional cost increases and to larger
lamp volume and weight. Additionally, to prevent, for example, localized bright regions and
dim regions across larger surface areas, more sophisticated fabrication techniques may be
required. Each different fabrication technique will generally require different layout
techniques, perhaps different processing techniques, and so on. In addition to the design and
testing overhead associated with each differently sized design, the more sophisticated
processes required for larger surface area light emitting elements increase the per-unit-area
fabrication costs. That is, convention fabrication techniques for light emitting elements are
not directly 'scalable' for increasing light output intensity by increasing surface area, per se.

Another technique for improving the performance of a light emitting device is to
increase the light output intensity from the device, often by packaging multiple light emitting
chips within the device. A plurality of the aforementioned submounted chips may be placed
on a larger mount, such as a printed circuit board, suitable for packaging as a single light
emitting device. Wavelength conversion material, such as phosphor may be added, to either
each individual chip on a submount, or to a plurality of the chips on the larger mount.

The larger mount may include circuit traces that serve to interconnect the chips on the
submounts in a desired manner, often as a series connection of light emitting chips of the
same color. The circuit traces may also include contact pads or other structures for providing
external power to the light emitting device.

The light emitting device may also include an optical element, such as a collimating
lens, that serves to provide a desired light output pattern. The optical element may include
features that serve to direct the light from each submount chip in a desired orientation relative

to the light from the other submounted chips.
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Recent advances have allowed for eliminating the submount by providing self-
supporting light emitting elements. As disclosed in copending U.S. patent application
61/568,297, "FORMING THICK METAL LAYERS ON A SEMICONDUCTOR LIGHT
EMITTING DEVICE", filed 8 December 2011 for Alexander Nickel, Jim Lei, Anneli
Munkholm, Grigoriy Basin, Sal Akram, and Stefano Schiaffino (Attorney Docket
2011P00972), and incorporated by reference herein, thick metal layers are added to each of
the N-layer and P-layer contacts, separated by an insulating material. These metal layers
provide the structural support to the light emitting element, and form contact pads for the
light emitting element when used in a 'flip-chip' configuration.

Copending U.S. patent application61/656,691, "CHIP SCALE LIGHT EMITTING
DEVICE WITH METAL PILLARS IN A MOLDING COMPOUND FORMED AT WAFER
LEVEL", filed 7 June 2012, for Jipu Lei, Stefano Schiaffino, Alexander Nickel, Mooi Guan
Ng, Grigoriy Basin, and Sal Akram, (Attorney docket 2012PF00450) and incorporated by
reference herein, discloses providing a multiple pillars upon the N-type and P-type contacts
pads and embedding these pillars in a molding compound. The pillars provide the mechanical
support and conductivity, while the molding compound prevents distortions in the pillar
structure.

In like manner, techniques have been developed that allow the light emitting element
to remain on the growth substrate, the growth substrate providing the structural support for
the singulated light emitting elements. In such an embodiment, after singulation, the light
emitting element emits light into the remaining (transparent) substrate, and the light is
emitted from the opposite surface, or the sides, of the substrate. A Patterned Sapphire
Substrate (PSS) may be used as the growth substrate, the pattern on the substrate serving to
enhance light extraction into the substrate by reducing the likelihood of total internal
reflection at the interface between the light emitting element and the sapphire substrate.

By providing a self-supporting light emitting chip, conventional 'pick and place'
manufacturing techniques may be used to place these self-supporting chips directly upon the
aforementioned larger mount, such as a printed circuit board.

A disadvantage of placing multiple light emitting elements within a light emitting
device, however, is that different light emitting elements, and particularly light emitting
elements from different fabrication wafers may exhibit different light output characteristics,

and this variance may render some of the devices unsuitable for their intended purpose.
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SUMMARY OF THE INVENTION

It would be advantageous to provide a technique for increasing light output intensity
that is easily scalable. It would also be advantageous to provide a scalable increase in light
output intensity that does not necessarily impose a need to re-characterize differently scaled
light emitting elements. It would also be advantageous to provide a scalable increase in light
output intensity that provides a uniformity in light output characteristics.

To better address one or more of these concerns, in an embodiment of this invention,
a wafer of light emitting elements is sliced/diced to create monolithic arrays of individual
light emitting elements, with minimal gaps between the light emitting elements. To increase
the light output intensity, more light emitting elements are included within the monolithic
array. Accordingly, the light output intensity is determined by the number of light emitting
elements that are included in the array. Because each light emitting element is the same,
regardless of the number of elements in the array, the differently sized arrays need not be
individually characterized. In like manner, because the light emitting elements in each array
are fabricated on the same wafer, under the same environmental conditions, all of the light

emitting elements in the array will exhibit common light output characteristics.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is explained in further detail, and by way of example, with reference to
the accompanying drawings wherein:
FIGs. 1A-1C illustrate an example fabrication and singulation of prior art light emitting
elements.
FIGs. 2A-2B illustrate an example fabrication and singulation of an array of light emitting
elements.
FIGs. 3A-3B illustrate an example mounting of an array of light emitting elements upon a
printed circuit board mount.
FIG. 4 illustrates an example printed circuit board that provides a plurality of printed circuit
board mounts.
FIGS. SA-5C illustrate an example fabrication of a light emitting device with an array of light
emitting elements on a printed circuit board mount.

Throughout the drawings, the same reference numerals indicate similar or
corresponding features or functions. The drawings are included for illustrative purposes and

are not intended to limit the scope of the invention.
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DETAILED DESCRIPTION

In the following description, for purposes of explanation rather than limitation,
specific details are set forth such as the particular architecture, interfaces, techniques, etc., in
order to provide a thorough understanding of the concepts of the invention. However, it will
be apparent to those skilled in the art that the present invention may be practiced in other
embodiments, which depart from these specific details. In like manner, the text of this
description is directed to the example embodiments as illustrated in the Figures, and is not
intended to limit the claimed invention beyond the limits expressly included in the claims.
For purposes of simplicity and clarity, detailed descriptions of well-known devices, circuits,
and methods are omitted so as not to obscure the description of the present invention with
unnecessary detail.

FIGs. 1A-1C illustrate an example fabrication and singulation of prior art light
emitting devices 100, which is a portion of a wafer. FIG. 1A illustrates a side view of the
wafer and FIG. 1B illustrates a top view of a wafer including a substrate 110 upon which
many semiconductor light emitting elements 120 are formed. FIG. 1C illustrates an
individual light emitting device 100 which includes a portion of substrate 110, a single light
emitting element 120 and two contacts 130A, 130B. The substrate 110 may be a transparent
material, such as sapphire, through which the light from the light emitting elements 120 is
transmitted. The light emitting elements 120 typically includes multiple layers in including
an active light emitting region sandwiched between an N-type and P-type semiconductors.
Contact pads 130 (130A-130B in FIG. 1B) allow for coupling of external power to each of
the N-type and P-type semiconductors.

Hundreds, or thousands, of light emitting elements 120 may be formed on the
substrate 110. Upon completion of the fabrication of these elements 120 on the substrate 110,
the substrate 110 is sliced/diced as illustrated by the cutting lines 150, to 'singulate’ each light
emitting device 100, as illustrated in FIG. 1C.

FIGs. 2A-2B illustrate an example fabrication and singulation of an array 200 of light
emitting elements 120. In this example embodiment, the individual light emitting elements
120 may be formed on the substrate 110 using conventional fabrication techniques. To form
an array 200 of light emitting elements 120, the substrate 110 is sliced/diced along cutting

lines 250, leaving multiple light emitting elements 120 physically connected to each other.
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The individual light emitting elements 120 are delineated in FIG. 2A by the dashed
lines, although there may not be a visible delineation between these elements. For example, a
layer of the light emitting elements 120 closest to the contact pads 230 may be a dielectric
layer that extends into the unused regions ('strects') between the light emitting devices 200,

In this example embodiment, the cutting lines 250 result in four light emitting
elements 120 within each array 200. Of particular note, each array 200 is monolithic, in that
all of the elements 120 within each array 200 are produced concurrently using the same
process and are integrally connected, physically. Electrically, however, each of these light
emitting elements 120 is independent of the other light emitting elements, and operates as an
individual light emitting element 120. Accordingly, each of the light emitting elements 120
can be expected to exhibit the same performance and reliability characteristics as the light
emitting element 120 in the conventional light emitting device 100 of FIG. 1C.

Each array 200 of light emitting elements 120 includes the two contact pads for
coupling to each of the N-type and P-type semiconductors of each light emitting element 120,
illustrated as contacts 230A through 230H in FIG. 2A. That is, contact pads 230A-230B are
coupled to one light emitting element 120; contact pads 230C-230D are coupled to another;
and so on. The illumination of the array 200 may be controlled by providing a selective
control of each light emitting element 120, or by providing a single source of power to all of
the light emitting elements 120 in the array 200. For example, each of the light emitting
elements 120 may subsequently be connected in series, allowing for a single pair of contacts
for external control of the array 200 of light emitting elements 120.

In the example of FIGs. 2A-2B, all of the light emitting elements 120 are uniformly
disposed on the substrate 110, and differently arranged arrays may be formed by slicing
along the appropriate streets between the arrays. For example, a 4x2 array of light emitting
elements may be provided by eliminating the cuts 250A, 250C. In this manner, the choice of
the number and shape of light emitting elements 120 within a particular array can be made as
a last step in the process, and the wafer that provides these uniformly disposed light emitting
elements can be fabricated without regard to the eventually slicing to provide a particularly

sized or shaped array.
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One of skill in the art will recognize, however, that if the size and shape of the array is
known a priori, the light emitting elements 120 may be laid out on the substrate 110 to
optimize the production of the particular array. For example, the width of select streets
between the light emitting elements 120 may be reduced if that street is not included in the
pattern of cutting lines for the array. That is, in FIG. 2A, the streets identified by dotted lines
can be narrower than the streets identified but cutting lines 250 if it is known a priori that the
arrays will be 2x2 arrays (or multiples thereof), because the narrower streets do not need to
accommodate the width of the kerf of the slicing process at cutting lines 250.

One of skill in the art will also recognize that custom layouts based on an a priori
definition of the size and shape of the array may also allow for the use of predefined
connections between the light emitting elements. For example, if the wafer of FIG. 2A, which
includes many 2x2 arrays 200, is expected to have the light emitting elements 120 within the
array 200 connected in a particular fashion (series, parallel, series-parallel, etc.), the layout of
this a priori defined array configuration on the substrate 110 may include the appropriate
interconnections among the light emitting elements to effect the intended connection pattern.

Alternatively, the interconnection of the light emitting elements within the array may

be effected via the submount upon which the array is mounted.

FIGs. 3A-3B illustrate an example mounting of an array 300 of light emitting
elements 120 upon a printed circuit board mount 370. In this example embodiment, the array
300 1s a 3x2 array of light emitting elements 120, with six pair of contacts, 330A through
330L. As illustrated in FIG. 3B, the array 300 is 'flip-chip' mounted on the mount 370, such
that the contacts 330A-330L are on the 'lower' surface of the array 300, and the substrate 110
through which light is emitted is the 'upper' surface of the array 300.

The printed circuit board mount 370 includes a pattern of circuit traces 360A-360L
that are arranged to couple the six light emitting elements 120 in series with each other. A
first trace 360A provides for an external coupling to contact 330A of a first light emitting
element of the array 300. A second trace 360BC provides for an external coupling from
contact 330B of the first light emitting element to contact 330C of a second light emitting
element in the array 300, placing the second light emitting element in series with the first
light emitting element. In like manner, 360DE provides coupling from contact 330D of the
second light emitting element to contact 330E of a third light emitting element, and so on.

Circuit trace 360L provides for an external coupling to contact 330L of the last light emitting
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element. Providing power to circuit traces 360A and 360L will provide a current to each of
the six light emitting elements 120 in the array 300 in series.

One of skill in the art will recognize that although a series connection is illustrated,
the circuit traces 360 may be arranged to provide alternative interconnections between the
contacts 330A-330L as desired.

The mount 370 may also include other components 390, such as ESD protection
devices, temperature sensing devices, driving circuits, and the like. Although illustrated as a
single component 390 (in FIG. 4) that is coupled in parallel with the series arrangement of
the array 300 of light emitting elements 120, one of skill in the art will recognize that
additional components may be included on each mount, with circuit traces to provide the
desired circuit arrangement.

In like manner, one of skill in the art will recognize that the mount 370 is not limited
to a printed circuit board, per se. The circuit traces 360, and optional components 390 may be
situated within a lamp structure, on a flexible circuit substrate, and so on, as the situation
warrants, each of which may be referred to as a 'mount' for the purposes of this disclosure
and claims.

One of skill in the art will also recognize that although the circuit traces 360 that serve
to couple the individual light emitting elements 120 are situated on a separate mount 370, the
interconnecting circuitry may be applied as a final metal layer upon the light emitting
elements 120, interconnecting the contact pads of one light emitting element 120 to another
light emitting element 120 in the array 300. Because such interconnections may be provided
as a final step in the fabrication process, the basic characteristics of the light emitting
elements 120 are unchanged, and only the final mask layers need be customized to form each

array 300 of interconnected light emitting elements 120.

In an example embodiment, the printed circuit mount 370 may be a larger printed
circuit board that includes a plurality of sets of traces 360, as illustrated in FIG. 4. In this
embodiment, a plurality of arrays 300 of light emitting elements 120 are mounted on the
larger mount 370, using, for example, a pick and place process, then coupled/soldered to the
traces 360 in a single process. In like manner, additional processing of multiple arrays 300
may be performed on the larger mount 370, such as the addition of wavelength conversion
material or optical lenses to each array before the larger mount 370 is sliced/diced to provide
singulated light emitting devices, each device comprising an array 300 of well matched light

emitting elements 120.
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FIGS. SA-5C illustrate an example fabrication of a light emitting device with an array
500 of light emitting elements 120 on a printed circuit board mount 570. In this example
embodiment, the array 500 is a 6x6 array of light emitting elements 120 on a substrate 110,
as illustrated in FIG. SA.

FIG. 5B illustrates a printed circuit mount 570 that provides traces 560A, 560Z for
external coupling to the array 500, and a pattern of traces 560 that arrange the 6x6 array of
light emitting elements 120 in series between these traces S60A, 560Z. The printed circuit
mount 570 may include other traces for interconnecting other devices, such as one or more
ESD protection devices, temperature sensing devices, driver circuits, and the like.

FIG. 5C illustrates a completed light emitting device that includes an array 500 of
light emitting elements 120, a mount 570 with traces S60A, 560Z that provide for external
coupling to the array 500, and a lens 550 that protects the array 500. The lens 550 may be
shaped to provide a desired light output pattern, and a wavelength conversion material may
be included within the lens 550.

A wavelength conversion material (not illustrated), such as one or more phosphors,
may also be applied to the array of light emitting elements 120, before the application of the
lens 550, or in lieu of this lens 550. The wavelength conversion material may include a
wavelength conversion film that is laminated to the array of light emitting elements 120. In
one embodiment, a thermally efficient transfer tape is used to laminate the wavelength
conversion film to the array of light emitting elements 120 before the mounting of the array
on the submount 510. Alternatively, the wavelength conversion material may be applied to
the light emitting elements 120 as a silicone, or other coating that is subsequently cured, or as
a material that is sprayed or printed upon the array 500 of the light emitting elements 120
before application of the lens 550. The application of this material may include the use of a

"dam and fill" process, common in the art.
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It is significant to note that each of the example arrays 200, 300, 500 use the same
basic light emitting element 120. Accordingly, these arrays 200, 300, 500 can be assumed to
have the same basic characteristics of this light emitting element 120, and further
characterization tests are not required. However, even though these arrays may have the same
basic characteristics, array 200 can be expected to provide four times the light output
intensity as the single light emitting device 100 of FIG. 1C; array 300 can be expected to
provide six times the light output intensity; and array 500 can be expected to provide thirty-
six times the light output intensity.

Additionally, each of these arrays 200, 300, 500 were formed by selectively
slicing/dicing the substrate 110 to form the arrays, and the additional design time for these
different arrays is merely the layout time for forming the appropriate circuit traces on the
circuit board mounts. Some additional design time may be required to provide sufficient heat
dissipation, particularly for the larger arrays, but the basic design of the light emitting
element 120 is unchanged, regardless of the size of the array.

Although the example embodiments of this disclosure include an array of light
emitting elements 120 on a substrate 110, one of skill in the art will recognize that the
substrate 110 may be removed from the light emitting element 120. If the light emitting
element 120 is self-supporting without the substrate 110, the substrate 110 may be removed
before singulating the arrays; otherwise, the substrate 110 may be removed after mounting

the array on the circuit board mount.

While the invention has been illustrated and described in detail in the drawings and
foregoing description, such illustration and description are to be considered illustrative or
exemplary and not restrictive; the invention is not limited to the disclosed embodiments.
Other variations to the disclosed embodiments can be understood and effected by those
skilled in the art in practicing the claimed invention, from a study of the drawings, the
disclosure, and the appended claims. In the claims, the word "comprising" does not exclude
other elements or steps, and the indefinite article "a" or "an" does not exclude a plurality. The
mere fact that certain measures are recited in mutually different dependent claims does not

indicate that a combination of these measures cannot be used to advantage. Any reference

signs in the claims should not be construed as limiting the scope.
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CLAIMS:

1. A light emitting device comprising:
a monolithic array of light emitting elements, each light emitting element
being adjacent to at least one other light emitting element that is concurrently and integrally

formed on a common substrate.

2. The device of claim 1, wherein each of the light emitting elements in the array is

substantially identical to the other light emitting elements.

3. The device of claim 1, including a mount upon which the array is situated, the mount

providing circuit traces that facilitate coupling the array to an external power source.

4. The device of claim 3, wherein the mount includes other circuit traces that electrically

couple the light emitting elements in the array together.

5. The device of claim 4, wherein the other circuit traces couple the light emitting elements in

the array in a series connection.

6. The device of claim 3, including an optical element for transmitting light from the array of

light emitting elements.

7. The device of claim 3, wherein the array is situated on the mount in a 'flip-chip'

configuration.

8. The device of claim 3, including one or more other, non-light-emitting components

situated on the submount and coupled to one or more of the circuit traces.

9. The device of claim 1, wherein the array includes at least four light emitting elements.

10. The device of claim 1, including the common substrate, wherein the common substrate 1s

substantially transparent to the light emitted by the light emitting element.
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11. The device of claim 1, including a wavelength conversion material that receives light of a
first wavelength from the array of light emitting elements and emits light of a second

wavelength.

12. A printed circuit board comprising:
a plurality of sets of circuit traces, each set of circuit traces being situated on the
board to receive a monolithic array of light emitting elements and to provide for coupling the

array of light emitting elements to a source of external power.

13. The printed circuit board of claim 12, wherein each set of circuit traces include circuit
traces that interconnect the light emitting elements of each array when the array is coupled to

the set of circuit traces.

14. The printed circuit board of claim 13, including each array of light emitting elements

coupled to a corresponding set of circuit traces.

15. The printed circuit board of claim 14, including an optical element that is coupled to a

light emitting surface of the array of light emitting elements.

16. The printed circuit board of claim 14, including a wavelength conversion material that
receives light of a first wavelength from the array of light emitting elements and emits light

of a second wavelength.

17. The printed circuit board of claim 14, including a plurality of sets of one or more other
non-light-emitting components that are correspondingly coupled to the each array of light

emitting elements.

18. A method comprising:
providing a plurality of light emitting elements upon a common growth substrate, and
slicing the substrate to form monolithic arrays of light emitting elements, each array

including adjacent light emitting elements that are formed on the common growth substrate.
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19. The method of claim 17, including mounting the formed monolithic arrays of light
emitting elements on a corresponding plurality of sets of circuit traces on a mount, and

slicing the mount to form a plurality of submounts, each submount including one of the

monolithic arrays.

20. The method of claim 18, including covering a light emitting surface of each of the

monolithic arrays with at least one of: an optical element and a wavelength conversion

material.
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HOLOGRAPHIC WAVEGUIDE LIDAR

PRIORITY CLAIM
This application claims priority from US Provisional Application Serial No.: 62/125,351
entitted HOLOGRAPHIC WAVEGUIDE LIDAR filed on 20 January 2015, which is hereby

incorporated by reference in its entirety.

CROSS REFERENCE TO RELATED APPLICATIONS

The following patent applications are incorporated by reference herein in their entireties:
US Patent Application No.13/506,389 entitled COMPACT EDGE ILLUMINATED
DIFFRACTIVE DISPLAY, , United States Patent No. 8,233,204 entitled OPTICAL
DISPLAYS, PCT Application No.: US2006/043938, entitted METHOD AND APPARATUS
FOR PROVIDING A TRANSPARENT DISPLAY, PCT Application No.: GB2012/000677
entitled WEARABLE DATA DISPLAY, United States Patent Application No.: 13/317,468
entitled COMPACT EDGE ILLUMINATED EYEGLASS DISPLAY, United States Patent
Application No.: 13/869,866 entitled HOLOGRAPHIC WIDE ANGLE DISPLAY, and United
States Patent Application No.: 13/844,456 entitled TRANSPARENT WAVEGUIDE DISPLAY,
US Patent No. US8,224,133 entitled LASER ILLUMINATION DEVICE, US Patent No. USS8,
565,560 entitled LASER ILLUMINATION DEVICE, United States Patent No. 6,115,152
entitled HOLOGRAPHIC ILLUMINATION SYSTEMPCT Application No.:
PCT/GB2013/000005 entitted CONTACT IMAGE SENSOR USING SWITCHABLE BRAGG
GRATINGS, PCT Application No.: PCT/GB2012/000680, entitled IMPROVEMENTS TO

HOLOGRAPHIC POLYMER DISPERSED LIQUID CRYSTAL MATERIALS AND
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DEVICES, PCT Application No.: PCT/GB2014/000197 entitled HOLOGRAPHIC
WAVEGUIDE EYE TRACKER, US Provisional Patent Application No. 62/071,534 entitled
HOLOGRAPHIC WAVEGUIDE FOR TRACKING AN OBJECT IN 3D SPACE,
PCT/GB2013/000210 entitled APPARATUS FOR EYE TRACKING, PCT Application

5 No.:GB2013/000210 entitled APPARATUS FOR EYE TRACKING.
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BACKGROUND OF THE INVENTION

This invention relates to a sensor, and more particularly to a LIDAR using switchable
gratings.

LIDAR is a remote-sensing technology that creates a 3D map of an environment by
illuminating a target with a pulsed angularly-scanned laser and analyzing the reflected “point
cloud”. The advantages of LIDAR over cameras are well known. Since LIDAR uses emitted
light, it is robust against interference from ambient light and has much higher resolution than
radar. Artificial light sources are required for nighttime operation. Current computer vision is
inadequate for complex scene representation and is susceptible to illumination variation.
Currently, there is growing interest in LIDAR systems for a range of platforms including: cars
(for applications such as collision avoidance and cruise control systems), robot vehicle, UAVs
and wearable displays for night vision. The increasing use of key-hole procedures in surgery is
also stimulating medical applications. An exemplary car LIDAR specification (based on the
Velodyne HDL64E) has a FOV of 360° in azimuth; 26.5 ° elevation (+2° to -24.5°); a rerefresh
rate of 15Hz; a point cloud rate of 1 million points per second; a maximum range of 120 metres;
a horizontal resolution of 0.05 degree; a distance error of less than 1 inch; a laser pulse duration
of 5 nanoseconds and a power output of typically 60 watts. However, LIDAR equipment
meeting this specification is extremely bulk and expensive. LIDAR operating at around 1.55
microns has the advantage of being eye safe with longer range capability but is even more
expensive. Most current LIDAR equipment relies on bulky rotating optics technology. LIDAR
systems based on imaging array technology have been developed but are currently very
expensive. The inventors believe that the key to overcoming the problems of bulk and cost is

waveguide optics based on switchable grating technology.
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One important class of switchable gratings is based on Switchable Bragg Gratings
(SBGs). SBGs are fabricated by first placing a thin film of a mixture of photopolymerizable
monomers and liquid crystal material between parallel glass plates. One or both glass plates
support electrodes, typically transparent indium tin oxide films, for applying an electric field
across the film. A volume phase grating is then recorded by illuminating the liquid material
(often referred to as the syrup) with two mutually coherent laser beams, which interfere to form a
slanted fringe grating structure. During the recording process, the monomers polymerize and
the mixture undergoes a phase separation, creating regions densely populated by liquid crystal
micro-droplets, interspersed with regions of clear polymer. The alternating liquid crystal-rich and
liquid crystal-depleted regions form the fringe planes of the grating. The resulting volume phase
grating can exhibit very high diffraction efficiency, which may be controlled by the magnitude of
the electric field applied across the film. When an electric field is applied to the grating via
transparent electrodes, the natural orientation of the LC droplets is changed causing the refractive
index modulation of the fringes to reduce and the hologram diffraction efficiency to drop to very
low levels. Typically, SBG Elements are switched clear in 30 ps. With a longer relaxation time
to switch ON. Note that the diffraction efficiency of the device can be adjusted, by means of the
applied voltage, over a continuous range. The device exhibits near 100% efficiency with no
voltage applied and essentially zero efficiency with a sufficiently high voltage applied. In
certain types of HPDLC devices magnetic fields may be used to control the LC orientation. In
certain types of HPDLC phase separation of the LC material from the polymer may be
accomplished to such a degree that no discernible droplet structure results.

SBGs may be used to provide transmission or reflection gratings for free space

applications. SBGs may be implemented as waveguide devices in which the HPDLC forms
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either the waveguide core or an evanescently coupled layer in proximity to the waveguide. The
parallel glass plates used to form the HPDLC cell provide a total internal reflection (TIR) light
guiding structure. Light is “coupled” out of the SBG when the switchable grating diffracts the
light at an angle beyond the TIR condition. Waveguides are currently of interest in a range of
display and sensor applications. Although much of the earlier work on HPDLC has been directed
at reflection holograms transmission devices are proving to be much more versatile as optical
system building blocks. Typically, the HPDLC used in SBGs comprise liquid crystal (LC),
monomers, photoinitiator dyes, and coinitiators. The mixture frequently includes a surfactant.
The patent and scientific literature contains many examples of material systems and processes
that may be used to fabricate SBGs. Two fundamental patents are: United States Patent
No.5,942,157 by Sutherland, and U. S Patent No. 5,751,452 by Tanaka et al. Both filings
describe monomer and liquid crystal material combinations suitable for fabricating SBG devices.
One of the known attributes of transmission SBGs is that the .C molecules tend to align normal
to the grating fringe planes. The effect of the LC molecule alignment is that transmission SBGs
efficiently diffract P polarized light (ie light with the polarization vector in the plane of
incidence) but have nearly zero diffraction efficiency for S polarized light (ie light with the
polarization vector normal to the plane of incidence. Transmission SBGs may not be used at
near-grazing incidence as the diffraction efficiency of any grating for P polarization falls to zero

when the included angle between the incident and reflected light is small.

There is a requirement for a compact, lightweight, low cost LIDAR capable of providing

wide angle, high-resolution, long-range operation.

HESAI EX1002, P.1049
CONFIRMATION COPY



10

15

20

WO 2016/116733 PCT/GB2016/000014

SUMMARY OF THE INVENTION

It is a first object of the invention to provide a compact, lightweight, low cost LIDAR
capable of providing wide angle, high-resolution, long-range operation.

The objects of the invention are achieved in one embodiment of the invention in which
there is provided a waveguide sensor, comprising: a source of first wavelength light; at least one
beam deflector for scanning the light; a transmitter waveguide; a receiver waveguide; and
a detector optically coupled to the receiver waveguide. = The beam deflector is optically
coupled to the transmitter waveguide and configured such that scanned light coupled into the
transmitter waveguide executes angular sweeps about the principal diffraction directions of the
grating elements. The transmitter waveguide contains a multiplicity of grating elements
disposed in at least one grating layer. Each grating element is operative to diffract light into a
predefined range of output directions. The receiver waveguide contains a multiplicity of grating
elements disposed in at least one grating layer. Each grating element diffracts light reflected
from external points and incident within a predefined angular range into a TIR path to the

detector.

In some embodiments the grating elements in at least one of the transmitter waveguide or

the receiver waveguide are elements of a two dimensional array.

In some embodiments the grating elements in at least one of the transmitter waveguide or

the receiver waveguide are elements of a one dimensional array.
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In some embodiments the grating elements in at least one of the transmitter waveguide or
the receiver waveguide are elongate elements with longer dimensions aligned orthogonally to the

propagation direction of the waveguides.

In some embodiments the grating elements in at least one of the transmitter waveguide or

the receiver waveguide are electrically switchable.

In some embodiments the grating elements in at least one of the transmitter waveguide or
the receiver waveguide have at least one of aspect ratio or surface area varying across the

waveguide.

In some embodiments the receiver waveguide and the transmitter waveguide substantially

overlap.

In some embodiments the transmitter waveguide and the receiver waveguide each contain

grating elements having at least two different grating vectors.

In some embodiments at [east one of the transmitter waveguide or the receiver waveguide

contains grating layers operating over different angular ranges.
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In some embodiments at least one of the transmitter waveguide or the receiver waveguide

includes at least one grating layer containing a fold grating.

In some embodiments the transmitter waveguide and the receiver waveguide are
combined into a single waveguide containing a multiplicity of grating elements disposed in ét
least one grating layer. Each grating element is operative to diffract the light into a predefined
range of output directions. Each grating element diffracts light reflected from external points and

incident within a predefined angular range into a TIR path to the detector.
In some embodiments the apparatus is configured to detect a 3D point cloud.

In some embodiments coupling between the scanner and the transmitter waveguide is

performed by one of a prism, a grating, a switchable grating, or via edge coupling.
In some embodiments the beam deflector is a micro-electro-mechanical system.

In some embodiments the source is an infrared light emitting diode or an infrared laser.

In some embodiments the first wavelength is approximately 1550 nm.

In some embodiments the grating is one of a Bragg grating, a surface relief grating or a
switchable Bragg grating recorded in a HPDLC material, a uniform modulation HPDLC material

or a reverse mode HPDLC material.
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In some embodiments a waveguide LIDAR according to the principles of the invention
forms a layer in a stack further comprising at least one of a waveguide HMD or a waveguide eye

tracker.

In some embodiments the apparatus further comprises a beamsplitter for providing
optical paths between the source and the transmitter waveguide and the detector and the receiver
waveguide.

In some embodiments the detector is a heterodyne detection device.

A more complete understanding of the invention can be obtained by considering the
following detailed description in conjunction with the accompanying drawings, wherein like
index numerals indicate like parts. For purposes of clarity, details relating to technical material

that is known in the technical fields related to the invention have not been described in detail.
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BRIEF DESCRIPTION OF THE DRAWINGS
FIG.1 is a schematic side view of a LIDAR receiver waveguide in one embodiment.
FIG.2 is a schematic side view of a LIDAR transmitter waveguide in one embodiment.
FIG.3 is a schematic side view of a LIDAR comprising a transmitter waveguide and a receiver
waveguide in one embodiment.
FIG.4 is a schematic view of a LIDAR comprising multiple receiver-transmitter waveguide
layers in one embodiment.
FIG.5A is a schematic plan view of a LIDAR transmitter waveguide and laser scanner module in
one embodiment.
FIG.5B is a schematic plan view of a LIDAR receiver waveguide and detector module in one
embodiment.
FIG.5C is a schematic plan view of a detail of a LIDAR receiver waveguide in one embodiment.
FIG.6 is an illustration of the scanning geometry of a LIDAR in one embodiment.
FIG.7is a block diagram of a LIDAR signal processor in one embodiment.
FIG.8A is a schematic plan view of a LIDAR transmitter/receiver waveguide and beams scanner
and detector modules in one embodiment.
FIG.8B is a schematic plan view a beam steering module used in the embodiment of FIG.8A.
FIG.9 is plan view showing the geometry of a SBG array used in a LIDAR receiver waveguide
in one embodiment.
FIG.10 is a schematic view of a LIDAR in which the transmitter and receiver waveguides are

fiber-coupled to a beam scanner module and detector module in one embodiment.

10
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FIG.11 is a schematic side view of a LIDAR transmitter waveguide using passive grating in one
embodiment.

FIG.12 is a schematic side view of a LIDAR waveguide in which transmitter and receiver
waveguides are disposed adjacent each other.

FIG.13 is a schematic view of an eye tracked wearable waveguide display including a LIDAR
waveguide layer.

FIG.14 is a schematic view of a LIDAR receciver waveguide stack comprising two waveguides

operating over different fields of view.

11
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DETAILED DESCRIPTION OF THE INVENTION

The invention will now be further described by way of example only with refere‘nce to
the accompanying drawings. It will apparent to those skilled in the art that the present invention
may be practiced with some or all of the present invention as disclosed in the following
description. For the purposes of explaining the invention well-known features of optical
technology known to those skilled in the art of optical design and visual displays have been
omitted or simplified in order not to obscure the basic principles of the invention. Unless
otherwise stated the term “on-axis” in relation to a ray or a beam direction refers to propagation
parallel to an axis normal to the surfaces of the optical components described in relation to the
inventibn. In the following description the terms light, ray, beam and direction may be used
interchangeably and in association with each other to indicate the direction of propagation of
light energy along rectilinear trajectories. Parts of the following description will be presented
using terminology commonly employed by those skilled in the art of optical design. It should
also be noted that in the following description of the invention repeated usage of the phrase “in

one embodiment™ does not necessarily refer to the same embodiment.

LIDAR works by sending out short infrared laser pulses. The return signal can be used to
build up a 3D map of an environment by timing the pulse return time. The basic optical

components of a LIDAR system are a pulsed laser, a means for scanning the laser beam over a

‘wide angle, a receiver means comprising optics and a detector for recording the return signal.

The present invention addresses the problem of providing a passive, wide angle

transmitter/receiver that eliminates the need to rotate the optical assembly. Instead, we use

12
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waveguides containing arrays of switchable gratings each optimized to collect signal over a
predefined field of view range. It is not necessary to rotate the waveguides. The laser is scanned
across each field of view range to provide the required angular resolution. By optimizing the
laser scanning cycle to coincide with the duration of the diffracting state of each grating it is
possible to build up a large field of view with a high (angular) resolution. The waveguide
approach also brings the benefits of transparency, light weight and a very thin form factor.
Furthermore, a waveguide LIDAR can be integrated with other waveguide devices such as
displays and eye trackers in a thin stack. Advantageously, the LIDAR operates at 1550 which has
the advantages of being eye safety and invisible to current night vision technology. However, the
invention may be applied at any wavelength in the spectrum from UV to infrared. We will now

discuss a series of exemplary embodiments of the invention.

In one embodiment shown in FIG.1 a LIDAR receiver waveguide 20 comprises the light
detection module 21 a waveguide 22 with electrodes applied to opposing surfaces the electrodes
comprising a common electrode 23 and an array of electrodes 24A-24D the two electrode layers
sandwiching grating regions 25A-24C to form a switchable grating array. In one embodiment
the grating array is two dimensional. In one embodiment the array comprises a one-dimensional
array of column shaped elements. The detector module will typically comprise a lens and an
infrared (IR) detector. Advantageously, the IR detector is a fast, high sensitivity device such as
an avalanche photodiode. In many applications the preferred wavelength is 1550 nm which is
eye safe and is invisible to current night vision devices. Each grating region has a unique k-
vector (that is a vector normal to the Bragg fringes) as indicated by 1170-1172. The gratings in

their diffracting state couple signal light into a TIR path inside the waveguide. The guided beam
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is coupled into the detector module, typically by a grating or prism. In one embodiment the IR
detector is coupled to the end of the waveguide. Each grating has an angular detection field
determined by the diffraction efficiency bandwidth of the grating. The principal rays of the
fields of view of the grating elements 25A-25C are represented by 1175-1177. Typically, the
field of view of a single element is in the region of 10-15 degrees. By switching the gratings to
their active state sequentially the entire field of view is covered. For example, if we consider
grating region 25A with k-vector 1170 sandwiched by the electrode 24A and the common
electrode, when the grating is in its active state light 1175 is coupled into the TIR path ipdicated
by the rays 1173-1174 which are coupled into the detector module. Note that although in FIG.1
(and in the embodiments to be described below) more than one grating is shown in a diffracting

state, in practice only one grating region will be diffracting at any time.

In some embodiments the gratings are recorded in uniform modulation liquid crystal-
polymer material system such as the ones disclosed in United State Patent Application
Publication No.: US2007/0019152 by Caputo et al and PCT Application No.:
PCT/EP2005/006950 by Stumpe et al. both of which are incorporated herein by reference in their
entireties. Uniform modulation gratings are characterized by high refractive index modulation
(and hence high diffraction efficiency) and low scatter. In some embodiments the gratings are
recorded in a reverse mode HPDLC material. Reverse mode HPDLC differs from conventional
HPDLC in that the grating is passive when no electric field is applied and becomes diffractive in
the presence of an electric field. The reverse mode HPDLC may be based on any of the recipes
and processes disclosed in PCT Application No.: PCT/GB2012/000680, entitled

IMPROVEMENTS TO HOLOGRAPHIC POLYMER DISPERSED LIQUID CRYSTAL
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MATERIALS AND DEVICES.

In one embodiment shown in FIG.2 a LIDAR transmitter waveguide 30 comprises a
scannirilg module (beam deflector) 31 a waveguide 32 with electrodes applied to opposing
surfaces, the electrodes comprising a common electrode 33 and an array of electrodes 34A-34D.
The electrode layers sandwich the grating regions 35A-34C. The invention does not assume
any particular beam scanning technology. At the time of writing this application the preferred
technology is based on a micro electro mechanical system (MEMs). Exemplary MEMs scanners
are manufactured by Lemoptix Inc. These devices can provide a resolution of 720p (1280x720
pixels) at 60Hz with scanning angles in excess of 60 degrees. Referring again to FIG.2 the
scanning beam is coupled into the waveguide by a grating or prism coupler. In one embodiment
the beam may be coupled through the end of the waveguide. Each grating region has a unique k-
vector (that is a vector normal to the Bragg fringes) as indicated by 1170-1172. The gratings in
their diffracting state couple signal light into a TIR path inside the waveguide. Each grating has
an angular detection field determined by the diffraction efficiency bandwidth. The principal rays
of the fields of view of grating elements 35A-35C are represented by 1185-1187. Typically, the
field of view of a single element is in the region 10-15 degrees. By switching the gratings to
their active state sequentially the entire field of view is covered. For example, switching grating
region 35A with k-vector 1180 is sandwiched by the electrode 34A and the common electrode
which switches the grating region 35A between diffracting and non-diffracting states such that

light 1185 is coupled out of the TIR path indicated by the rays 1183-1184.
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In one embodiment illustrated in the schematic side view of FIG.3 a complete LIDAR 40
comprises receiver and transmitter waveguides based on the embodiments of FIGS.1-2. The
transmitter component comprises the scanner module 41 and the waveguide 42 containing
switchable grating elements 45A-45C which deflect light out of the TIR path into scanned beam
ranges having the principal rays 1190-92 when in their diffracting states. The receiver
component comprises the detector module 46 and the waveguide 47 containing the switchable
grating elements48A-48C which couple in signal light in the FOVs 1190-1195 into TIR paths to
the detector module when in their diffracting states. The switching electors in the receiver and

transmitter waveguides are not shown.

In one embodiment shown in FIG.4 there is provided a LIDAR system 50 comprising a
stack of waveguides 51-53 each containing SBG columns such as 54-56. The number of
columns in a waveguide will depend on the grating angular bandwidth and the size of the overall
field of view of the LIDAR. A scanned laser beam is coupled into each waveguide layer in turn
via a coupling means such as a grating or prism. Alternatively, the laser beam may be edge
coupled into the waveguide. Each waveguide layer may have a separate coupler designed to
accept input beams in a predefined angular range. The coupler may employ at least one
switching grating. A single coupler may be used to address multiple layers. In one embodiment
the LIDAR may comprise a single waveguide layer. The SBG columns 54-56 have unique k-
vectors for deflecting scanned laser beams into unique angular ranges with principal ray
directions such 1202-1204. A scanned laser beam 1200 is coupled into the waveguides via a
prism 57 into the TIR path 1201 in waveguide 51 and is deflected out of the waveguide 51 into a

unique direction 1204 by an active (that is, diffracting) SBG column 56 according to the
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principles of the above described embodiments. The scanned laser beam irradiates a region 1205
of a remote reflective surface. The return signal 1206 reflected from the reflective surface is
coupled into the waveguide 51 by the same active SBG column and relayed to the beam scanner
and detector module 58 along the TIR path1207 and an external path 1208 substantially parallel
to the input beam path 1207. The transmitted and received laser beams are separated using beam
splitting techniques that are well documented in the literature of laser sensors. The beams may
be separated using polarization or angular selectivity. The detection system may employ
heterodyne detection. The embodiment of FIG.4 may be based on ones disclosed in
PCT/GB2014/000197 entitled HOLOGRAPHIC WAVEGUIDE EYE TRACKER, US
Provisional Patent Application No. 62/071,534 entitled HOLOGRAPHIC WAVEGUIDE FOR
TRACKING AN OBJECT IN 3D SPACE, PCT/GB2013/000210 entitled APPARATUS FOR
EYE TRACKING, PCT Application No.:GB2013/000210 entitled APPARATUS FOR EYE
TRACKING which are incorporated herein by reference in their entireties. Said filings address
eye trackers using SBG column array waveguides for infrared eye tracking. With some
implementation modifications that will be obvious- to those skilled in the art the embodiments
disclosed therein are equally applicable to LIDAR systems. Each receiver transmitter (R/T) SBG
element has unique a unique K-vector which together with the MEMs scanner sweep defines a
unique FOV tile. This eliminates the need for complex, bulk and expensive rotating optics.
Singe the target surfaces are typically at long range the beams entering the receiver waveguide
are substantially collimated allowing optimal matching of R/T channels at all angles. Desirably
the grating elements are designed to make the received element apertures as large as possible
while the apertures of the transmitter elements need to be large enough to accommodate the laser

beam sweep from the beam scanner. The beam width will be very narrow, typically of the order
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of millimetres.

The beam scanner and detector modules may be coupled to the transmission and receiver
waveguides by an optical fibre. Multiple waveguides may be stacked to provide a larger field of
view or to implement a hyper-spectral LIDAR with each waveguide operating within a defined

wavelength band.

In a further embodiment of the invention shown in FIG.5 a LIDAR system comprises a
transmitter component 70 and a receiver component 80. The receiver component comprises a
waveguide 71 containing a single row of switchable grating elements 72A-72F with an active
grating indicated by 72D. Each grating has a unique k-vector corresponding to a unique beam
diffraction direction. The transmitter component further comprises a pulsed laser emitting the
beam 1210, collimation and beam expansion optics indicated schematically by 76 forming the
beam 1211 and a beam scanner module 77 for scanning the beam 1212 in two orthogonal
directions. The scanned beam enters the waveguide via a coupling element78 (typically a
grating or prism). The component of the scanned beam in the waveguide X direction 1213 is
shown for simplicity. The active grating element 74 deflects the beam 1213 in the direction
1214, Principal beam directions 1215-1217 corresponding to the active states of grating
elements 72A-72C are indicated. Turning now to FIG.5B the detector waveguide 80 contains
the SBG array 81 comprising elements such as 81 and 83 and a fold grating 80. To better
understand the function of a fold grating note that the waveguide gratings in the previously
discussed embodiments are tilted around an axis lying in the waveguide plane. Fold gratings
have a more generalized tilt. In their simplest implementation, as used in the present invention

they are tilted around an axis perpendicular to the waveguide plane such they deflect beams in
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the waveguide plane. More generally, they may have tilts defined by two rotation angles so that,
for example, light can be cbupled into the waveguide and deflected into an orthogonal direction
inside the waveguide, all in one step. Of particular importance for the present invention, they can
perform ninety degree turning and two-axis beam expansion in a single layer, avoiding
orthogonal superimposed grating layers. Figure 5C is a plan view of the fold grating 82. When
rays 1225 encounter the grating, they diffract in a manner that changes the direction of
propagation by 90°. Unlike a conventional vertical extraction grating, the light does not leave the
waveguide. Note that when a ray encounters the grating, regardless of whether it intersects the
grating from above or below, a fraction of it changes direction and the remainder continues
unimpeded. A typical ray will interact many times with vertically (in the Y direction) while some
light will be moving laterally (in the X direction). From a design perspective, it is desirable to
engineer the amount of light 1228 emerging from the output edge of the grating to be uniformly
distributed laterally and the amount of light 1227 emerging from the side edge of the grating to
be as small as possible. Referring to the Cartesian XY reference frame in the figure, the fold
grating turns the TIR light 1225 through ninety degrees into the Y direction. The light 1226
emerging from the fold grating is coupled out of the waveguide (prisms, grating or edge) and
focused onto a IR detector 86 by the lens 87. The detector is connected to a signal processor 84
by an electrical communication link 85. Element 83, which is shown in its active state, couples
signals from regions 1221-1224 along the scan path 1225. For example, light from regions
1221,1222 scanned by the instantaneous beams 1224,1225 is coupled by active element 83
which deflects the light into the TIR path in the direction 1225 (X-axis). In a typical application
the laser has pulse duration of 5 ns. The laser power will depend on the application. In a typical

automotive application, a LIDAR output power in the region of 60W may be required. The
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MEMS scanner is typically a single element scanner. Desirably the device (with the laser) should
allow 1200 x 600 resolution cells across the field of view with 60 Hz update. In one
embodiment a LIDAR is based on an array of 6x3 SBG gratings each having a field of view of
10° x10° giving a total field of view of 60° x30°. During the detector element active period

200x200 elements are swept out over the 10° x10° resulting in an angular resolution of 0.05° .

FIG 6 illustrates the scanning geometry in more detail showing the scanned field of view
regions formed by the transmitter which are labelled by 1230-1235. The backscatter signal from
a reflective surface 90 is collected by a receiver over the angular range bounded by the rays
1236-1237. The beam scanner and the pulsed laser divide the field of view into discrete angular
resolution elements such as 1236-1239. FIG.7 is a block diagram of the signal processor 92.
The data communication link from the receiver component transmits the received signal to an
analogue to digital converter (ADC) 93. The digitised signal is transmitted to a digital signal
processor (DSP) module 94. Finally, the signal is communicated to peripheral devices via an

Ethernet link 95. The modules operate under the control of the executive program 96.

The embodiment of FIG.8 is similar to the one of FIG.5 except in that the transmitter
component uses a two dimensional array of SBG clements and the fold grating in the receiver
components is replaced by a large aperture detector lens. A further distinction is that in the
FIG.8 embodiment the transmitter and receiver components are integrated in one waveguide.
The LIDAR 100 comprises a waveguide 101, a pulsed laser 102 emitted a beam 1240, a beam
expansion/collimator lens system103 providing the beam 1241, a beam scanner 104 producing

the scanned beam represented by 1242, and a beam steering module 105 which provides a
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multiplicity of beam paths into the transmitter waveguide one of which, namely the beam 1244,
is shown being injected into the waveguide along the SBG element row labelled 109. The beam
steering module is illustrated in more detail in FIG.8B. In one embodiment it comprises a set of
three switchable fold grating elements 105A-105C and a non-switching fold grating 105D for
steering the scanned beam 1243 of FIG.8A into the vertical (Y) direction. The vertical beam
1243A crosses each of the switching fold grating elements in turn. Each element is operative to
switch the scanned beam into the X direction into the transmitter waveguide. In FIG.8B the
element 105A is in its diffracting state and switches the beam into the output direction 1244. The
elements 105B, 105C, which would otherwise switch the beam in the directions 1243B, 1243C
shown by the dotted lines, are shown in their passive states. Not shown in FIG.8B is a means
for coupling the scanned beam 1243 into the beam steering module and for coupling the out
beams from the beam steering module into the transmitter waveguide. As already discussed the
coupling means may comprise a prism or grating, Alternatively, the beam may be injected into
the edge of the waveguide. The transmitter portion comprises a two dimensional array of SBG
elements such as 106-108. The rows are labelled by 109-111. The elements each have a unique
k-vector defining a discrete horizontal and vertical field of view region. The active element
scanned beam portion extracted from the waveguide by the active SBG element 108 is
represented by the set of rays 1245. The receiver waveguide contains a two dimensional array
of SBG elements 112 with rows starting with the elements labelled 113-115. The return signal
which is indicated by the set of rays 1246 incident on the active element 116 is diffracted in the
TIR path 1247 along the element row 113 and is coupled in to detector module 117 comprising
the large aperture lens 118 and the IR detector 119. The lens focuses the guided beams onto the

detector to form a focal spot of size determined by the range of angles detected by the element
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116, as indicated by the dashed line rays 1248A,1248B. The full range of angles detected (for all
SBG element rows) is indicated by the dashed lines 1249. In one embodiment the detector
module 117 is fold back over the receiver waveguide by means of mirrors or prisms to provide a
more compact configuration. In one embodiment the lens 118 is replaced by an equivalent

mirror. In another embodiment the lens 118 may be replaced by a holographic optical element.

In one embodiment shown in FIG.9 the widths of SBG elements in the receiver
component SBG array 120 increase from the centre of the array (122) to the edge (121) in order

to maintain a fixed detection aperture at all angles.

The embodiment illustrated in FIG.10 provides a fiber optic LIDAR 130 in which the
transmitter and receiver waveguides are coupled to the scanner module and the detector module
by an optical fiber. The optical fiber may be based on GRIN technology. The apparatus
comprises a receiver waveguide 131 containing grating elements such as 132 for receiving light
over the ang8ular range 1262, a transmitter waveguide 133 containing grating elements such as
134 for beam scanning light over a predefined angular range. An optical fiber couples the input
1264 to the transmitter waveguide and the output 1261 from the receiver waveguide to a remote
transmitter /receiver module comprising a beam scanner 138 and detector module 139 and a
coupler for couple transmitted beam 1260 and the received beam 1265 between the
transmitter/receiver module and the fiber. The waveguides and the transmitter /receiver module
may be based on any of the above described embodiments. Techniques for coupling signals to

fibers will be well known to those skilled in the art.
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So far we have considered transmitter and receiver waveguides that use switching grating
elements. FIG.11 shows an embodiment in which the gratings elements are passive but are
designed to operate within different TIR angle ranges. The apparatus 140 comprises a
transmitter waveguide 141 containing grating elements 142-145. Each FOV range of the LIDAR
corresponds to a unique SBG element and TIR range. The principal rays of three different TIR
beams 1270-1272 and the diffraction of the TIR beams by the gratings 142,143,145 (in their
diffracting states) into the transmitter beams 1273-1275 is shown. One way to ensure that the
TIR angles are sufficiently well separated for this scheme to work is to design the grating to have
a larger thickness and consequently a narrower angular bandwidth. Thick gratings are normally
more difficult to switch, requiring higher switching voltages. A passive grating would be highly
desirable in medical endoscopes. Note that FIG.11 also serves to illustrate a either a passive

transmitter waveguide or a passive receiver waveguide (reversing the ray vectors).

In one embodiment shown in FIG.12 a LIDAR 150 comprises transmitter 151 and
receiver 152 waveguides abutting end to end. The waveguides may be based on any of the above

described embodiments. The transmitted and received beam directions are generally indicated by

1280,1281.

In one embodiment shown in FIG.13 there is provided an apparatus comprising a LIDAR
160 according to the principles of the invention, a waveguide display161 and a waveguide eye
tracker 162. The transmitted and received beams at the LIDAR are indicated by 1300,1301. The
field of view provided by the display is indicated by the rays 1302,1303. The eye tracker

illuminates the eye 163 with the infrared beam indicated by 1306 and detects the backscatter
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signal indicated by 1305. The waveguide display may be based on any of the embodiments
disclosed in US Patent Application No.13/506,389 entitled COMPACT EDGE ILLUMINATED
DIFFRACTIVE DISPLAY, , United States Patent No. 8,233,204 entitled OPTICAL
DISPLAYS, PCT Application No.: US2006/043938, entitled METHOD AND APPARATUS
FOR PROVIDING A TRANSPARENT DISPLAY, PCT Application No.: GB2012/000677
entitted WEARABLE DATA DISPLAY, United States Patent Application No.: 13/317,468
entitted COMPACT EDGE ILLUMINATED EYEGLASS DISPLAY, United States Patent
Application No.: 13/869,866 entitled HOLOGRAPHIC WIDE ANGLE DISPLAY, and United
States Patent Application No.: 13/844,456 entitled TRANSPARENT WAVEGUIDE DISPLAY.
The eye tracker may be based on any of the embodiments disclosed in PCT Application No.:
PCT/GB2014/000197 entitled HOLOGRAPHIC WAVEGUIDE EYE TRACKER, US
Provisional Patent Application No. 62/071,534 entitled HOLOGRAPHIC WAVEGUIDE FOR
TRACKING AN OBJECT IN 3D SPACE, PCT/GB2013/000210 entitled APPARATUS FOR
EYE TRACKING, PCT Application No.: GB2013/000210 entitled APPARATUS FOR EYE

TRACKING.

In one embodiment shown in FIG.14 a LIDAR receiver component 170 comprises a first
waveguide 172 for receiving light from a first field of view indicated by the set of principal rays
1310 and a second waveguide 171 for receiving light from a second field of view indicated by
the set of principal rays 1311. It should be apparent from the drawing that FIG.14 may also be

used to illustrate a LIDAR transmitter component (with the ray directions reversed).
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The invention provides a transparent, thin architecture, using single laser/detector. The
LIDAR uses SBG arrays for dividing the receiver and transmitter fields of view into small
selectively switched field of view regions that can be detected more efficiency than would be the
case if a singe wide angle imaging optical system were used.

Any of the embodiments of the invention may be implemented using either one dimensional or
two dimensional grating arrays. In any of the above embodiments the waveguides may be
curved or formed from a mosaic of planar or curved facets. It should be emphasized that
the drawings are exemplary and that the dimensions have been exaggerated. For example,

thicknesses of the SBG layers have been greatly exaggerated.

A waveguide device based on any of the above-described embodiments may be
implemented using plastic substrates using the materials and processes disclosed in PCT
Application No.: PCT/GB2012/000680, entitled IMPROVEMENTS TO HOLOGRAPHIC
POLYMER DISPERSED LIQUID CRYSTAL MATERIALS AND DEVICES.
Advantageously, the SBGs are recorded in a reverse mode HPDLC material in which the
diffracting state of SBG occurs when an electric field is applied across the electrodes. An eye
tracker based on any of the above-described embodiments may be implemented using reverse
mode materials and processes disclosed in the above PCT application. While the invention may
be applied with gratings of any type including switching or non-switching gratings based on
Bragg (volume) holograms, or surface-relief gratings the preferred grating technology is a SBG,
which offers the advantages of fast switching, high optical efficiency and transparency and high
index modulation. It should also be noted that the gratings used in the above embodiments are

not necessarily all switching gratings. Switching gratings may be used in combination with
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passive grating technologies. As has been indicated by the description and drawings more than
one grating layer (lamina) may be used. The grating layers discussed above are SBGs disposed
between internal waveguide surfaces (or in other words sandwiched between transparent
substrates that combine to form the waveguide. However, in equivalent embodiments some of
the gratings layers could be applied to external waveguide surfaces. This would apply in the case
of surface relief gratings. The method of fabricating the SBG pixel elements and the ITO
electrodes used in any of the above-described embodiments of the invention may be based on the
process disclosed in the PCT Application No. US2006/043938, entitled METHOD AND

APPARATUS FOR PROVIDING A TRANSPARENT DISPLAY.

It should be understood by those skilled in the art that while the present invention has
been described with reference to exemplary embodiments, it is to be understood that the
invention is not limited to the disclosed exemplary embodiments. Various modifications,
combinations, sub-combinations and alterations may occur depending on design requirements
and other factors insofar as they are within the scope of the appended claims or the equivalents

thereof.
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CLAIMS
What is claimed is:

1. A waveguide sensor, comprising:
a source of first wavelength light;
at least one beam deflector for scanning said light;
a transmitter waveguide;
a receiver waveguide; and
a detector optically coupled to said receiver waveguide,
said beam deflector optically coupled to said transmitter waveguide and configured such
that scanned light coupled into said transmitter waveguide executes angular sweeps about
the principal diffraction directions of said grating elements,
said transmitter waveguide containing a multiplicity of grating elements disposed in at
least one grating layer, each said element operative to diffract light into a predefined
range of output directions
said receiver waveguide containing a multiplicity of grating elements disposed in at least
one grating layer, each said element diffracting light reflected from external points and

incident within a predefined angular range into a TIR path to said detector.

2. The apparatus of claim 1 wherein said grating elements in at least one of said transmitter

waveguide or said receiver waveguide are elements of a two dimensional array.

3. The apparatus of claim 1 wherein said grating elements in at least one of said transmitter

waveguide or said receiver waveguide are elements of a one dimensional array.
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10.

The apparatus of claim 1 wherein said grating elements in at least one of said transmitter
waveguide or said receiver waveguide are elongate elements with longer dimensions

aligned orthogonally to the propagation direction of said waveguides.

The apparatus of claim 1 wherein said grating elements in at least one of said transmitter

waveguide or said receiver waveguide are electrically switchable.

The apparatus of claim 1 wherein said grating elements in at least one of said transmitter
waveguide or said receiver waveguide have at least one of aspect ratio or surface area

varying across the waveguide.

The apparatus of claim 1 wherein said receiver waveguide and said transmitter waveguide

substantially overlap.

The apparatus of claim 1 wherein said transmitter waveguide and said receiver waveguide

each contain grating elements having at least two different grating vectors.

The apparatus of claim 1 at least one of said transmitter waveguide or said receiver

waveguide contains grating layers operating over different angular ranges.

The apparatus of claim 1 wherein at least one of said transmitter waveguide or said

receiver waveguide includes at least one grating layer containing a fold grating.
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11.

12.

13.

14.

15.

16.

PCT/GB2016/000014

The apparatus of claim 1 wherein said transmitter waveguide and said receiver waveguide

are combined into a single waveguide containing a multiplicity of grating elements

disposed in at least one grating letter, each said element operative to diffract said light

into a predefined range of output directions, each said element diffracting light reflected

from external points and incident within a predefined angular range into a TIR path to

said detector.

The apparatus of claim 1 configured to detect a 3D point cloud.

The apparatus of claim 1 wherein coupling between said scanner and said transmitter

waveguide is performed by one of a prism, a grating, a switchable grating, or via edge

coupling.

The apparatus of claim 1 wherein said beam deflector is a micro-electro-mechanical

system.

The apparatus of claim 1 wherein said source is an infrared light emitting diode or an

infrared laser.

The apparatus of claim 1 wherein said first wavelength is approximately 1550 nm.
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17.

18.

19.

20.

The apparatus of claim 1 wherein said grating is one of a Bragg Grating, a surface relief
grating or a switchable Bragg grating recorded in a HPDLC material, a uniform

modulation HPDLC material or a reverse mode HPDLC material.

The apparatus of claim 1 forming a layer in a stack further comprising at least one of a

waveguide HMD or a waveguide eye tracker.

The apparatus of claim 12 further comprising a beamsplitter for providing optical paths
between said source and said transmitter waveguide and said detector and said receiver

waveguide.

The apparatus of claim 1 wherein said detector is a heterodyne detection device.
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Projected Publication Date: 11/15/2018
Non-Publication Request: No

Early Publication Request: No
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PROTECTING YOUR INVENTION OUTSIDE THE UNITED STATES

Since the rights granted by a U.S. patent extend only throughout the territory of the United States and have no
effect in a foreign country, an inventor who wishes patent protection in another country must apply for a patent
in a specific country or in regional patent offices. Applicants may wish to consider the filing of an international
application under the Patent Cooperation Treaty (PCT). An international (PCT) application generally has the same
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of patent applications on the same invention in member countries, but does not result in a grant of "an international
patent” and does not eliminate the need of applicants to file additional documents and fees in countries where patent
protection is desired.

Almost every country has its own patent law, and a person desiring a patent in a particular country must make an
application for patent in that country in accordance with its particular laws. Since the laws of many countries differ
in various respects from the patent law of the United States, applicants are advised to seek guidance from specific
foreign countries to ensure that patent rights are not lost prematurely.

Applicants also are advised that in the case of inventions made in the United States, the Director of the USPTO must
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application
serves as a request for a foreign filing license. The application's filing receipt contains further information and
guidance as to the status of applicant's license for foreign filing.
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section entitled "Treaties and Foreign Patents") for more information on timeframes and deadlines for filing foreign
patent applications. The guide is available either by contacting the USPTO Contact Center at 800-786-9199, or it
can be viewed on the USPTO website at http://www.uspto.gov/web/offices/pac/doc/general/index.html.

For information on preventing theft of your intellectual property (patents, trademarks and copyrights), you may wish
to consult the U.S. Government website, http://www.stopfakes.gov. Part of a Department of Commerce initiative,

this website includes self-help "toolkits" giving innovators guidance on how to protect intellectual property in specific
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countries such as China, Korea and Mexico. For questions regarding patent enforcement issues, applicants may
call the U.S. Government hotline at 1-866-999-HALT (1-866-999-4258).

LICENSE FOR FOREIGN FILING UNDER
Title 35, United States Code, Section 184

Title 37, Code of Federal Regulations, 5.11 & 5.15
GRANTED

The applicant has been granted a license under 35 U.S.C. 184, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" followed by a date appears on this form. Such licenses are issued in all applications where
the conditions for issuance of a license have been met, regardless of whether or not a license may be required as
set forth in 37 CFR 5.15. The scope and limitations of this license are set forth in 37 CFR 5.15(a) unless an earlier
license has been issued under 37 CFR 5.15(b). The license is subject to revocation upon written notification. The
date indicated is the effective date of the license, unless an earlier license of similar scope has been granted under
37 CFR 5.13 or 5.14.

This license is to be retained by the licensee and may be used at any time on or after the effective date thereof unless
it is revoked. This license is automatically transferred to any related applications(s) filed under 37 CFR 1.53(d). This
license is not retroactive.

The grant of a license does not in any way lessen the responsibility of a licensee for the security of the subject matter
as imposed by any Government contract or the provisions of existing laws relating to espionage and the national
security or the export of technical data. Licensees should apprise themselves of current regulations especially with
respect to certain countries, of other agencies, particularly the Office of Defense Trade Controls, Department of
State (with respect to Arms, Munitions and Implements of War (22 CFR 121-128)); the Bureau of Industry and
Security, Department of Commerce (15 CFR parts 730-774); the Office of Foreign AssetsControl, Department of
Treasury (31 CFR Parts 500+) and the Department of Energy.

NOT GRANTED

No license under 35 U.S.C. 184 has been granted at this time, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" DOES NOT appear on this form. Applicant may still petition for a license under 37 CFR 5.12,
if a license is desired before the expiration of 6 months from the filing date of the application. If 6 months has lapsed
from the filing date of this application and the licensee has not received any indication of a secrecy order under 35
U.S.C. 181, the licensee may foreign file the application pursuant to 37 CFR 5.15(b).

SelectUSA

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location for
business investment, innovation, and commercialization of new technologies. The U.S. offers tremendous resources
and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation works to
promote and facilitate business investment. SelectUSA provides information assistance to the international investor
community; serves as an ombudsman for existing and potential investors; advocates on behalf of U.S. cities, states,
and regions competing for global investment; and counsels U.S. economic development organizations on investment
attraction best practices. To learn more about why the United States is the best country in the world to develop
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technology, manufacture products, deliver services, and grow your business, visit http://www.SelectUSA.gov or call
+1-202-482-6800.
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Attorney Docket No.: 103033-P006US3-1086284
Client Reference No.: PO06US3

SPINNING LIDAR UNIT WITH MICRO-OPTICS ALIGNED BEHIND
STATIONARY WINDOW

CROSS REFERENCES TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Patent Application No. 62/506,449,
filed on May 15, 2017, U.S. Provisional Patent Application No. 62/506,437, filed on May 15,
2017, U.S. Provisional Patent Application No. 62/506,445, filed on May 15, 2017, and U.S.
Provisional Patent Application No. 62/515,291, filed June 5, 2017, the disclosures of which are

herein incorporated by reference in their entirety and for all purposes.

BACKGROUND

[0002] An imager detects light and creates a digital image of a scene based on that detected
light. The image contains a fixed number of rows and columns of pixels where each pixel maps
to a different field-of-view within the scene. Electronic imagers typically make use of
photodetectors to convert light into electrical signals. Each photodetector is located at a different
position on the focal plane and usually corresponds to a single pixel or a component of a pixel in
the image. Electronic imagers can typically be classified as one of two types: a passive-
illumination imager or an active-illumination imager. A passive-illumination imager collects
ambient light such as sunlight reflected by objects in a scene, whereas an active-illumination
imager illuminates the scene and collects reflected light generated by the active-illumination

imager system itself.

[0003] A narrowband imager collects light within a limited wavelength range. This is in
contrast to a traditional camera which detects light across the entire visible spectrum or into three
different wide, RGB color bands, each of which may be 100 nm or wider. Narrowband imagers
are harder to develop than traditional cameras due to the characteristics of the optical filters on
which they rely. Optical filters serve to prevent some portion of the electromagnetic spectrum
from reaching the photodetectors. Most narrowband filters rely on thin-film interference effects
to selectively transmit or reflect light (such filters are often referred to as dielectric mirrors or
Bragg mirrors). The spectral transmissivity of the narrowband filter depends on the number,

thicknesses, ordering, and indices of refraction of the constituent layers forming the filter. The
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spectral transmissivity of the filter also depends upon the angle of incidence of the light upon the

narrowband filter.

[0004] Current narrowband imagers have either a small field-of-view or are limited in their
ability to filter wavelength bands narrower than around 50 nm. Optical filters are sensitive to the
angle of incident light making it difficult to achieve a narrow range of wavelengths. For
example, an optical filter may accept perpendicular light with wavelength at 940-945 nm and
slightly oblique light at a wavelength of 930-935 nm. Since most photodetectors in a traditional
camera have a large range of angles of light incident upon them, simply placing an optical filter
in front of them would not actually achieve narrowband filtering. Constricting the angle of light
incident upon the photodetector usually requires using a lens with a longer focal length, which

constricts the field-of-view of the camera.

[0005] Imagers with a wide field-of-view have difficulty in generating uniformly clear visual
images and in making uniform measurements across a scene. For example, the pixels at the
center of the image may appear brighter or represent a different wavelength of light compared to
the pixels at the scene extremities. A wide field-of-view is desirable for some applications
because it provides better situational awareness. For example, a camera-based automotive safety
system meant to detect pedestrians around a vehicle might require monitoring in a 360 degree
field-of-view around the vehicle. Fewer wide field-of-view sensors are required to do the same
job (i.e., generate images of the full 360 degree field-of-view) as many narrow field of view

sensors, thereby decreasing the system cost.

[0006] Narrowband imagers have many applications including geographic mapping,
astronomy and in LIDAR (Light Detection and Ranging). Narrowband imagers can detect
characteristic light wavelengths such as those generated by plants with chlorophyll or by
elements within stars. Narrowband imagers can be used, for example, to determine vegetation
health or to discover oil deposits. Optical receiver systems, such as LIDAR, can be used for
object detection and ranging. LIDAR systems measure the distance to a target or objects in a
landscape, by irradiating a target or landscape with light, using pulses from a laser, and
measuring the time it takes photons to travel to the target or landscape and return after reflection
to a narrowband imager. Other LIDAR techniques, such as photo-demodulation, coherent

LIDAR, and range-gated LIDAR, also rely on the transmission and reflection of photons, though
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they may not directly measure the time-of-flight of pulses of laser light. For many LIDAR
applications, it is beneficial for physical sizes of transmitters and receivers to small and compact,
and at the same time relatively low in cost. For applications where objects must be sensed with
accuracy at long distances, it is beneficial to increase or maximize the number of photons emitted
by the transmitter and reflected back toward the receiver while keeping laser energy emissions

within mandated safety limits.

[0007] Micro-optical systems are systems that include miniaturized, optical components that
are typically between a few micrometers and a millimeter in size. Micro-optical receivers
arrayed adjacent to each other are susceptible to crosstalk. Stray light caused by roughness of
optical surfaces, imperfections in transparent media, back reflections, etc., may be generated at
various features within the receiver channel or external to receiver channel. When multiple
receiver channels are arrayed adjacent to one another, this stray light in one receiver channel may
be absorbed by a photosensor in another channel, thereby contaminating the timing, phase, or
other information inherent to photons. Minimizing crosstalk is especially important in active-
illumination systems. Light reflected from a nearby retro-reflector (e.g. a license plate) may be
thousands or millions of time more intense than light reflected from a distant, dark, lambertian
surface (e.g. black cotton clothing). Thus, the stray light photons from a retro-reflector could
vastly outnumber photons reflected from other surfaces in nearby photosensors if crosstalk is not
minimized. This can result in the inability of a LIDAR system to detect dark objects that occupy

fields of view near the field of view occupied by a retro-reflector.

SUMMARY

[0008] Embodiments of the disclosure provide optical imager systems that achieve wide field-
of-view, narrowband imaging with micro-optic receiver channel arrays that minimize crosstalk
and allow tight spectral selectivity that is uniform across the receiver channel array. Some
optical imager systems according to the disclosure can include a light transmission module that
provides enhanced spot illumination such that a power level of light returning to a light sensing
module is increased, while at the same time improving the spatial resolution of the measured

image.

[0009] In some embodiments, an optical system for performing distance measurements

includes a bulk transmitter optic, an illumination source, and a micro-optic channel array
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disposed between the illumination source and the bulk transmitter optic. The illumination source
includes a plurality of light emitters aligned to project discrete beams of light through the bulk
transmitter optic into a field ahead of the optical system. The micro-optic channel array defines
a plurality of micro-optic channels where each micro-optic channel includes a micro-optic lens
spaced apart from a light emitter from the plurality of light emitters with the micro-optic lens
being configured to receive a light cone from the light emitter and generate a reduced-size spot
image of the emitter at a focal point displaced from the emitter at a location between the emitter
and the bulk transmitter optic. The micro-optic lens for each channel can be configured to
receive a light cone from a light emitter and generate a reduced-size real spot image of the
emitter at a focal point between the micro-optic lens and the bulk transmitter optic. A
divergence of the light cone from the light emitter can be less than a divergence of a light cone
from the second optical surface of the micro-optic lens for generating the reduced-size real spot

image

[0010] In some additional embodiments, an optical system for performing distance
measurements includes a light emission system and a light detection system. The light emission
system includes a bulk transmitter optic, an illumination source comprising a plurality of light
emitters aligned to project discrete beams of light through the bulk transmitter optic into a field
ahead of the optical system, and a micro-optic channel array disposed between the illumination
source and the bulk transmitter optic. The micro-optic channel array defines a plurality of micro-
optic channels where each micro-optic channel includes a micro-optic lens spaced apart from a
light emitter from the plurality of light emitters with the micro-optic lens being configured to
receive a light cone from the light emitter and generate a reduced-size spot image of the emitter
at a focal point displaced from the emitter at a location between the emitter and the bulk
transmitter optic. The light detection system includes a bulk receiver optic configured to receive
the discrete beams of light from the field, and an optical assembly having a plurality of micro-
optic receiver channels defining a plurality of discrete, non-overlapping fields of view in the
field. The optical assembly includes: an aperture layer having a plurality of discrete apertures
arranged along a focal plane of the bulk receiver optic; an array of photosensors disposed behind
the aperture layer; and a plurality of lenses positioned between the aperture layer and the array of

photosensors.
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[0011] In certain embodiments, an optical system for performing distance measurements
includes a stationary housing having an optically transparent window, and a light ranging device
disposed within the housing. The light ranging device includes an optical transmitter coupled to
a platform. The optical transmitter includes a bulk transmitter optic, an illumination source, and
a micro-optic channel array disposed between the illumination source and the bulk transmitter
optic. The illumination source including a plurality of light emitters aligned to project discrete
beams of light through the bulk transmitter optic into a field ahead of the optical system. The
micro-optic channel array can be disposed between the illumination source and the bulk
transmitter optic, and the micro-optic channel array can define a plurality of micro-optic
channels where each micro-optic channel can include a micro-optic lens spaced apart from a
light emitter from the plurality of light emitters with the micro-optic lens being configured to
receive a light cone from the light emitter and generate a reduced-size spot image of the emitter
at a focal point displaced from the emitter at a location between the emitter and the bulk

transmitter optic.

[0012] In some embodiments, an optical system includes a bulk receiver optic configured to
receive light rays originating from a field external to the optical system, and an optical assembly
having a plurality of micro-optic receiver channels defining a plurality of discrete, non-
overlapping fields of view in the field. The optical assembly includes an aperture layer having a
plurality of discrete apertures arranged along a focal plane of the bulk receiver optic, an array of
photosensors disposed behind the aperture layer, and a non-uniform optical filter layer
configured to allow different micro-optic channels to measure different ranges of wavelengths.
The non-uniform optical filter can include a graduated optical filter that gradually increases in
thickness in one dimension, or increases in thickness in a step-wise fashion in one direction such
that each channel has a constant optical filter layer thickness, but where the thicknesses for

different micro-optic channels are different.

[0013] In some additional embodiments, an optical system includes a bulk receiver optic
configured to receive light from a field external to the optical system, an aperture layer disposed
behind the bulk optic and including a plurality of apertures located at a focal plane of the bulk
optic, a lens layer including a plurality of collimating lenses having a focal length, the lens layer

disposed behind the aperture layer and separated from the aperture layer by the focal length, a
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non-uniform optical filter layer behind the lens layer, and a photosensor layer including a
plurality of photosensors. The aperture layer, lens layer, non-uniform optical filter layer and
photosensor layer are arranged to form a plurality of micro-optic channels defining a plurality of
discrete, non-overlapping fields of view in the field with each micro-optic channel in the
plurality of micro-optic channels including an aperture from the plurality of apertures, a lens
from the plurality of lenses, a filter from the filter layer, and a photosensor from the plurality of
photosensors and being configured to communicate light incident from the bulk receiver optic to
the photosensor of the micro-optic channel. The non-uniform optical filter layer is configured to

allow different micro-optic channels to measure different ranges of wavelengths.

[0014] In certain embodiments, an optical system includes a bulk receiver optic configured to
receive light rays originating from a field external to the optical system, and an optical assembly
having a plurality of micro-optic receiver channels defining a plurality of discrete, non-
overlapping fields of view in the field. The optical assembly includes a monolithic ASIC
including a processor, a memory, and a plurality of photosensors fabricated in the ASIC, an
aperture layer having a plurality of discrete apertures arranged along a focal plane of the bulk
receiver optic, the array of photosensors disposed behind the aperture layer; a plurality of lenses
positioned between the aperture layer and the array of photosensors; and a non-uniform optical
filter layer having different center wavelengths across its structure to allow at least two different
micro-optic receiver channels to measure different ranges of wavelengths of light, wherein the
aperture layer, plurality of lenses, and non-uniform optical filter layer are formed on the ASIC

such that they form part of the monolithic structure of the ASIC.

[0015] In some embodiments, an optical system for performing distance measurements
includes a stationary housing having an optically transparent window, a spinning light ranging
device disposed within the housing, a motor disposed within the housing and operatively coupled
to spin the light ranging device including the platform, optical transmitter, and optical receiver
within the housing, and a system controller disposed within the housing, the system controller
configured to control the motor and to start and stop light detection operations of the light
ranging device. The light ranging device includes a platform, an optical transmitter coupled to
the platform, and an optical receiver coupled to the platform. The optical transmitter includes a

bulk transmitter optic and a plurality of transmitter channels, each transmitter channel including
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a light emitter configured to generate and transmit a narrowband light through the bulk
transmitter optic into a field external to the optical system. The optical receiver includes a bulk
receiver optic and a plurality of micro-optic receiver channels, each micro-optic channel
including an aperture coincident with a focal plane of the bulk receiver optic, an optical filter
positioned along a path of light from the bulk receiver optic and axially aligned with the
aperture, and a photosensor responsive to incident photons passed through the aperture and the

optical filter.

[0016] In some additional embodiments, an optical system for performing distance
measurements includes a stationary housing having a base, a top and an optically transparent
window disposed between the base and the top, a spinning light ranging device disposed within
the housing and aligned with the optically transparent window, a motor disposed within the
housing and operatively coupled to spin the light ranging device including the platform, optical
transmitter and optical receiver within the housing, and a system controller disposed within the
housing, the system controller configured to control the motor and to start and stop light
detection operations of the light ranging device. The light ranging device including a platform,
an optical transmitter coupled to the platform, and an optical receiver coupled to the platform.
The optical transmitter including an image-space telecentric bulk transmitter optic and a plurality
of transmitter channels, each channel including a light emitter configured to generate and
transmit a narrowband light through the bulk transmitter optic into a field external to the optical
system. The optical receiver including an image-space telecentric bulk receiver optic and a
plurality of micro-optic receiver channels, each micro-optic channel including an aperture
coincident with a focal plane of the bulk receiver optic, a collimating lens behind the aperture, an
optical filter behind the collimating lens and a photosensor responsive to incident photons passed

through the aperture into the collimating lens and through the filter.

[0017] In certain embodiments, an optical system for performing distance measurements
includes a stationary housing having a base, a top and an optically transparent window disposed
between the base and the top, a light ranging device disposed within the housing and aligned
with the optically transparent window, a motor disposed within the housing and operatively
coupled to spin the light ranging device within the housing; and a system controller disposed

within the housing, the system controller configured to control the motor and to start and stop

HESAI EX1002, P.1106



10

15

20

25

30

light detection operations of the light ranging device. The light ranging device includes a
platform, a plurality of vertical-cavity surface emitting lasers (VCSELSs) arranged in an array,
and an optical receiver coupled to the platform. Each VCSEL in the plurality of VCSELSs are
configured to generate and transmit discrete pulses of light into a field external to the optical
system. The optical receiver including a bulk receiver optic, a plurality of photosensors, each
photosensor comprising a plurality of single-photon avalanche diodes (SPADs) responsive to
incident photons, and an optical filter disposed between the bulk receiver optic and the plurality
of photosensors and configured to allow a band of light to pass through the filter to the plurality
of photosensors while blocking light outside the band from reaching the plurality of

photosensors.

[0018] In some embodiments, an optical system for performing distance measurements
includes a rotatable platform, an optical transmitter coupled to the rotatable platform and
comprising a bulk transmitter optic and a plurality of transmitter channels, an optical receiver
coupled to the rotatable platform and comprising a bulk receiver optic and a plurality of micro-
optic receiver channels, a motor disposed within the housing and operatively coupled to spin the
platform, optical transmitter, and optical receiver, a system controller mounted to a stationary
component of the optical system; and an optical communication link operatively coupled
between the system controller and the optical receiver to enable the system controller to
communicate with the optical receiver. Each transmitter channel includes a light emitter
configured to generate and transmit a narrowband light through the bulk transmitter optic into a
field external to the optical system. Each micro-optic channel includes an aperture coincident
with a focal plane of the bulk receiver optic, an optical filter positioned along a path of light from
the bulk receiver optic and axially aligned with the aperture, and a photosensor responsive to
incident photons passed through the aperture and through the filter. The optical communication
link can extend between the stationary component of the optical system and the rotatable
platform to operatively couple the system controller with the optical receiver. The optical
receiver can further include a collimating lens behind the aperture and directly coupled to the

optical filter, the optical filter positioned behind the collimating lens.

[0019] In some additional embodiments, an optical system for performing distance

measurements including a rotatable platform, an optical transmitter coupled to the rotatable
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platform and comprising an image-space telecentric bulk transmitter optic and a plurality of
transmitter channels, an optical receiver coupled to the rotatable platform and comprising an
image-space telecentric bulk receiver optic and a plurality of micro-optic receiver channels, a
motor disposed within the housing and operatively coupled to spin the platform, optical
transmitter and optical receiver, a system controller mounted to a stationary component of the
optical system, and an optical communication link operatively coupled between the system
controller and the optical receiver to enable the system controller to communicate with the
optical receiver. Each transmitter channel includes a light emitter configured to generate and
transmit a narrowband light through the bulk transmitter optic into a field external to the optical
system. Each micro-optic channel includes an aperture coincident with a focal plane of the bulk
receiver optic, a collimating lens behind the aperture, an optical filter behind the collimating lens
and a photosensor responsive to incident photons passed through the aperture into the

collimating lens and through the filter.

[0020] In certain embodiments, An optical system for performing distance measurements
includes a rotatable platform, a plurality of vertical-cavity surface emitting lasers (VCSELSs)
arranged in an array and coupled to the rotatable platform, an optical receiver coupled to the
rotatable platform, a motor disposed within the housing and operatively coupled to spin the
platform, the plurality of VCSELSs and the optical receiver; a system controller mounted to a
stationary component of the optical system, and an optical communication link operatively
coupled between the system controller and the optical receiver to enable the system controller to
communicate with the optical receiver. Each VCSEL in the plurality of VCSELs are configured
to generate and transmit discrete pulses of light into a field external to the optical system. The
optical receiver including a bulk receiver optic and a plurality of photosensors, each photosensor
comprising a plurality of single-photon avalanche diodes (SPADs) responsive to incident

photons.

[0021] In some embodiments, an optical system for performing distance measurements
includes a bulk receiver optic, an aperture layer including a plurality of apertures, a first lens
layer including a first plurality of lenses, an optical filter layer configured to receive light after it
passes through the bulk receiver optic and pass a band of radiation while blocking radiation

outside the band, and a photosensor layer including a plurality of photosensors, Each
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photosensor includes a plurality of photodetectors configured to detect photons, and a second
plurality of lenses configured to focus incident photons received at the photosensor on the
plurality of photodetectors. The optical system inclufdes a plurality of receiver channels with
each receiver channel in the plurality of receiver channels including an aperture from the
plurality of apertures, a lens from the plurality of first lenses, an optical filter from the optical
filter layer, and a photosensor from the plurality of photosensors, with the aperture for each
channel defining a discrete, non-overlapping field of view for its respective channel. For each
receiver channel in the plurality of receiver channels, there can be a one-to-one correspondence
between the plurality of photodetectors and the second plurality of lenses in the photosensor for
that channel, where each of the lenses in the second plurality of lenses can be configured to focus

photons on its corresponding lens in the second plurality of lenses

[0022] In some additional embodiments, an optical system for performing distance
measurements includes a light emission system and a light detection system. The light emission
system including a bulk transmitter optic and an illumination source. The illumination source
including a plurality of light emitters aligned to project discrete beams of light through the bulk
transmitter optic into a field ahead of the optical system. The light detection system including a
bulk receiver optic, an aperture layer including a plurality of apertures, a first lens layer
including a first plurality of lenses, an optical filter layer configured to receive light after it
passes through the bulk receiver optic and pass a band of radiation while blocking radiation
outside the band, and a photosensor layer including a plurality of photosensors. Each
photosensor includes a plurality of photodetectors configured to detect photons, and a second
plurality of lenses configured to focus incident photons received at the photosensor on the
plurality of photodetectors. The optical system includes a plurality of receiver channels with
each receiver channel in the plurality of receiver channels including an aperture from the
plurality of apertures, a lens from the plurality of first lenses, an optical filter from the optical
filter layer, and a photosensor from the plurality of photosensors, with the aperture for each

channel defining a discrete, non-overlapping field of view for its respective channel.

[0023] In certain embodiments, an optical system for performing distance measurements
including a stationary housing having an optically transparent window, a light ranging device

disposed within the housing and aligned with the optically transparent window, a motor disposed
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within the housing and operatively coupled to spin the light ranging device including the
platform, optical transmitter, and optical receiver within the housing, and a system controller
disposed within the housing. The system controller configured to control the motor and to start
and stop light detection operations of the light ranging device. The light ranging device
including a platform, an optical transmitter coupled to the platform, an optical receiver coupled
to the platform. The optical transmitter including a bulk transmitter optic and a plurality of
transmitter channels, each transmitter channel including a light emitter configured to generate
and transmit a narrowband light through the bulk transmitter optic into a field external to the
optical system. The optical receiver including a bulk receiver optic, an aperture layer including a
plurality of apertures, a first lens layer including a first plurality of lenses, an optical filter layer
configured to receive light after it passes through the bulk receiver optic and pass a band of
radiation while blocking radiation outside the band, and a photosensor layer including a plurality
of photosensors. Each photosensor includes a plurality of photodetectors configured to detect
photons, and a second plurality of lenses configured to focus incident photons received at the
photosensor on the plurality of photodetectors. The optical system includes a plurality of
receiver channels with each receiver channel in the plurality of receiver channels including an
aperture from the plurality of apertures, a lens from the plurality of first lenses, an optical filter
from the optical filter layer, and a photosensor from the plurality of photosensors, with the
aperture for each channel defining a discrete, non-overlapping field of view for its respective

channel.

[0024] A better understanding of the nature and advantages of embodiments of the present
disclosure may be gained with reference to the following detailed description and the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] FIG. 1is ablock diagram of an exemplary passive optical imager system, according to

some embodiments of the present disclosure.

[0026] FIG. 2 is a simplified diagram of an exemplary light detection system for a passive

optical imager system, according to some embodiments of the present disclosure.

11
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[0027] FIGS. 3A and 3B are perspective views of a simplified diagram of different
embodiments of micro-optic receiver layers with graduated filter layers, according to some

embodiments of the present disclosure.

[0028] FIG 4 is a block diagram of a rotating LIDAR system, according to some embodiments

of the present disclosure.

[0029] FIGS. SA-5B are simple illustrations of exemplary implementations of solid state

LIDAR systems, according to some embodiments of the present disclosure.

[0030] FIG. 6A-6B are simple illustrations of exemplary implementations of scanning LIDAR

systems, according to some embodiments of the present disclosure.

[0031] FIG. 7is an exemplary perspective view diagram showing an embodiment of a LIDAR
system employing a 360 scanning architecture, according to some embodiments of the present

disclosure.

[0032] FIG. 8 is an illustrative example of the light transmission and detection operation for a

light ranging system, according to some embodiments of the present disclosure.

[0033] FIG. 9is a flowchart illustrating a method of using coded pulses in an optical

measurement system, according to embodiments of the present disclosure.

[0034] FIG. 101s a simplified diagram illustrating a detailed view of an exemplary active
optical imager system having a wide field-of-view and capable of narrowband imaging,

according to some embodiments of the present disclosure.

[0035] FIGS. 11-14 are simplified cross-sectional view diagrams of various exemplary

enhanced light emission systems, according to some embodiments of the present disclosure.

[0036] FIGS. 15A-15C are cross-sectional views of simplified diagrams of exemplary active
imager systems having different implementations of corrective optical structures for astigmatism,

according to some embodiments of the present disclosure.

[0037] FIG. 16A is a simplified cross-sectional view diagram of part of a light detection

system 1600 where there is no cross-talk between channels.
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[0038] FIG. 16B is a simplified cross-sectional view diagram of part of a light detection

system 1601 where there is cross-talk between channels.

[0039] FIG. 17 is a simplified cross-sectional diagram of an exemplary micro-optic receiver

channel structure, according to some embodiments of the present disclosure.

[0040] FIGS. 18A-18D are simplified cross-sectional view diagrams of various aperture layers

for a receiver channel, according to some embodiments of the present disclosure.

[0041] FIGS. 19A-19D are simplified cross-sectional view diagrams of various spacer
structures between the aperture layer and the optical lens layer for a receiver channel, according

to some embodiments of the present disclosure.

[0042] FIGS. 20A-20G are simplified cross-sectional view diagrams of various optical filter

layers for a receiver channel, according to some embodiments of the present disclosure.

[0043] FIGS. 21A-21K are simplified cross-sectional view diagrams of various photosensor
layers with diffusers for a receiver channel, according to some embodiments of the present

disclosure.

[0044] FIGS. 22A-221 are simplified cross-sectional view diagrams of various hemispherical
receiver structures for a receiver channel, according to some embodiments of the present

disclosure.

[0045] FIGS. 23A-23E are simplified cross-sectional view diagrams of various bottom micro

lens layers for a receiver channel, according to some embodiments of the present disclosure.

[0046] FIGS. 24 and 25 are simplified cross-sectional view diagrams of exemplary receiver

channels, according to some embodiments of the present disclosure.

[0047] FIGS. 26-30 are simplified top view diagrams of exemplary micro-optical receiver

arrays, according to some embodiments of the present disclosure.

DETAILED DESCRIPTION

[0048] Some embodiments of the disclosure pertain to optical imager systems that can
generate an image from ambient light in a field and/or light emitted from an optical transmitter

that has reflected off of an object in the field. For instance, in some embodiments an optical
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imager system can be a passive system that does not actively illuminate a scene or given area and
instead detects ambient light in the scene or area reflected off of one or more objects in the scene
or area. A passive optical imager system can include a light sensing module for receiving
ambient light in the field. The light sensing module can be a wide field-of-view, narrowband
optical imaging system (WFNBI) that collects imaging information. The light sensing module
can include one or more bulk receiver optics, a micro-optic receiver system, and a system
controller for operating the light sensing module. According to some embodiments of the
present disclosure, the micro-optic receiver system can include one or more micro-optic receiver
layers and one or more photosensors, each photosensor can include one or more photodetectors

that can measured received light.

[0049] A bulk imaging optic as defined herein can be one or more optical surfaces, possibly
including multiple lens elements, that have clear apertures greater than one millimeter and that is
positioned to receive light projected from, or focus received light on, a micro-optic
transmitter/receiver layer. A bulk imaging optic that projects light received from an optical
emitter, such as a micro-optic transmitter layer, is sometimes referred to herein as a bulk
transmitter optic or as an output bulk imaging optic. A bulk optic layer that focuses light
received from a field onto an optical detector, such as a micro-optic receiver layer, is sometimes
referred to herein as a bulk receiver optic or as an input bulk imaging optic. An input, image-
space telecentric bulk imaging optic allows the system to measure narrowband light uniformly
over a wide field-of-view (FOV). The micro-optic receiver layer can include a one- or two-
dimensional array of micro-optic receiver channels where each micro-optic receiver channel has
multiple components including one or more of an aperture, a collimating micro-lens, an optical
filter, and a photosensor. In some instances, the micro-optical receiver channel structure has a
columnar arrangement with enclosures having absorbent and/or reflective side walls and/or
focusing funnels. The micro-optic receiver channel maximizes the collection of incoming rays
through its aperture, collimates the light to make it perpendicular to the optical filter, and
minimizes crosstalk with adjacent micro-optic receiver channels due to mixing of inputs from
neighboring apertures, as will be discussed in detail below. In various instances, bulk imaging
optics according to the present disclosure modify light or other radiation for an entire array of
emitters or photosensors. Micro-optic structures can be included as part of the array and can

modify light differently for different emitters and/or photosensors in the array. In some
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embodiments, there is one or more micro-optic elements for each individual array element

(photosensor and/or emitter).

[0050] In some embodiments, the optical imager system can be an active system that can emit
light into a field and then detect the emitted light after it has reflected off surfaces of an object in
the field. An active optical imager system can include a light transmission module in addition to
a light sensing module, and be configured as a light ranging device. The light transmission
module can include a transmitter layer that is composed of an array of individual emitters where
each emitter can be paired with a corresponding micro-optic receiver channel in the light sensing
module, or it can be a uniform illuminator that spreads light evenly across the scene with no
specific pairing between individual emitters and receiver channels. In some instances, the light
transmission module can include a micro-optic transmitter channel array to enhance light
outputted from the array of emitters. During operation, light outputted by the array of emitters
(e.g., laser pulses) passes through the micro-optic transmitter channel array and enters a bulk
transmitter optic having a large numerical aperture to better capture light from the micro-optic
transmitter channel array. The light then exits the bulk transmitter optic and illuminates a
plurality of spots at a distant field. The micro-optic transmitter channel array can improve the
brightness of beams emanating from the bulk transmitter optic to provide enhanced spot
illumination, while at the same time improving the spatial resolution of the measured image, as

will be discussed in detail further herein.

[0051] According to some embodiments of the present disclosure, the imager system is a wide
field-of-view, narrowband optical system. Thus, the imager can capture images and detect light
across a FOV of at least 10 degrees. In certain embodiments, the imager can capture images and
detect light across a FOV of at least 20, and across a FOV of at least 30 degrees in some
embodiments. Furthermore, the imager can detect light at a wavelength of approximately 10 nm
or less. In some particular embodiments, the light sensing module can detect light at a
wavelength of approximately 5 nm or less. In some embodiments, the imager system can
capture detect light at a wavelength of less than 5 nm across a FOV of approximately 32 degrees.

The FOV can be in the vertical or horizontal direction, or any other angle in between.
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[0052] To better understand the function and configuration of passive and active optical
imager systems according to embodiments of the disclosure, each will be discussed in detail

herein.

I PASSIVE OPTICAL IMAGER SYSTEMS

[0053] A passive optical imager system receives ambient light to generate an image. FIG. 1 is
a block diagram of an exemplary passive optical imager system 100, according to some
embodiments of the present disclosure. Passive optical imager system 100 includes a passive
light capturing device 102 for capturing light existing within a field. Passive light capturing
device 102 can include a system controller 104 and a light sensing module 106. Imaging data
can be generated by passive light capturing device 102 by receiving light existing in a field in
which passive optical imager system 100 is positioned. The received light can be light that exists
naturally in the field, i.e., ambient light, as opposed to light emitted from a transmitter within

system 100.

[0054] Light sensing module 106 can include a sensor array 108, which can be, e.g., a one-
dimensional or two-dimensional array of photosensors. Each photosensor (also just called a
“sensor” or sometimes referred to by one skilled in the art as a “pixel”) can include a collection
of photodetectors, e.g., SPADs or the like, or a sensor can be a single photon detector (e.g., an
APD). Light sensing module 106 includes an optical sensing system 110, which when taken
together with sensor array 108 can form a light detection system 112. In some embodiments,
optical sensing system 110 can include a bulk receiver optic 114 and optical components 116,
such as an aperture layer, a collimating lens layer and an optical filter, that can be combined with
sensor array 108 to form an array of micro-optic receiver channels where each micro-optic
receiver channel measures light that corresponds to an image pixel in a distinct field of view of
the surrounding field in which system 100 is positioned. Further details of various embodiments
of micro-optic receiver channels according to the present disclosure are discussed in detail in

conjunction with FIGS. 17-30 below.

[0055] In some embodiments, sensor array 108 of light sensing module 106 is fabricated as
part of a monolithic device on a single substrate (using, e.g., CMOS technology) that includes

both an array of photosensors, a processor 118, and a memory 120 for signal processing the
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measured light from the individual photosensors (or groups of photosensors) in the array. The
monolithic structure including sensor array 108, processor 118, and memory 120 can be
fabricated as a dedicated ASIC. In some embodiments, optical components 116 can also be a
part of the monolithic structure in which sensor array 108, processor 118, and memory 120 are a
part. In such instances, optical components 116 can be formed, e.g., bonded (non-reversibly)
with epoxy, on the ASIC so that it becomes part of the monolithic structure, as will be discussed
further below. As mentioned above, processor 118 (e.g., a digital signal processor (DSP),
microcontroller, field programmable gate array (FPGA), and the like) and memory 120 (e.g.,
SRAM) can perform the signal processing. As an example of signal processing, for each
photosensor or grouping of photosensors, memory 120 of light sensing module 106 can
accumulate detected photons over time, and these detected photons can be used to recreate an

image of the field.

[0056] In some embodiments, the output from processor 118 is sent to system controller 104
for further processing, e.g., the data can be encoded by one or more encoders of the system
controller 104 and then sent as data packets to user interface 115. System controller 104 can be
realized in multiple ways including, e.g., by using a programmable logic device such an FPGA,
as an ASIC or part of an ASIC, using a processor 122 with memory 124, and some combination
of the above. System controller 104 can cooperate with a stationary base controller or operate
independently of the base controller (via pre-programed instructions) to control light sensing
module 106 by sending commands that include start and stop light detection and adjust
photodetector parameters. In some embodiments, system controller 104 has one or more wired
interfaces or connectors for exchanging data with light sensing module 106. In other
embodiments, system controller 104 communicates with light sensing module 106 over a

wireless interconnect such as an optical communication link.

[0057] Passive optical imager system 100 can interact with a user interface 115, which can be
any suitable user interface for enabling a user to interact with a computer system, e.g., a display,
touch-screen, keyboard, mouse, and/or track pad for interfacing with a laptop, tablet, and/or
handheld device computer system containing a CPU and memory. User interface 115 may be
local to the object upon which passive optical imager system 100 is mounted but can also be a

remotely operated system. For example, commands and data to/from passive optical imager
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system 100 can be routed through a cellular network (LTE, etc.), a personal area network
(Bluetooth, Zigbee, etc.), a local area network (WiFi, IR, etc.), or a wide area network such as

the Internet.

[0058] User interface 115 of hardware and software can present the imager data from the
device to the user but can also allow a user to control passive optical imager system 100 with one
or more commands. Example commands can include commands that activate or deactivate the
imager system, specify photodetector exposure level, bias, sampling duration and other
operational parameters (e.g., emitted pulse patterns and signal processing), specify light emitters
parameters such as brightness. In addition, commands can allow the user to select the method
for displaying results. The user interface can display imager system results which can include,
e.g., a single frame snapshot image, a constantly updated video image, and/or a display of other

light measurements for some or all pixels.

[0059] As mentioned herein, one or more components of optical sensing system 110 can be
part of a monolithic structure with sensor array 108, processor 118, and memory 120. For
example, an aperture layer, collimating lens layer, and an optical filter layer of optical
components 116 can be stacked over and bonded with epoxy to a semiconductor substrate having
multiple ASICs fabricated thereon at the wafer level before or after dicing. For instance, the
optical filter layer can be a thin wafer that is placed against the photosensor layer and then
bonded to the photosensor layer to bond the optical filter layer with the photosensor layer to have
the optical layer form part of the monolithic structure; the collimating lens layer can be injection
molded onto the optical filter layer; and, the aperture layer can be formed by layering a non-
transparent substrate on top of a transparent substrate or by coating a transparent substrate with
an opaque film. Alternatively, the photosensor layer can be fabricated and diced, and the optical
filter layer, collimating lens layer, and the aperture layer can be fabricated and diced. Each diced
photosensor layer and optical layers can then be bonded together to form a monolithic structure
where each monolithic structure includes the photosensor layer, optical filter layer, collimating
lens layer, and the aperture layer. By bonding the layers to the ASIC, the ASIC and the bonded
layers can form a monolithic structure. The wafer can then be diced into devices, where each
device can be paired with a respective bulk receiver optic 114 to form light sensing module 106.

In yet other embodiments, one or more components of light sensing module 106 can be external
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to the monolithic structure. For example, the aperture layer may be implemented as a separate
metal sheet with pin-holes. A more detailed view of an optical sensing system and a sensor array

according to an embodiment of the disclosure is discussed herein with respect to FIG. 2.

[0060] FIG. 2 is a simplified diagram of an exemplary light detection system 200 according to
some embodiments of the present disclosure. Light detection system 200 can be representative
of light detection system 112 discussed above with respect to FIG. 1. Light detection system 200
can include an optical sensing system and a sensor array. The optical sensing system can include
bulk receiver optics, an aperture layer, a collimating lens layer, and an optical filter layer; and the
sensor array can include an array of photosensors, where each photosensor can include one or
more photodetectors for measuring light. According to some embodiments, these components
operate together to receive light from a field. For instance, light detection system 200 can
include a bulk receiver optic 202 and a micro-optic receiver (Rx) layer 204. During operation,
light rays 206 enter bulk receiver optic 202 from multiple directions and gets focused by bulk
receiver optic 202 to form light cones 208. Micro-optic receiver layer 204 is positioned so that
apertures 210 coincide with the focal plane of bulk receiver optic 202. In some embodiments,
micro-optic receiver layer 204 can be a one-dimensional or two-dimensional array of micro-optic
receiver channels 212, where each micro-optic receiver channel 212 is formed of a respective
aperture 210, collimating lens 214, and photosensor 216 positioned along the same axis in the
direction of light flow, e.g., horizontal from left to right as shown in FIG. 2. Furthermore, each
micro-optic receiver channel 212 can be configured various ways to mitigate interference from
stray light between photosensors, as will be discussed further herein. During operation, each
micro-optic receiver channel 212 measures light information for a different pixel (i.e., position in
the field).

[0061] At the focal point of bulk receiver optic 202, light rays 206 focus and pass through
apertures 210 in an aperture layer 211 and into respective collimating lenses 214. Each
collimating lens 214 collimates the received light so that the light rays all enter the optical filter
at approximately the same angle, e.g., parallel to one another. The aperture and focal length of
bulk receiver optic 202 determine the cone angle of respective light rays that come to a focus at
aperture 210. The aperture size and the focal length of collimating lenses 214 determine how

well-collimated the admitted rays can be, which determines how narrow of a bandpass can be
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implemented in optical filter 218. Apertures 210 can serve various functions during the
operation of light detection system 200. For instance, apertures 210 can (1) constrain the pixel
FOV so it has tight spatial selectivity despite a large pitch at the photosensor plane, (2) provide a
small point-like source at the collimating lens’s focal plane to achieve tight collimation of rays
before passing through the filter, where better collimation results in a tighter band that can pass

through the filter, and (3) reject stray light.

[0062] Optical filter 218 blocks unwanted wavelengths of light. Interference-based filters tend
to exhibit strong angle dependence in their performance. For example, a 1 nm wide bandpass
filter with a center wavelength (CWL) of 900 nm at a zero-degree angle of incidence might have
a CWL of 898 nm at a fifteen-degree angle of incidence. Imaging systems typically use filters
several tens of nanometers wide to accommodate this effect, so that the shift in CWL is much
smaller than the bandpass width. However, the use of micro-optic layer 204 allows all rays to
enter optical filter 218 at approximately the same angle of incidence, thus minimizing the shift in
CWL and allowing very tight filters (e.g. less than 10 nm wide) to be used. Photosensor 216
generates electrical currents or voltages in response to incident photons. In some embodiments,
optical filter 218 is uniform across the entire array of micro-optic receiver channels 212 so that
each individual micro-optic receiver channel 212 in the array receives the same range of

wavelengths of light.

[0063] In some embodiments, photosensors 216 are positioned on a side opposite of
collimating lenses 214 so that light rays 206 first pass through collimating lenses 214 and optical
filter 218 before exposing on photosensors 216. Each photosensor 216 can be a plurality of
photodetectors, such as a mini-array of multiple single-photon avalanche detectors (SPADs). An
array of mini-arrays of SPADs can be fabricated on a single monolithic chip, thereby simplifying
fabrication. In some alternative embodiments, each photosensor 216 can be a single
photodetector, e.g., a standard photodiode, an avalanche photodiode, a resonant cavity

photodiode, or another type of photodetector.

[0064] In some other embodiments, optical filter 218 is non-uniform. For example, a
graduated filter allows different micro-optic channels to measure a different range of
wavelengths. In other words, a graduated filter allows different micro-optic channels in an array

of micro-optic channels to have different center wavelengths (CWL). A graduated filter
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typically gradually changes the range of allowed wavelengths in either one or two dimensions.
However, a graduated filter could also encompass a filter where the range of allowed
wavelengths changes rapidly (e.g., step-wise) in one or both dimensions. The different CWLs
for the channels can be created in various ways. For instance, the thickness of the filter can
change or the index of refraction can change. The index of refraction can be changed by
modifying the filter layer, such as by altering its chemical composition, e.g., by modifying it to
have a non-uniform doping concentration. As a result, each channel (or row/column of channels)
can have an optical filter layer that has a different doping concentration, thereby resulting in a
different CWL for each channel (or row/column of channels) without having a modified
thickness. Rotating a one-dimensional array of micro-optic channels with a graduated optical
filter allows the system to measure light at different wavelengths for each photosensor. Scanning
a two-dimensional array of micro optic channels where the graduated filter is changing along the
direction of the scan allows the passive optic imager system to measure light at multiple
wavelengths for each position in space, but uses multiple photodetectors in the photosensor to do
so. Such optical systems using graduated filters require synchronization of the photosensor
sampling so that different wavelength measurements are taken for the same photosensor with the
same field-of-view. Imaging systems that differentiate between many different wavelengths are
sometimes referred to as hyperspectral imagers. A hyperspectral imager often requires that light
from the wavelengths of interest all be focused in approximately the same plane. This can be
achieved by using an achromatic, apochromatic, superachromatic, or similar lens that is designed

to limit the effects of chromatic aberration.

[0065] Hyperspectral imagers collect information from multiple wavelength bands across the
electromagnetic spectrum. The absolute or relative intensities of the wavelength bands can
provide information about chemical concentrations. For example, chlorophyll content of certain
crops can be estimated using only a few wavelength bands. Similar techniques can be used to
find valuable minerals or identify toxins. Spectral information can also be used to assist in the
classification of pedestrians, automobiles, and other objects similarly encountered in an

automotive environment.

[0066] A graduated neutral-density filter has a transmission that varies spatially across the

filter, but the transmission is largely independent of wavelength (e.g. just as transmissive to red
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light as to blue light) at any given location. In a scanning imaging system, a graduated neutral-
density filter can be used to image the same point in space with varying degrees of attenuation,
thereby enabling a composite measurement with higher dynamic range than would achievable
with a non-graduated filter. A better understanding of a micro-optic receiver layer with

graduated filter can be achieved with reference to FIGS. 3A and 3B.

[0067] FIGS. 3A and 3B are perspective views of a simplified diagram of different
embodiments of micro-optic receiver layers with graduated filter layers, according to some
embodiments of the present disclosure. Specifically, FIG. 3A is a perspective view of a
simplified diagram of a micro-optic receiver layer 300 with a graduated filter layer 302, and FIG.
3B is a perspective view of a simplified diagram of a micro-optic receiver layer 301 with a
graduated filter layer 312. As illustrated in FIGS. 3A and 3B, micro-optic receiver layer 300 and
301 each includes four micro-optic receiver channels 304, 306, 308 and 310 arranged in two
dimensions as a 2 x 2 array. Although FIGS. 3A and 3B illustrate embodiments having only 2 x
2 arrays, one skilled in the art understands that such embodiments are not limiting and that other
embodiments can be configured to have any number of micro-optic receiver channels. It is to be
appreciated that in these diagrams, the thicknesses of filter layers 302 and 312 and the
thicknesses of the surrounding layers, which are not drawn to scale, should be interpreted as the
thicknesses of layers of refractive material in an interference filter. As these thicknesses change,
the characteristics (e.g. passband CWL) of the interference filter change. These embodiments

can be used in a hyperspectral passive optic imager system.

[0068] As shown in FIGS. 3A and 3B, graduated filter layer 302 has gradually increasing
thickness in one dimension across multiple columns of micro-optic receiver channels, and
graduated filter layer 312 has a step-wise-increasing thickness in one dimension that has a
constant thickness for each micro-optic receiver channel. Micro-optic receiver channels 304 and
308 have the same filter thickness and detect the same wavelength of light. Micro-optic receiver
channels 306 and 310 have the same filter thickness and detect the same wavelength of light.
Micro-optic receiver channels 304 and 308 can have a different filter thickness than micro-optic
receiver channels 306 and 310 and thus detect a different wavelength of light. During a first-
time interval, the micro-optic receiver channels 304 and 308 measure the intensity of a first

wavelength of light for two pixels respectively. In some embodiments, the hyperspectral passive
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optic imager system moves or rotates the micro-optic receiver layer so that during a second-time
interval, micro-optic receiver channels 306 and 310 measure the intensity of a second
wavelength of light for the same two pixels respectively. In other embodiments, a hyperspectral
passive optic imager system according to the disclosure can include a stationary micro-optic

receiver layer and scan a moving target.

I1. ACTIVE OPTICAL IMAGER SYSTEMS

[0069] As discussed herein, optical imager systems can also be configured as active optical
imager systems. Active optical imager systems can differ from passive optical imager systems in
that active optical imager systems emit their own light into a field and detect the emitted light
after it has reflected off surface(s) of an object in the field. In some embodiments, active optical
imager systems can be utilized as LIDAR devices where emitted and received, reflected light can
be correlated to determine a distance to the object from which the emitted light was reflected. A
better understanding of an active optical imager system can be ascertained with reference to FIG.

4.

[0070] FIG. 4 illustrates a block diagram of a LIDAR system 400 according to some
embodiments of the present disclosure. LIDAR system 400 can include a light ranging device
402 and a user interface 415. Light ranging device 402 can include a ranging system controller
404, a light transmission (Tx) module 406 and a light sensing (Rx) module 408. Ranging data
can be generated by light ranging device 402 by transmitting one or more light pulses 410 from
the light transmission module 406 to objects in a field of view surrounding light ranging device
402. Reflected portions 412 of the transmitted light are then detected by light sensing module
408 after some delay time. Based on the delay time, the distance to the reflecting surface can be
determined. Other ranging methods can be employed as well, e.g. continuous wave, Doppler,

and the like.

[0071] Tx module 406 includes an emitter array 414, which can be a one-dimensional or two-
dimensional array of emitters, and a Tx optical system 416, which when taken together with
emitter array 414 can form a light emission system 438. Tx optical system 416 can include a
bulk transmitter optic that is image-space telecentric. In some embodiments, Tx optical system

416 can further include one or more micro-optic structures that increase the brightness of beams
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emanating from the bulk transmitter optic as discussed herein with respect to FIGS. 11-14 and/or
for beam shaping, beam steering or the like. Emitter array 414 or the individual emitters can be
laser sources. Tx module 406 can further include an optional processor 418 and memory 420,
although in some embodiments these computing resources can be incorporated into ranging
system controller 404. In some embodiments, a pulse coding technique can be used, e.g., Barker
codes and the like. In such cases, memory 420 can store pulse-codes that indicate when light
should be transmitted. In some embodiments, the pulse-codes are stored as a sequence of

integers stored in memory.

[0072] Light sensing module 408 can be substantially similar in construction to light sensing
module 106 discussed herein with respect to FIG 1. Thus, details of processor 422, memory 424,
sensor array 426, and Rx optical system 428 (when taken together with sensor array 426 can
form a light detection system 436) can be referenced herein with respect to FIG. 1, and only
differences with respect to those components are discussed herein for brevity. For LIDAR
system 400, each photosensor sensor (e.g., a collection of SPADs) of sensor array 426 can
correspond to a particular emitter of emitter array 414, e.g., as a result of a geometrical
configuration of light sensing module 408 and Tx module 406. For example, in some
embodiments, emitter array 414 can be arranged along the focal plane of the bulk transmitter
optic such that each illuminating beam projected from the bulk transmitter optic into the field
ahead of the system is substantially the same size and geometry as the field of view of a
corresponding receiver channel at any distance from the system beyond an initial threshold

distance.

[0073] In some embodiments, processor 418 can perform signal processing of the raw
histograms from the individual photon detectors (or groups of detectors) in the array. As an
example of signal processing, for each photon detector or grouping of photon detectors, memory
424 (e.g., SRAM) can accumulate counts of detected photons over successive time bins, and
these time bins taken together can be used to recreate a time series of the reflected light pulse
(i.e., a count of photons vs. time). This time-series of aggregated photon counts is referred to
herein as an intensity histogram (or just histogram). Processor 418 can implement matched
filters and peak detection processing to identify return signals in time. In addition, Processor 418

can accomplish certain signal processing techniques (e.g., by processor 422), such as multi-
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profile matched filtering to help recover a photon time series that is less susceptible to pulse
shape distortion that can occur due to SPAD saturation and quenching. In some embodiments,
all or parts of such filtering can be performed by processor 458, which may be embodied in an

FPGA.

[0074] In some embodiments, the photon time series output from processor 418 are sent to
ranging system controller 404 for further processing, e.g., the data can be encoded by one or
more encoders of ranging system controller 404 and then sent as data packets to user interface
415. Ranging system controller 404 can be realized in multiple ways including, e.g., by using a
programmable logic device such an FPGA, as an ASIC or part of an ASIC, using a processor 430
with memory 432, and some combination of the above. Ranging system controller 404 can
cooperate with a stationary base controller or operate independently of the base controller (via
pre-programed instructions) to control light sensing module 408 by sending commands that
include start and stop light detection and adjust photodetector parameters. Similarly, ranging
system controller 404 can control light transmission module 406 by sending commands, or
relaying commands from the base controller, that include start and stop light emission controls
and controls that can adjust other light-emitter parameters (e.g., pulse codes). In some
embodiments, ranging system controller 404 has one or more wired interfaces or connectors for
exchanging data with light sensing module 408 and with light transmission module 406. In other
embodiments, ranging system controller 404 communicates with light sensing module 408 and

light transmission module 406 over a wireless interconnect such as an optical communication

link.

[0075] Light ranging device 402 can be used in both stationary and a scanning architectures.
Electric motor 434 is an optional component in LIDAR system 400 that can be used to rotate
system components, e.g., the Tx module 406 and Rx module 408, as part of a scanning LIDAR
architecture. The system controller 404 can control the electric motor 434 and can start rotation,
stop rotation and vary the rotation speed as needed to implement a scanning LIDAR system.
Exemplary stationary LIDAR devices are discussed below with respect to FIGS. 5A and 5B,
while exemplary scanning LIDAR devices are discussed further herein with respect to FIGS. 6A,
6B, and 7.
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[0076] LIDAR system 400 can interact with one or more instantiations of a user interface 415.
The different instantiations can vary and can include, but not be limited to, a computer system
with a monitor, keyboard, mouse, CPU and memory; a touch-screen in an automobile or other
vehicle; a handheld device with a touch-screen; or any other appropriate user interface. User
interface 415 can be local to the object upon which LIDAR system 400 is mounted but can also
be a remotely operated system. For example, commands and data to/from LIDAR system 400
can be routed through a cellular network (LTE, etc.), a personal area network (Bluetooth, Zigbee,

etc.), a local area network (WiF1i, IR, etc.), or a wide area network such as the Internet.

[0077] User interface 415 of hardware and software can present the LIDAR data from the
device to the user or to a vehicle control unit (not shown) but can also allow a user to control
LIDAR system 400 with one or more commands. Example commands can include commands
that activate or deactivate the LIDAR system, specify photodetector exposure level, bias,
sampling duration and other operational parameters (e.g., emitted pulse patterns and signal
processing), specify light emitters parameters such as brightness. In addition, commands can
allow the user to select the method for displaying results. The user interface can display LIDAR
system results which can include, e.g., a single frame snapshot image, a constantly updated video
image, and/or a display of other light measurements for some or all pixels. In some
embodiments, user interface 415 can track distances (proximity) of objects from the vehicle, and
potentially provide alerts to a driver or provide such tracking information for analytics of a

driver’s performance.

[0078] In some embodiments, for example where LIDAR system 400 is used for vehicle
navigation, user interface 415 can be a part of a vehicle control unit that receives output from,
and otherwise communicates with light ranging device 402 and/or user interface 415 through a
network, such as one of the wired or wireless networks described above. One or more
parameters associated with control of a vehicle can be modified by the vehicle control unit based
on the received LIDAR data. For example, in a fully autonomous vehicle, LIDAR system 400
can provide a real time 3D image of the environment surrounding the car to aid in navigation in
conjunction with GPS and other data. In other cases, LIDAR system 400 can be employed as
part of an advanced driver-assistance system (ADAS) or as part of a safety system that, e.g., can

provide 3D image data to any number of different systems, e.g., adaptive cruise control,
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automatic parking, driver drowsiness monitoring, blind spot monitoring, collision avoidance
systems, etc. When user interface 415 is implemented as part of a vehicle control unit, alerts can

be provided to a driver or tracking of a proximity of an object can be tracked.

A. Solid State Architecture

[0079] LIDAR systems, according to some embodiments of the present disclosure, can be
configured as a solid state LIDAR system that has a stationary architecture. Such LIDAR
systems do not rotate, and thus do not need a separate motor, e.g., electric motor 434 in FIG. 4,
to rotate the sensor and transmitter modules. Example solid state LIDAR systems are shown in

FIGS. 5A and 5B.

[0080] FIGS. 5A and 5B are simple illustrations of exemplary implementations of solid state
LIDAR systems. Specifically, FIG. 5A illustrates an implementation 500 where solid state
LIDAR systems 502a-d are implemented at the outer regions of a road vehicle 505, such as an
automobile, according to some embodiments of the present disclosure; and FIG. 5B illustrates an
implementation 501 where solid state LIDAR systems 504a-b are implemented on top of road
vehicle 505, according to some embodiments of the present disclosure. In each implementation,
the number of LIDAR systems, the placement of the LIDAR systems, and the fields of view of
each LIDAR system can be chosen to obtain a majority of, if not the entirety of, a 360 degree
field of view of the environment surrounding the vehicle. Automotive implementations for the
LIDAR systems are chosen herein merely for the sake of illustration and the sensors described
herein may be employed in other types of vehicles, e.g., boats, aircraft, trains, etc., as well asin a
variety of other applications where 3D depth images are useful, such as medical imaging, mobile
phones, augmented reality, geodesy, geomatics, archaeology, geography, geology,
geomorphology, seismology, forestry, atmospheric physics, laser guidance, airborne laser swath

mapping (ALSM), and laser altimetry.

[0081] With reference to FIG. 5A, solid state LIDAR systems 502a-d can be mounted at the
outer regions of a vehicle, near the front and back fenders. LIDAR systems 502a-d can each be
positioned at a respective corner of vehicle 505 so that they are positioned near the outermost
corners of vehicle 505. That way, LIDAR systems 502a-d can better measure the distance of

vehicle 505 from objects in the field at areas S06a-d. Each solid state LIDAR system can face a
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different direction (possibly with partially and/or non-overlapping fields of views between units)
so as to capture a composite field of view that is larger than each unit is capable of capturing on
its own. Objects within the scene can reflect portions of light pulses 510 that are emitted from
LIDAR Tx module 508. One or more reflected portions 512 of light pulses 510 then travel back
to LIDAR system 502a and can be received by Rx module 509. Rx module 509 can be disposed

in the same housing as Tx module 508.

[0082] Although FIG. 5A illustrates four solid state LIDAR systems mounted at the four
corners of a vehicle, embodiments are not limited to such configurations. Other embodiments
can have fewer or more solid state LIDAR systems mounted on other regions of a vehicle. For
instance, LIDAR systems can be mounted on a roof of a vehicle 505, as shown in FIG. 5B. In
such embodiments, LIDAR systems can have a higher vantage point to better observe areas

506a-d around vehicle 505.

B. Scanning Architecture

[0083] In some embodiments, LIDAR systems according to the present disclosure can employ
a scanning architecture in which the LIDAR system oscillates between an angle that is less than
360 degrees. For instance, LIDAR systems 504a-b in implementation 501 of FIG. 5B can each
employ a scanning architecture to scan the entire scene in front of, and/or behind, vehicle 505,
e.g., in area 514 between field of view 506a and 506b and in area 516 between field of view 506¢
and 506d. The output beam(s) of one or more light sources (not shown, but can be a variety of
different suitable sources for emitting radiation including, but not limited to lasers, in any
wavelength spectrum suitable for LIDAR systems, such as in the infrared, near-infrared,
ultraviolet, visible, e.g., green laser wavelength spectrum, and the like) located in the scanning
LIDAR systems, can be outputted as pulses of light and scanned, e.g., rotated between an angle
that is less than 360 degrees, to illuminate a scene around the vehicle. In some embodiments, the
scanning, represented by rotation arrows 514 and 516, can be implemented by mechanical
means, e.g., by mounting the light emitters to a rotating column or platform or through the use of
other mechanical means, such as galvanometers. Chip-based beam steering techniques can also
be employed, e.g., by using microchips that employ one or more MEMS based reflectors, e.g.,

such as a digital micromirror (DMD) device, a digital light processing (DLP) device, and the
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like. In some embodiments, the scanning can be effectuated through non-mechanical means,

e.g., by using electronic signals to steer one or more optical phased arrays.

[0084] Other embodiments can implement a scanning architecture that scans through the entire
360 degrees of the environment surrounding a vehicle. Such scanning LIDAR systems can
repetitively rotate continuously through 360 degrees in a clockwise or counter-clockwise
direction, and thus may utilize a separate motor, e.g., electric motor 434 in FIG. 4, to rotate the
sensor and transmitter modules. Exemplary rotating LIDAR systems are shown in FIGS. 6A and

6B.

[0085] FIG. 6A is a top-down view of a simplified diagram of an exemplary scanning LIDAR
system 600 implemented for a vehicle 605, such as a car, and capable of continuous 360 degree
scanning, according to some embodiments of the present disclosure. The output beam(s) of one
or more light sources (such as infrared or near-infrared pulsed IR lasers, not shown) located in
LIDAR system 600, can be scanned, e.g., rotated, to illuminate a continuous scene 620 around
the vehicle. In some embodiments, the scanning, represented by rotation arrow 615, can be
implemented by any suitable mechanical means discussed herein with respect to FIG. 5B, e.g.,
by mounting the light emitters to a rotating column or platform, or any other mechanical means,
such as through the use of galvanometers or chip-based steering techniques. During operation,
objects around vehicle 605 in any direction and within the view of LIDAR system 600 can
reflect portions of light pulses 611 that are emitted from a transmitting module 608 in LIDAR
system 600. One or more reflected portions 617 of light pulses 611 then travel back to LIDAR
system 600 and can be detected by its sensing module 609. In some instances, sensing module

609 can be disposed in the same housing as transmitting module 608.

[0086] Although FIG. 6A illustrates solid state LIDAR systems mounted on a roof of a vehicle
605, embodiments are not limited to such configurations. Other embodiments can have solid
state LIDAR systems mounted on other regions of a vehicle. For instance, LIDAR systems can
be mounted at the corners of a vehicle, as shown in FIG. 6B. FIG. 6B illustrates an
implementation 601 where solid state LIDAR systems 604a-d are implemented at the outer
regions of a road vehicle, such as a car, according to some embodiments of the present
disclosure. In this implementation, each LIDAR system 604a-d can be a spinning LIDAR

system that can measure distances around the full 360 degrees. However, since at least some of
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those measurements will be measured with respect to vehicle 605, those measurements can be
ignored. Thus, each LIDAR system 605a-d can only utilize a subset of the measurements from
360 degree scanning, e.g., only the angles covering regions 619a-d that do not capture vehicle

605 are utilized.

[0087] FIG. 7is a simplified exemplary perspective view of a LIDAR system 700 that
employs a 360 scanning architecture, according to some embodiments of the present disclosure.
In some embodiments, LIDAR system 700 can include a light ranging device 701 that spins in a
clockwise or counter-clockwise direction to observe the surrounding field around a vehicle.
System 700 can include a stationary housing 702, an optically transparent window 704, and a
stationary lid 706 for providing protection for the internal components of LIDAR system 700.
Window 704 can extend fully around a periphery of stationary housing 702, which can be
configured to have a cylindrical shape. The internal components of system 700 can include light
ranging device 701, which can include a rotating platform 708 and sensing and transmitting
modules 710 mounted on rotating platform 708. In some embodiments, light ranging device 701
is aligned with window 704 such that modules 710 are positioned to emit and receive light
through window 704, and that emitted light is not emitted onto stationary housing 702 or
stationary lid 706. For instance, in the aligned positioned, the horizontal center of light ranging
device 701 coincides with the horizontal center of window 704. Sensing and transmitting
modules 710 can be, for example, light sensing module 408 and light transmission module 406,
and can optionally include a heat sink (not shown) to cool the micro-optic layers. LIDAR
system 700 can also include a system controller 712 (e.g., controller 404) and electric motor 714
(e.g., motor 434) that reside within stationary housing 702. Electric motor 714 rotates platform
708, thereby rotating sensing and transmitting modules 710 in a spinning manner, €.g.,
continuously through 360 degrees in a clockwise or counter-clockwise direction. System
controller 712 can communicate with sensing and transmitting modules 710 using an optical
communication link 716. Optical communication link 716 allows sensing and transmitting
modules 710 to communicate with stationary system controller 712, which is mechanically
coupled to stationary housing 702 and does not rotate with platform 708, through optical
communication link 716 without mechanical wear and tear. In some embodiments, system
controller 712 can control the motor and to start and stop light detection operations of LIDAR

system 700. System controller 712 can include two or more stacked planar circuit boards
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arranged in a parallel relationship, which is discussed in more detail in commonly-owned and
concurrently-filed Patent Application entitled “Compact Lidar System”, attorney docket number
103033-P010US1-1073278, which is herein incorporated by reference in its entirety for all

purposes.

III.  OPERATION OF ACTIVE IMAGER SYSTEMS

[0088] FIG. 8 is an illustrative example of the light transmission and detection operation for a
light ranging system according to some embodiments. FIG. 8 shows a light ranging system 800
(e.g., solid state or and/or scanning system) collecting three-dimensional distance data of a
volume or scene that surrounds the system. FIG. 8 is an idealized drawing to highlight

relationships between emitters and sensors, and thus other components are not shown.

[0089] Light ranging system 800 includes a light emitter array 810 and a light sensor array
820. The light emitter array 810 includes an array of light emitters, e.g., an array of vertical-
cavity surface-emitting lasers (VCSELs) and the like, such as emitter 812 and emitter 816. Light
sensor array 820 includes an array of photosensors, e.g., sensors 822 and 826. The photosensors
can be pixelated light sensors that employ, for each photosensor, a set of discrete photodetectors
such as single photon avalanche diodes (SPADs) and the like. However, various embodiments

can deploy other types of photon sensors.

[0090] Each emitter can be slightly offset from its neighbor and can be configured to transmit
light pulses into a different field of view from its neighboring emitters, thereby illuminating a
respective field of view associated with only that emitter. For example, emitter 812 emits an
illuminating beam 814 (formed from one or more light pulses) into the circular field of view 832
(the size of which is exaggerated for the sake of clarity). Likewise, emitter 816 emits an
illuminating beam 818 (also called an emitter channel) into the circular field of view 834. While
not shown in FIG. 8 to avoid complication, each emitter emits a corresponding illuminating
beam into its corresponding field of view resulting in a 2D array of fields of view being

illuminated (21 distinct fields of view in this example).

[0091] Each field of view that is illuminated by an emitter can be thought of as a pixel or spot
in the corresponding 3D image that is produced from the ranging data. Each emitter channel can

be distinct to each emitter and be non-overlapping with other emitter channels, i.e., there is a
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one-to-one mapping between the set of emitters and the set of non-overlapping fields or view.
Thus, in the example of FIG. 8, the system can sample 21 distinct points in the 3D space. A
denser sampling of points can be achieved by having a denser array of emitters or by scanning
angular position of the emitter beams over time such that one emitter can sample several points
in space. As described above, scanning can be accomplished by rotating the entire emitter/sensor

assembly.

[0092] Each sensor can be slightly offset from its neighbor and, like the emitters described
above, each sensor can see a different field of view of the scene in front of the sensor.
Furthermore, each sensor’s field of view substantially coincides with, e.g., overlaps with and is

the same size as a respective emitter channel’s field of view.

[0093] InFIG. 8, the distance between corresponding emitter-receiver channels is exaggerated
relative to the distance to objects in the field of view. In practice, the distance to the objects in
the field of few is much greater than the distance between corresponding emitter-receiver
channels and thus the path of light from the emitter to the object is approximately parallel to the
path of the reflected light back from the object to the sensor (i.e., it is almost “back reflected”).
Accordingly, there is a range of distances in front of the system 800 over which the fields of

view of individual sensors and emitters are overlapped.

[0094] Because the fields of view of the emitters are overlapped with the fields of view of their
respective sensors, each receiver channel ideally can detect the reflected illumination beam that
originates from its respective emitter channel with ideally no cross-talk, i.e., no reflected light
from other illuminating beams is detected. Thus, each photosensor can correspond to a
respective light source. For example, emitter 812 emits an illuminating beam 814 into the
circular field of view 832 and some of the illuminating beam reflects from the object 830.
Ideally, a reflected beam 824 is detected by sensor 822 only. Thus, emitter 812 and sensor 822
share the same field of view, e.g., field of view 832, and form an emitter-sensor pair. Likewise,
emitter 816 and sensor 826 form an emitter-sensor pair, sharing field of view 834. While the
emitter-sensor pairs are shown in FIG. 8 as being in the same relative locations in their
respective array, any emitter can be paired with any sensor depending on the design of the optics

used in the system.
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[0095] During a ranging measurement, the reflected light from the different fields of view
distributed around the volume surrounding the LIDAR system is collected by the various sensors
and processed, resulting in range information for any objects in each respective field of view. As
described above, a time-of-flight technique can be used in which the light emitters emit precisely
timed pulses, and the reflections of the pulses are detected by the respective sensors after some
elapsed time. The elapsed time between emission and detection and the known speed of light is
then used to compute the distance to the reflecting surface. In some embodiments, additional
information can be obtained by the sensor to determine other properties of the reflecting surface
in addition to the range. For example, the Doppler shift of a pulse can be measured by the sensor
and used to compute the relative velocity between the sensor and the reflecting surface. The
pulse strength can be used to estimate the target reflectivity, and the pulse shape can be used to

determine if the target is a hard or diffuse material.

[0096] In some embodiments, the LIDAR system can be composed of a relatively large 2D
array of emitter and receiver channels and operate as a solid state LIDAR, i.e., it can obtain
frames of range data without the need to scan the orientation of the emitters and/or sensors. In
other embodiments, the emitters and sensors can be scanned, e.g., rotated about an axis, to ensure
that the fields of view of the sets of emitters and sensors sample a full 360 degree region (or
some useful fraction of the 360 degree region) of the surrounding volume. The range data
collected from the scanning system, e.g., over some predefined time period, can then be post-
processed into one or more frames of data that can then be further processed into one or more
depth images or 3D point clouds. The depth images and/or 3D point clouds can be further

processed into map tiles for use in 3D mapping and navigation applications.

[0097] According to some embodiments, a light ranging system (also called a coded-pulse
optical receiver system) can transmit multiple pulses of light. In some embodiments, each
coded-pulse has an embedded positive-valued pulse-code formed by the light intensity. The
system can determine the temporal position and/or amplitude of optical pulses in the presence of
background light by creating an intensity histogram of detected, reflected light at different time
bins. For each time bin, the system adds a weighted value to the intensity histogram that
depends on the intensity of detected light. The weighted values can be positive or negative and

have varying magnitudes.
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[0098] By selecting different combinations of positive-valued pulse-codes and applying
different weights, the system can detect positive-valued and negative-valued codes suitable for
standard digital signal processing algorithms. This approach gives a high signal-to-noise ratio
while maintaining a low uncertainty in the measured temporal position of the reflected light

pulses.

[0099] FIG. 9is a flowchart illustrating a method 900 of using coded pulses in an optical
measurement system according to embodiments of the present disclosure. The optical
measurement system may be a light ranging system. Method 900 can detect the temporal
position of a reflected pulse from a target using multiple coded-pulses. In a real-time three-
dimensional application, method 900 can constantly detect distances to objects in the
surrounding environment. Method 900 may be implemented by any of the optical measurement

systems described herein.

[0100] At 910, a coded-pulse optical system (CPOS) performs an initialization. For example,
the CPOS can respond to user interface commands for starting, stopping, and changing
parameters. The CPOS can initialize an optical transmitter to indicate parameters, e.g., pulse-
codes, light power level, and various time intervals (e.g., for a detection interval, an interval for
pausing between detection intervals, and an overall measurement time interval). The CPOS can
initialize a light sensing module to indicate parameters such as pulse-time-interval and light-

sampling-interval. The CPOS can also clear histogram values.

[0101] At 920, a pulse train is transmitted from a light source (e.g., a laser) as part of an optical
measurement. The pulse train can be transmitted as part of N pulse trains transmitted for the
measurement. The N pulse trains can reflect from an object, thereby allowing a ranging
measurement to the object. Each of the N pulse trains can include one or more pulses from the
light source (e.g., VCSELs) and correspond to a different time interval that is triggered by a start

signal.

[0102] In some embodiments, the CPOS can wait for a specified time to allow a previous pulse
train (coded-pulse transmission) to dissipate. The CPOS can then transmit a next pulse train of
the N pulse trains of a measurement, where the N pulse trains form a code. Once a measurement

is complete, e.g., a last of the N pulse train has dissipated (e.g., after a predetermined time
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expected for any reflections), the CPOS can then start the first/next coded-pulse transmission

using the appropriate pulse-code. N can be an integer greater than one, e.g., 2, 3, 4, 5, or higher.

[0103] At 930, optical detection can be started, e.g., in response to the start signal that triggers
the pulse train to be transmitted. Thus, the CPOS can start light detection at the same time that it
started coded-pulse transmission. As part of the optical detection, a pulse train can be detected
by a photosensor (e.g., corresponding to a pixel) of the optical measurement system, thereby
generating data values at a plurality of time points. In some embodiments, the photosensor is a
collection of photodetectors (e.g., SPADs). The data values may be of various forms, e.g.,
counts of a number of SPADs that triggered at a time point (e.g., within a time bin of a
histogram). As other examples, the data values can be a digitized value from an ADC that
follows an analog photosensor (e.g., an APD). Both examples can correspond to an intensity. In
total, N pulse trains can be detected. Further, the process can be performed separately for each

photosensor of the optical measurement device.

[0104] At 940, a weight is assigned to the data values at time points within the time interval
corresponding to the pulse train, thereby obtaining weighted values. A weight can be assigned
for each of the N pulse trains. Some of such weights for different pulse trains can be the same as
other pulse trains. In some embodiments, at least two of the N pulse trains are assigned different
weights and have a different pulse pattern. Two pulse trains can have some similarity (e.g.,
portions of pulses can overlap), but there is at least some times where one pulse train is ON and
the other pulse train is OFF. Such different pulse patterns can have a similar shape but have a
different delay, e.g., {1, 0, 1, 1, 0} has a similar shape of non-zero values to {0, 1, 0, 1, 1}, but
they are different pulse patterns due to an offset as may be achieved by a delay in the second

signal relative to the first signal.

[0105] Accordingly, the CPOS can detect light and create a digitized intensity value for each
light-sampling-interval. For each light-sampling-interval, the CPOS can apply a pulse-weight to
the digitized intensity value and add the result to the appropriate time-bin of the intensity

histogram.

[0106] At 950, the CPOS tests if it has sent the required number of coded-pulses. If the CPOS
has sent the required number of coded-pulses it continues at block 960, otherwise it loops back to

block 920.
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[0107] At 960, a histogram corresponding to the weighted values in a plurality of time bins is
determined. As described above, a counter of the histogram at a particular time bin can be
determined by accumulating the weighted values at time points within the particular time bin

across a plurality of time intervals.

[0108] At 970, the histogram is used to detect a signal corresponding to the N pulse trains. For
example, the CPOS can determine whether the histogram has a sequence of values that match the
match-code (filter). The CPOS can report whether the match-code was found and the amplitude
of the match. The match may allow detection of the desired signal relative to noise or

interference from other light sources.

[0109] As an example, a filter can include a set of values to be applied to a window of time
bins of a histogram. The filter can be slid over the histogram to calculate a filtered histogram
having counters corresponding to different sliding positions of the profile filter relative to the
histogram. Each of the counters of the filtered histogram can correspond to an overlap of the
profile filter and the histogram at a particular sliding position. A maximum value of the counters
of the filtered histogram can be identified, thereby allowing detection, e.g., when the maximum
value is above a threshold. The particular sliding position for the maximum value of the
counters can correspond to the received time, which may be used for ranging measurements.
[0110] In some embodiments, the signal may be a reflected signal caused by the N pulse trains
reflecting from an object, e.g., when the optical measurement system is configured to perform
ranging measurements. In other embodiments, the signal may be a communication signal, e.g.,
when the light source is at one location and the photosensors are at a different location. Such a
configuration can be used for communication purposes. For example, a microwave transmission
tower can transmit data to a receiving tower. The transmitted data can include coded pulses,
which may help to reduce errors in data reception as may be caused by noise or interference from
other sources. The receiving tower can identify pulse trains and create a histogram by selecting
an arbitrary time between two pulse trains as a start time for a first time bin. A match filter can
then be applied (e.g., by sliding over the histogram); and if a sufficient match is found, then that
communication signal can be detected. A sufficient match can be measured by the maximum
value obtained the filtered histogram. As a further embodiment, the system can detect an

interference signal from another CPOS in a similar manner used to detect the communication
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signal. If interference is measured, some implementations can change the transmitted code, e.g.,

of the interference code is similar to the code currently being used.

[0111] At 980, a distance to the object can be determined. For example, a received time
corresponding to the N pulse trains relative to the start signal can be determined. A distance to
the object can be determined using the received time. The received time may be offset from the
transmission times of the pulse trains, but such an offset can be taken into account. Accordingly,
the CPOS can report the time at which it was detected. The distance can corresponds to a round
trip time between the received time and a start time of the start signal, and thus the distance may

be expressed in time.

[0112] The detected signal can be used for other purposes than ranging. For example, the
quality of the detected signal can be used to measure the reflectivity of an object. For example,
if the detected signal has a strong intensity, then the system can determine that the object has a
high reflectivity. Implementations for communications and interference measurements are
discussed above. For detection of interference from another light source, the detected signal

would be from another set of pulse trains transmitted by the interfering light source.

[0113] As a generalization, embodiments can transmit N+1 unique codes with N+1 unique
weights to generate an N dimensional vector space histogram. For example, instead of a bin
holding a signed number, the bin can hold a 1-D vector (e.g., equivalent to a signed number), by
transmitting at least two unique codes: one positive and one negative. To store a 2-D vector
(e.g., in polar or Cartesian coordinates), the system can transmit at least three unique codes,
which could be weighted with three different polar angles and sum to a single 2-D vector. An N-
D vector (defined with N separate numbers all held within a single "bin") would require N+1
different codes, each weighted at a different angle (in other worlds having a component to its
weight that is orthogonal to all other weights) when doing the vector summation. By increasing
the dimensionality, more advanced coding techniques like quadrature phase coding or code
division multiple access (CDMA) that are used in RF communications may be used. An N-

dimensional matched filter can be used in this context.

[0114] AsaLIDAR system implements method 900 during its operation, the LIDAR system
can continuously measure distances to objects in the field. Accordingly, once the distance to an

object is determined, method 900 can loop back to block 920 to begin another series of emitting
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pulse trains and detecting the emitted pulse trains to determine a histogram for determining a
distance to an object in the field. Distances may need to be constantly measured by method 900
because the LIDAR system may need to be constantly measuring distances to objects in the field,
such as when the LIDAR system is used for navigational purposes and the LIDAR system is

moving within the field.

[0115] In some embodiments, after determining the distance to the object at block 980, method
900 can determine whether an exit command has been received by CPOS at block 990. If an exit
command has been received, then method 900 can stop measuring distances at block 999,

otherwise method 900 can continue measuring distances to objects by looping back to block 920.

[0116] As mentioned above, method 900 can be used to reduce interference among channels.
For example, method 900 can be repeated for a plurality of channels of light sources and
photosensors as part of a plurality of optical measurements. The plurality of optical
measurements can overlap in time, e.g., performed substantially simultaneously. Thus, each
channel can perform a measurement at the same time. To reduce interference, the codes can be
different for at least some of the channels. For example, the pulse patterns of the N pulse trains
of at least two channels of the plurality of channels can be different, thereby causing different
histogram patterns for different channels. In addition or instead, the weights assigned to the N
pulse trains of at least two channels of the plurality of channels can be different, thereby causing

different histogram patterns for different channels.

IV. CONSTRUCTION OF ACTIVE IMAGER SYSTEMS

[0117] FIG. 101s a simplified diagram illustrating a detailed view of an exemplary active
optical imager system 1000 having a wide field-of-view and capable of narrowband imaging,
according to some embodiments of the present disclosure. Active optical imager system 1000
can employ solid state or scanning architectures as aforementioned herein. In some
embodiments, active optical imager system 1000 can include a light detection system 1001 and a
light emission system 1002, which is unlike passive optical imager systems. Light emission
system 1002 provides active illumination of at least a portion of a field in which system 1000 is
positioned with narrowband light rays 1004. Light detection system 1001 detects the

narrowband light emitted from the light emission system 1002 after it has been reflected by
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objects in the field as reflected light rays 1006. Light detection system 1001 can be substantially
similar to light detection system 200 discussed herein with respect to FIG 2. Thus, details of
bulk receiver optic 1008, light cone 1010, micro-optic receiver channel 1012 in micro-optic
receiver layer 1014, and photodetectors 1016 can be referenced herein with respect to FIG. 2,

and are not discussed herein for brevity.

[0118] In some embodiments, light emission system 1002 includes a bulk transmitter optic
1018 and a light emitting layer 1020 formed of a one- or two-dimensional array of light emitters
1022. Each light emitter 1022 can be configured to generate discrete beams of narrowband light.
In some embodiments, light emitting layer 1020 is configured to selectively project the discrete
beams of light through bulk transmitter optic 1018 according to an illumination pattern that
matches, in size and geometry across a range of distances from light emission system 1002, the
fields of view of the receiver channels in micro-optic receiver channel array 1014. Light emitters
1022 can be any suitable light emitting device, such as a vertical-cavity surface-emitting lasers
(VCSELYS) integrated on one or more monolithic chip, or any other type of laser diode. Light
emitters 1022 can produce cones of narrowband light 1024 that are directed to bulk transmitter
optic 1018, which can collimate cones of light 1024 and then output the collimated light to
distant targets in the field as emitted light rays 1004. In some embodiments, bulk transmitter

optic 1018 is image-space telecentric.

[0119] In additional and alternative embodiments, light rays 1004 from light cones 1024 are
focused on an intermediate plane in space by a micro-optic transmitter layer (not shown) before
being directed to distant targets by the bulk transmitter optic 1018 to enhance the brightness and
intensity of light emitted from light emission system 1002. In such embodiments, embodiments,
light emission system 1002 and light detection system 1001 are configured such that each micro-
optic transmitter channel (not shown) is paired with a corresponding micro-optic receiver
channel 1012 and the centers of their fields-of-view are aligned to be overlapping at a certain
distance from the sensor or their chief rays are made parallel. In further additional and
alternative embodiments, the far-field beams of light emitted by light emission system 1002 are
of similar size and divergence angle to the far-field fields-of-view of each micro-optic receiver
channel 1012. Details of light emission systems 1002 having the micro-optic transmitter layer

for enhancing brightness and intensity of outputted light will be discussed in detail below.
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[0120] Asis evident from the illustration of parallel light rays 1004 and 1006 in FIG. 10, each
micro-optic receiver channel 1012 has a non-overlapping field of view beyond a threshold
distance. As shown in FIG. 10, each micro-optic receiver channel 1012 includes an aperture
from the plurality of apertures, a lens from the plurality of lenses, and a photodetector from the
plurality of photodetectors, where the aperture of each channel defines a discrete field of view
for the pixel in the channel that is non-overlapping beyond a threshold distance within the fields
of view of the other micro-optic receiver channels. That way, each micro-optic receiver channel
receives reflected light corresponding to a discrete position in the field that is not measured by

any other micro-optic receiver channel in micro-optic receiver channel layer 1014.

A. Enhancing Brightness and Intensity of Transmitters in Active Imager Systems

[0121] Embodiments of the present disclosure pertain to a LIDAR sensor that can, among
other uses, be used for obstacle detection and avoidance in autonomous vehicles. Some specific
embodiments pertain to LIDAR sensors that include design features that enable the sensors to be
manufactured cheaply enough and with sufficient reliability and to have a small enough footprint
to be adopted for use in mass-market automobiles, trucks and other vehicles. For example, some
embodiments include a set of vertical-cavity surface-emitting lasers (VCSELs) as illumination
sources that emit radiation into a field and include arrays of single-photon avalanche diode
(SPAD) detectors as a set of photosensors (detectors) that detect radiation reflected back from a
surface in the field. Using VCSELs as the emitters and SPADs as the detectors enables multiple
measurements to be taken at the same time (i.e., the VCSEL emitters can be fired
simultaneously) and also enables the set of emitters and the set of photosensors to each be
fabricated using standard CMOS processes on a single chip, greatly simplifying the

manufacturing and assembly process.

[0122] Using VCSELs and SPADs in certain embodiments presents challenges, however, that
various embodiments of the present disclosure overcome. For example, VCSELs are much less
powerful than typical lasers used in existing LIDAR architectures and SPADs are much less
efficient than the typical detectors used in the existing LIDAR architectures. To address these
challenges, as well as challenges presented by firing multiple emitters simultaneously, certain
embodiments of the disclosure include various optical components (e.g., lenses, filters, and an

aperture layer), which may work in concert with multiple arrays of SPADs, each array
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corresponding to a different pixel (e.g., position in the field), as described herein. For example,
as discussed herein with respect to FIG. 2, a light detection system 200 can include a micro-optic

receiver layer 204 for enhancing the light detected by photosensors 216, e.g., SPADs.

[0123] Because VCSELs are less powerful than typical lasers in existing LIDAR architectures,
in some embodiments, light emission system 1002 can be configured to improve the ability of
imager system 1000 to perform light ranging functionality. That is, the quality of light emitted
by light emission system 1002 can be enhanced to improve light ranging accuracy and
efficiency. The quality of transmitted light for light ranging and imaging purposes can be
defined in terms of brightness and intensity. The brightness and intensity of light rays 1004
emitted from bulk transmitter optic 1018 can be enhanced by modifying and/or implementing

one or more optic transmitter layers, as will be discussed further herein.

[0124] Brightness of a transmitting light can be defined by the optical power (in watts) per
solid angle. Thus, light sources that output light with tight collimation, i.e., low divergence,
produce light that are high in brightness. Conversely, light sources that output light with high
divergence produce light that are low in brightness. Intensity of light can be defined by the
optical power per area, meaning light emitted with a certain power will have higher intensity if it
tightly compacted in a small area. Accordingly, light sources that output light in a tightly
compacted ray will have higher intensity than light sources that output light in a less compacted
ray, even if both light sources output light that has low divergence. As will be appreciated
herein, transmitter components for LIDAR systems in embodiments of the present disclosure can
be configured with micro-optical components that enable the transmitter to output light that has
enhanced brightness and intensity as compared to a similar transmitter without the micro-optical

components.

[0125] FIG. 11 is a simplified cross-sectional view diagram of a first exemplary enhanced light
emission system 1100, according to some embodiments of the present disclosure. Light
emission system 1100 can include a light emitter array 1102 having light emitters 1104 that for
example may comprise without limitation any of LEDs, laser diodes, VCSELSs, or the like for
emitting light 1113. A VCSEL is a type of semiconductor laser diode with laser beam emission

perpendicular from the top surface. Note that the linear array shown in FIG. 11 can be any
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geometric form of emitter array, including and without limitation circular, rectangular, linear, or

any other geometric shape.

[0126] Enhanced light emission system 1100 can include a micro-optic transmitter channel
array 1106 separated from light emitter array 1102 by an open space 1118. Each micro-optic
transmitter channel 1108 is paired with a corresponding receiver channel (e.g., receiver channel
1012 in FIG. 10) and the centers of their fields-of-view are aligned to be overlapping at a certain
distance from the optical imager system. Micro-optic transmitter channel array 1106 can be
formed of a substrate 1119 sandwiched between a first optical surface 1120 positioned on a side
facing light emitter array 1102 and a second optical surface 1121 positioned on an opposite side
facing away from light emitter array 1102. Both first and second optical surfaces 1120 and 1121
can each be configured as an array of convex, micro-optic lenses where each convex lens of first
optical surface 1120 is configured to be optically aligned with a respective convex lenses of
second optical surface 1120 so that light transmitting through first optical surface 1120 can
subsequently be transmitted through second optical surface 1121. The corresponding convex
lenses from first and second optical surfaces 1120 and 1121 can face away from one another as
shown in FIG. 11. In certain embodiments, convex lenses of first optical surface 1120 have a
first optical power and convex lenses of second optical surface 1121 have a second optical power
different from the first optical power. For instance, the second optical power can be greater than
the first optical power such that the focal length of the second optical power is shorter than the
focal length of the first optical power. Substrate 1119 can be formed of any suitable material that
is transmissive in the wavelength range of the light emitters 1104 such silicon, silicon dioxide,
borosilicate glass, polymer, and the like. First and second optical surfaces 1120 and 1121 can be
formed of a transparent polymer that is imprinted on respective opposite surfaces of substrate

1119.

[0127] In some embodiments, micro-optic transmitter channel array 1106 can be formed of a
monolithic array of micro-optic transmitter channels 1108. Each micro-optic transmitter channel
1108 can include a first convex lens from first optical surface 1120, a corresponding second
convex lens from second optical surface 1121, and a corresponding portion of substrate 1119
positioned between the two convex lenses. Each micro-optic transmitter channel 1108 can

correspond with a respective light emitter 1104 so that light outputted from the light emitter 1104
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first passes through the first convex lens, through the corresponding region of substrate 1119,

and then through the second convex lens during operation.

[0128] Once light emits out of the second convex lens of second optical surface 1121, the light
forms a miniature spot image 1110 that is a real image of the corresponding light emitter 1104
but a reduced-size of the corresponding light emitter 1104. In some embodiments, miniature
spot images 1110 are positioned between micro-optic transmitter channel array 1106 and bulk
transmitter optic 1114. For instance, miniature spot images 1110 can be formed within
respective apertures of an aperture layer 1109. Each aperture can be a pin hole in a reflective or
opaque layer in which emitted light focuses to form miniature spot images 1110. From there,
continuing away from both the light emitter and micro optic channel, the light forms a light cone

1112 reaching out towards bulk transmitter optic 1114.

[0129] According to some embodiments of the present disclosure, the degree of divergence of
emitted light 1113 can be smaller than the degree of divergence of light cone 1112. This
discrepancy in divergence can be created by a micro-optic transmitter channel 1108, specifically
by the optical power of second optical surface 1121. Because the divergence of light out of
micro-optic transmitter channel 1108 is larger than the divergence of emitted light 1113 from
light emitters 1104, miniature spot image 1110 can be a real image of light emitter 1104 but a
multitude smaller than the size of light emitter 1104 and with the same number of photons as
emitted light 1113. The resulting light cone 1112 formed after the real spot images are formed
then gets projected into the field as discrete beams of light for each light emitter 1104 after
passing through bulk transmitter optic 1114. The resulting light rays emanating out of light
emission system 1100 are highly collimated beams of light that have a small cross-sectional area
(smaller than the surface area of light emitter 1104), thereby resulting in a light emission system

1100 that can output light having enhanced brightness and intensity.

[0130] Note that bulk transmitter optic 1114 can include either a single lens or a cluster of
lenses where two or more lenses function together to form bulk transmitter optic 1114. The use
of multiple lenses within the bulk transmitter optic 1114 could increase the numerical aperture,
reduce the RMS spot size, flatten the image plane, improve the telocentricity, or otherwise
improve the performance of bulk transmitter optic 1114. Note also that for some embodiments,

light cones 1112 may overlap forming cone overlap region 1116.
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[0131] To better understand the operation and effectiveness of micro-optic transmitter channel
array 1106, a more detailed explanation of the operation of light emission system 1100 is
discussed. For enhanced light emission systems 1100 utilizing a light emitter array formed of
VCSEL emitters, an exemplary initial radius for an emitter might be 12.5 um with light admitted
in a 10° half angle cone. Such emitters would typically output SO uW per square micron of
active area. A diverging light cone from each emitter 1104 is accepted into a micro-optic
transmitter channel 1108, and then a converging light cone is output by that same micro optic
channel to produce a converging light cone with a half angle of for example 20°. Thus for some
embodiments, the cone angle produced by an emitter 1104 is smaller than the cone angle
produced by a corresponding micro-optic transmitter channel 1108. The converging light cone
emanated by micro-optic transmitter channel 1108 then produces a miniature spot image 1110 of
the emitter. For the embodiment according to FIG. 11, miniature spot image 1110 is a real image
and has a size that is smaller than the size of a corresponding light emitter 1104. Note that all
rays from a given emitter may not all be focused into an arbitrarily small spot. The miniature

spot image size is typically controlled by an “optical invariant”:
Os*rs>0e*re

where © s is the marginal ray half angle of the focused spot, r_s is the radius of the focused spot,
© e is the marginal ray half angle of the original emitter, and r_e is the radius of the original
emitter. So, in this example, the smallest miniature spot image radius that could be formed

(while still capturing all the rays from the emitter) is:
10/20 * 12.5 um = 6.25 um

[0132] Note that this smaller spot will have one fourth the area of the original emitter, and thus
has a power density of 200 uW per square micron of spot area. Each micro-optic transmitter
channel 1108 typically has one or more optical surfaces, having characteristics that may for
example and without limitation include a focal length of 50 um, and a lens diameter of 80 um.
For some embodiments, the distance between light emitter 1104 and a corresponding micro-optic
transmitter channel 1108 may be for example and without limitation 150 um. Open space 1118
between emitter array 1102 and micro-optic transmitter channel array 1106 as shown in FIG. 11

may be, for example and without limitation an air gap such as that produced by methods
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typically used to manufacture MEMS devices. The distance between emitter array 1102 and

micro-optic transmitter channel array 1106 for example may be 150 um.

[0133] Bulk transmitter optic 1114 is positioned in front of the micro-optic and emitting layers
such that the focal plane of the bulk imaging optic coincides with miniaturized spot images 1110.
Bulk transmitter optic 1114 accepts divergent light cone(s) 1112 and outputs a collimated beam.
Its numeric aperture can be at least large enough to capture the full range of angles in the
divergent ray cone(s), so for example and without limitation the Numerical Aperture (NA) =0.34
in this example. Also, bulk transmitter optic 1114 can be image-space telecentric, since light
cone(s) 1112 exiting the micro-optic layer may all be parallel (rather than having their center
axes aimed towards the center of the bulk optic). In one embodiment, light can exit bulk
transmitter optic 1114 approximately collimated. Note that the quality of beam collimation
relates to the size of the “emitting object” (miniature spot images 1110) at the focal plane. Since
this “emitting object” size has been reduced by using a micro-optic stack, a better collimation

angle is obtained than if the emitter object was simply imaged directly.

[0134] Although FIG. 11 shows an enhanced light emission system having a micro-optic
channel array formed of a substrate sandwiched between first and second optical surfaces, and
positioned a distance away from a light emitter array by an open space to improve the brightness
and intensity of light outputted by the light emission system, embodiments are not limited to
such configurations. Rather, other embodiments may not necessarily implement an open space

or two optical surfaces, as discussed further herein with respect to FIG. 12.

[0135] FIG. 12 1s a simplified cross-sectional view diagram of a second exemplary enhanced
light emission system 1200, according to some embodiments of the present disclosure. Similar
to first exemplary enhanced light emission system 1100, second exemplary enhanced light
emission system 1200 can include bulk imaging optic 1214 and light emitter array 1202.
However, unlike first exemplary light emission system 1100, second exemplary light emission
system 1200 can include a micro-optic transmitter channel array 1206 that is positioned directly
upon an emission surface of light emitter array 1202 instead of being separated by an open

space/air gap, as shown in FIG. 12.
[0136] In such embodiments, micro-optic transmitter channel array 1206 can be formed of a

substrate 1219 and an optical surface 1220. Optical surface 1220 can be positioned on a first
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surface 1230 of substrate 1219. Second surface 1231 of substrate 1219 can be located opposite
of first surface 1230 and positioned against light emitter array 1202 so that light emitted from
emitters 1204 can first pass through substrate 1219 before passing through optical surface 1220.
Optical surface 1220 can be configured as an array of convex lenses where each convex lens of
optical surface 1220 is configured to be optically aligned with a respective light emitter 1204 so
that light outputted by the respective light emitter 1204 can transmit through the respective
convex lens of optical surface 1220. Convex lenses from optical surface 1220 can face away
from their respective light emitters 1204 as shown in FIG. 12 so that their focal points are
positioned further from light emitter 1204. In certain embodiments, convex lenses of optical
surface 1220 have an optical power suitable for converging the emitted light into real miniature
spot images 1210 that are real images of corresponding light emitters 1204 but reduced-size
images of the corresponding light emitters 1204 like the convex lenses of second optical surface
1121 in FIG. 11. Optical surface 1120 enables the emitted light to diverge into light cones 1212
before projecting through bulk imaging optic 1214. Substrate 1219 and optical surface 1220 can
be formed of similar materials as substrate 1119 and optical surfaces 1120 and 1121 discussed
herein with respect to FIG. 11. In some embodiments, light cones 1212 may overlap forming

cone overlap region 1216.

[0137] Embodiments herein can also implement micro-optic channel arrays that do not include
convex lenses and that do not generate real images of the light emitters. Rather, some
embodiments may implement concave surfaces to generate virtual images of the light emitters, as

discussed further herein with respect to FIG. 13.

[0138] FIG. 13 is a simplified cross-sectional view diagram of a third exemplary enhanced
light emission system 1300, according to some embodiments of the present disclosure. Similar
to first and second exemplary enhanced light emission systems 1100 and 1200, third exemplary
enhanced light emission system 1300 can include bulk imaging optic 1314 and light emitter array
1302. However, unlike first and second exemplary light emission systems 1100 and 1200, third
exemplary light emission system 1300 can include a micro-optic transmitter channel array 1306
that includes an array of concave surfaces instead of an array of convex lenses, as shown in FIG.

13.
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[0139] In such embodiments, micro-optic transmitter channel array 1306 can be formed of a
substrate 1319 and an optical surface 1320. Optical surface 1320 can be a first surface 1330 of
substrate 1319 positioned toward bulk imaging optic 1314 and away from light emitters 1304.
Second surface 1331 of substrate 1319 can be located opposite of first surface 1330 and
positioned against light emitter array 1302 so that light emitted from emitters 1304 can first pass
through substrate 1319 before passing through optical surface 1320. Optical surface 1320 can
each be configured as an array of concave surfaces where each concave surface of optical surface
1320 is configured to be optically aligned with a respective light emitter 1304 so that light
outputted by the respective light emitter 1304 can transmit through the respective concave
surface of optical surface 1320. In certain embodiments, the concave surfaces of optical surface
1320 have an optical power suitable for forming virtual miniature spot images 1310 that are
virtual images of corresponding light emitters 1304 but reduced-size images of the corresponding
light emitters 1304, and further enable the emitted light to diverge into light cones 1312 before
projecting through bulk imaging optic 1314. In some embodiments, virtual miniature spot
images 1310 are formed within substrate 1319 as shown in FIG. 13. In some embodiments, light
cones 1312 may overlap forming cone overlap region 1316. Substrate 1319 can be formed of

similar materials as substrate 1119 discussed herein with respect to FIG. 11.

[0140] Note that the lens configurations for the micro-optic channels for embodiments
described in each of FIGS. 11, 12 and 13 differs with respect to how many surfaces have optical
power and the shapes of those surfaces. The first embodiment shown in Fig. 11 benefits from
the ability to use two optical power surfaces on opposite sides of a substrate, which could allow
each surface to be shallower, spherical rather than aspherical, or otherwise more easily
manufactured. This embodiment includes a spacer structure (not shown) to maintain an offset
between the micro-optic channel array 1106 and the light emitter array 1102. An example of
such a spacer structure would be a silicon wafer with channels formed via deep reactive ion
etching. The second embodiment shown in FIG. 12 benefits from having only one optical power
surface on a substrate that is attached to the light emitter array. This type of configuration
simplifies fabrication while also achieving enhanced brightness and intensity. The third
embodiment shown in FIG. 13 shares the benefits of the embodiment shown in FIG. 12 but has a
single optical surface that is formed of concave surfaces rather than convex lenses; concave

features can often be easier to fabricate at the micro-scale.
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[0141] In some embodiments, bulk imaging optics for light emission systems can include one
or more aperture stops to reduce stray light emitted by the system. For instance, FIG. 14is a
simplified cross-sectional view diagram of an exemplary enhanced light emission system 1400
configured with bulk optics that have aperture stops, according to some embodiments of the
present disclosure. FIG. 14 is substantially similar to FIG. 1 with the addition of aperture stop
variants 1403, 1405, and 1406 for bulk transmitter optic 1414. Aperture stop(s) shown in FIG.
14 can be used with any of FIGS. 11 through 13. In FIG. 14, aperture stops 1403, 1405, and
1407, can have circular or oval openings for light to pass through, although any opening shape

may be utilized without deviating from the spirit and scope of the present disclosure.

[0142] In some embodiments, aperture stop 1403 can be located on a side of bulk transmitter
optic 1414 facing away from light emitter array 1402 and micro-optic transmitter channel array
1406. In some additional and alternative embodiments, aperture stop 1405 can be located on a
side of bulk transmitter optic 1414 facing toward light emitter array 1402 and micro-optic
transmitter channel array 1406. In yet some additional and alternative embodiments where bulk
receiver optic 114 includes a plurality of lenses working together, aperture stop 1407 can be
formed of one or more aperture stops placed within the plurality of lenses that form bulk

transmitter optic 1414,

[0143] The various configurations and locations of aperture stops 1403, 1405, and 1407 can
dictate the way each aperture stop functions in the light emitting system. For example, if all the
light cones 1412 are compressed to be substantially overlapping near the location of aperture
stop 1407, then the size of the aperture stop 1407 would be able control both the initial diameter
of the emitted collimated beams as well as reject the marginal rays emitted by light emitters
1404. Rejecting certain ray angles could effectively narrow the spectrum of light emitted out of
the bulk optic, since the wavelength of light emitted by many types of lasers varies with angle.
Alternatively, perhaps this best location for the aperture stop would occur at 1402 or 1403,
depending upon the design of the bulk transmitter optic 1414. Multiple aperture stops may be
used simultaneously — e.g. 1402, 1403, and 1404 all in one bulk transmitter optic 1414 — to
reduce stray light emitted by light emitting system 1400.
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B. Optfical Corrections for Astigmatism

[0144] As mentioned herein with respect to FIG. 7, light detection systems and light emission
systems can be enclosed within the same protective structure, e.g., stationary housing 702,
optically transparent window 704, and stationary lid 706 in FIG. 7. Light emitted from the light
emission system, in some embodiments, exits out of transparent window 704, and light detected
by light detection system may first enter into transparent window 704. The curvature of
transparent window 704 can induce some optical aberrations, such as astigmatism. Because the
transparent window can have a cylindrical structure and be well-controlled, it can be corrected
with one or more additional optical structures. In some embodiments, light emission and/or
detection systems can be configured with corrective optical structures to compensate for the

astigmatism caused by the transparent window, as discussed further herein.

[0145] FIGS. 15A-15C are cross-sectional views of simplified diagrams of exemplary active
imager systems having different implementations of corrective optical structures for astigmatism,
according to some embodiments of the present disclosure. Specifically, FIG. 15A is a simplified
cross-sectional view diagram of an active imager system 1500 having a corrective optical
structure as part of the bulk imaging optic, FIG. 15B is a simplified cross-sectional view diagram
of an active imager system 1501 having a corrective optical structure as part of the micro-optic
receiver channel array, and FIG. 15C is a simplified cross-sectional view diagram of an active
imager system 1502 having a corrective optical structure as part of the micro-optic transmitter
channel array. Active imager systems 1500, 1501, and 1502 each include a light detection
system 1504 and a light emission system 1506. Components of active imager systems 1500,
1501, and 1502 are substantially similar to active optical imager system 1000 in FIG. 10 with the
addition of the corrective optical structures. Thus, the components that are shared with active

optical imager system 1000 are not discussed for brevity.

[0146] As shown in FIG. 15A, active imager system 1500 can be housed within an enclosure
containing a transparent window 1508. Transparent window 1508 is at least transparent to the
wavelength of light at which emitters 1510 operate. The curved shape of transparent window
1508 can induce an optical aberration, such as an astigmatism, in light rays 1511 emitted from
light emission system 1506 when light rays 1511 exit the enclosure through transparent window

1508. Light rays 1512 then enter back into the enclosure through transparent window 1508 after
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reflecting off of an object in the field, which can induce an additional optical aberration to the
received light rays. To correct for these optical aberrations, light detection system 1504 can
include corrective bulk imaging optic 1514 specifically designed to compensate for the expected
astigmatism induced by transparent window 1508. For example, corrective bulk imaging optic
1514 can include a corrective lens 1516 in addition to bulk receiver optic 1518. Corrective lens
1516 can be any suitable lens capable of negating the astigmatism caused by transparent window
1508, such as a cylindrical lens. Corrective lens 1516 can be positioned between transparent
window 1508 and bulk receiver optic 1518 in some embodiments, or between bulk receiver optic
1518 and micro-optical receiver channel array 1505 in some other embodiments. Similarly, a
corrective bulk optic could be included in the bulk transmitter optic of the light emission system

1506.

[0147] Instead of incorporating the corrective optics into the bulk imaging optics, the
corrective optics can be implemented into a micro-optical receiver channel array in some
embodiments. For instance, with reference to FIG. 15B, light detection system 1504 can include
a corrective lens array 1520 in front of apertures 1522, e.g., on the opposite side of apertures
1522 from where photosensors 1526 are positioned. That way, light cones 1524 can propagate
through respective corrective lenses to compensate for astigmatism caused by transparent
window 1508 before projecting on photosensors 1526. In some embodiments, corrective lens
array 1520 is formed of an array of cylindrical lenses that can negate the astigmatism caused by
transparent window 1508. Each corrective lens of corrective lens array 1520 can be positioned
in alignment with a respective aperture 1522 so that corrective lens array 1520 can negate the

astigmatism caused by transparent window 1508 for light received by each photosensor 1526.

[0148] Although FIGS. 15A and 15B illustrate ways in which a light detection system portion
of a LIDAR system can be modified to correct for astigmatism caused by transparent window
1508, embodiments are not limited to such configurations and corrective optics can be
implemented in light emission systems as well. For example, with reference to FIG. 15C, active
imager system 1502 can include a corrective lens array 1528 in front of aperture layer 1530, e.g.,
on the opposite side of aperture layer 1530 from where light emitters 1510 are positioned. That
way, light emitted from light emitters 1510 can propagate through respective corrective lenses

1528 before emitting to bulk transmitter optics 1534. In this case, respective corrective lenses
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1528 can induce a corrective degree of astigmatism in the emitted light in anticipation of, and to
compensate for, the astigmatism caused by transparent window 1508 as light is emitted out of
light emission system 1506. In some embodiments, corrective lens array 1528 is formed of an
array of biconical lenses that can induce an equal but opposite degree of astigmatism caused by
transparent window 1508. Thus, the amount of astigmatism induced by corrective lens layer
1528 can be offset by the degree of astigmatism caused by transparent window 1508, thereby
effectively achieving little to no net astigmatism during operation of active imager system 1502.
Each corrective lens of corrective lens array 1528 can be positioned in alignment with a
respective aperture 1532 so that corrective lens array 1528 can induce a corrective degree of
astigmatism to negate the astigmatism caused by transparent window 1508 for light received by
each photosensor 1526. In some embodiments, corrective lens array 1528 may not be needed.
Instead, optical surface 1536 can be an array of biconical lenses instead of an array of cylindrical
lenses. The biconical structure of the lenses can induce an amount of astigmatism to offset the
degree of astigmatism caused by transparent window 1508. In these embodiments, corrective
lens array 1528 may not be implemented in light emission system 1506. Furthermore, in some
embodiments, instead of (or in conjunction with) a corrective micro-optic lens array, a corrective
bulk cylindrical lens can be implemented with bulk receiver optic 1534 (similar to the
embodiment shown in FIG. 15A for light detection system 1504). Thus, light emission system
1506 can include a corrective bulk imaging optic in front of its bulk receiver optic 1534 to negate

the astigmatism caused by transparent window 1508.

V. MITIGATING RECEIVER CHANNEL CROSS-TALK

[0149] As can be appreciated by disclosures herein, channels in the micro-optic receiver and
are positioned very close to one another, often times within microns of one another. This small
spacing between each channel can invite the opportunity for problems to arise. For instance,
light propagating through bulk imaging optic can occasionally cause stray light to bleed into
neighboring channels, thereby resulting in inaccurate readings of reflected light for each pixel in

the field. Ideally, no stray light should be received by any channel, as shown in FIG. 16A.

[0150] FIG. 16A is a simplified cross-sectional view diagram of part of a light detection
system 1600 where there is no cross-talk between channels. During operation, perpendicular

light rays 1602 and chief ray 1604 enter the bulk imaging optic 1606 and produce light cone
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1608. Light rays 1602 and 1604 enter an aperture of aperture layer 1610 and enter collimating
lens 1611. Collimating lens 1611 accepts a limited range of incident light angles. For example,
collimating lens 1611 can accept light rays at incident angles between +25 to -25 degrees relative
to the perpendicular. FIG. 16A shows light cone 1608 with incident angles between +25 to -25
degrees. The chief ray 1604 is the light ray that passes through the center of the aperture. In this

example, the chief ray 1604 has an incident angle of 0 degrees on the collimating lens 1611.

[0151] FIG. 16B is a simplified cross-sectional view diagram of part of a light detection
system 1601 where there is cross-talk between channels. In this case, during operation, oblique
light rays 1612 and chief ray 1614 enter bulk receiver optic 1616 and later enter collimating lens
1621. In this example, collimating lens 1621 belongs to a micro-optic channel that corresponds
to a photosensor further from the center of the image. In this example, chief ray 1614 has an
incident angle of -12 degrees and the cone of focused light has incident angles between +12
degrees to -35 degrees. Collimating lens 1621 rejects some of the light rays because it only
accepts light with incident angles between +25 to -25 degrees. Additionally, the rays that are
outside of the collimating lens acceptance cone can travel to other optical surfaces and become
stray light. Thus, a non-telecentric bulk imaging optic will deliver significantly fewer signal
photons to the photodetector, while potentially polluting other channels with errant light rays
1622. A telecentric bulk imaging optic, on the other hand, will produce light cones with incident
angles approximately between +25 to -25 degrees and chief rays with incident angles on the
collimating lens of approximately O degrees, regardless of the angle of the oblique rays 1612 and
chief ray 1614. A telecentric bulk imaging optic has similar benefits for the transmitter when the
lasers are telecentric (their chief rays are all parallel) as is the case for VCSELS or a side emitter

diode laser bar.

[0152] In some embodiments, the light detection system of a light sensing module uses an
input image-space telecentric bulk imaging optic. In some other embodiments, for example
where cost or increased field of view is more important than performance, the light detection
system may use a more standard input bulk imaging optic such as a bi-convex lens. For any
given input field into an image-space telecentric lens, the resulting chief rays are parallel to the
optical axis, and the image-side ray cones all span approximately the same set of angles. This

allows micro-optic channels far from the optical axis in the light detection system to achieve
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similar performance to the on-axis micro-optic channel. The light detection system does not
need perfect image space telecentricity for this to work, but the closer to perfect telecentricity the
better. For a micro-optic receiver optical layer lens that can only accept +/-25 degree light, the
preference is that the input bulk imaging optic produce image-side rays that are no greater than

25 degrees in angle for every point on the focal plane.

[0153] In certain embodiments, specific light detection systems having wide field of view and
narrowband imaging can have an input image-space telecentric bulk imaging optic with a
numerical aperture (NA) equal to 0.34 and focal length of 20 mm. Similarly, some other
embodiments could have a 1 nm wide bandpass filter, thereby enabling it to detect light of a very
specific wavelength. The light detection system is capable of supporting FOVs greater than 30

degrees.

[0154] According to some embodiments of the present disclosure, the design of each channel
of the micro-optic receiver channel array can be specifically configured to have features that
minimize the intrusion of stray light onto a respective photodetector, thereby reducing or
eliminating any detrimental effects caused by the occurrence of stray light. FIG. 17 is a
simplified cross-sectional diagram of an exemplary micro-optic receiver channel structure 1700,
also called a micro-optic receiver channel in discussions herein. Receiver channel 1700 can be
representative of micro-optic receiver channels 232 and 1032, among others, shown in FIGS. 2
and 10, respectively, and serves to accept an input cone of light containing a wide range of
wavelengths, filters out all but a narrow band of those wavelengths centered at the operating
wavelength, and allows photosensor 1771 to detect only or substantially only photons within the
aforementioned narrow band of wavelengths. According to some embodiments of the present
disclosure, micro-optic receiver channel structures, such as receiver channel 1700, can include

the following layers:

e An input aperture layer 1740 including an optically transparent aperture 1744 and
optically non-transparent stop region 1746 configured to define a narrow field of view
when placed at the focal plane of an imaging optic such as bulk receiver optic 202 or
1008 (shown in FIGS. 2 and 10, respectively; not shown in FIG. 17). Aperture layer
1740 is configured to receive the input marginal ray lines 1733. The term “optically

transparent” herein refers to as allowing most or all light to pass through. Light herein
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refers to spectrum of light in the near-ultraviolet, visible, and near-infrared range (e.g.
300 nm to 5000 nm). Optically non-transparent herein refers to as allowing little to no
light to pass through, but rather absorbing or reflecting the light. Aperture layer 1740 can
include optically transparent apertures separated from each other by optically non-
transparent stop regions. The apertures and stop regions can be built upon a single
monolithic piece such as an optically transparent substrate. Aperture layer 1740 can

optionally include a one-dimensional or two-dimensional array of apertures 1744.

An optical lens layer 1750 including a collimating lens 1751 characterized by a focal
length, offset from the plane of aperture 1744 and stop region 1746 by the focal length,
aligned axially with aperture 1744, and configured to collimate photons passed by the
aperture such that they are traveling approximately parallel to the axis of collimating lens
1751 which is aligned with the optical axis of receiver channel 1700. Optical lens layer
1750 may optionally include apertures, optically non-transparent regions and tube

structures to reduce cross talk.

An optical filter layer 1760 including an optical filter 1761, typically a Bragg reflector
type filter, adjacent to collimating lens 1751 and opposite of aperture 1744. Optical filter
layer 1760 can be configured to pass normally incident photons at a specific operating
wavelength and passband. Optical filter layer 1760 may contain any number of optical
filters 1761. Optical filter layer 1760 may optionally include apertures, optically non-

transparent regions and tube structures to reduce cross talk.

A photosensor layer 1770 including a photosensor 1771 adjacent to optical filter layer
1760 and configured to detect photons incident on photosensor 1771. Photosensor 1771
herein refers to a single photodetector capable of detecting photons, e.g.,, an avalanche
photodiode, a SPAD (Single Photon Avalanche Detector), RCP (Resonant Cavity Photo-
diodes), and the like, or several photodetectors, such as an array of SPADs, cooperating
together to act as a single photosensor, often with higher dynamic range, lower dark
count rate, or other beneficial properties as compared to a single large photon detection
area. Each photodetector can be an active area that is capable of sensing photons, i.e.,
light. Photosensor layer 1770 refers to a layer made of photodetector(s) and contains

optional structures to improve detection efficiency and reduce cross talk with neighboring
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receiver structures. Photosensor layer 1770 may optionally include diffusers, converging
lenses, apertures, optically non-transparent tube spacer structures, optically non-

transparent conical spacer structures, etc.

[0155] Stray light may be caused by roughness of optical surfaces, imperfections in transparent
media, back reflections, and the like, and may be generated at many features within the receiver
channel 1700 or external to receiver channel 1700. The stray light may be directed: through the
filter region 1761 along a path non-parallel to the optical axis of collimating lens 1751; reflecting
between aperture 1744 and collimating lens 1751; and generally taking any other path or
trajectory possibly containing many reflections and refractions. If multiple receiver channels are
arrayed adjacent to one another, this stray light in one receiver channel may be absorbed by a
photosensor in another channel, thereby contaminating the timing, phase, or other information
inherent to photons. Accordingly, receiver channel 1700 may feature several structures to reduce

crosstalk between receiver channels.

[0156] As will be understood further herein, each layer of a micro-optic channel layer structure
can be designed a specific way to mitigate the detrimental effects of stray light. Various

different designs for each layer will now be discussed in further detail below.

A. Aperture Layer

[0157] In an embodiment having aperture layer 1740, as shown in FIG. 17, optically
transparent aperture 1744 and optically non-transparent stop region 1746 can be formed from a
single monolithic piece, such as a metal foil with a pinhole or from a single layer of a deposited

opaque or reflective material having apertures etched therethrough.

[0158] FIG. 18A is a simplified cross-sectional view diagram of a different embodiment 1800
where aperture layer 1840 has two apertures 1844. Both the optically transparent apertures 1844
and corresponding optically non-transparent optical stop regions 1846 are supported on an
optically transparent substrate 1845. Bottom aperture 1844 can be smaller and be positioned at
the focal plane of the bulk optic. Aperture layer 1840 can be followed by optically transparent
spacer structure 1856 positioned between aperture 1844 and collimating lens 1851 in the receiver
channel. Optically transparent spacer structure 1856 forms a tube of substantially similar or

larger diameter to collimating lens 1851.

55
HESAI EX1002, P.1154



10

15

20

25

[0159] FIG. 18B is a simplified cross-sectional view diagram of a different embodiment 1801
of aperture layer 1840. Optically transparent aperture 1844 and optically non-transparent stop
region 1846 are supported on optically transparent substrate 1845. Optically transparent spacer
structure 1856 that follows aperture layer 1840 and positioned between aperture 1844 and
collimating lens 1851 forms a tube of substantially similar or larger diameter to collimating lens

1851.

[0160] FIG. 18C is a simplified cross-sectional view diagram of an embodiment 1802 of
aperture layer 1840 consisting of multiple optically non-transparent stop regions 1846 that are
supported on optically transparent substrate 1845. These layers (stop regions 1846) follow the
contour of marginal light rays (not shown, but similar to light rays 1733 in FIG. 17) to reduce
stray light into the receiver channel. Optically transparent spacer structure 1856 below aperture

layer 1840 forms a tube of substantially similar or larger diameter to collimating lens 1851.

[0161] FIG. 18D is a simplified cross-sectional view diagram of an embodiment 1803 of
aperture layer 1840 having multiple optically non-transparent stop layers 1846 supported on
multiple optically transparent substrate 1845. Aperture layer 1840 follows the contour of
marginal light rays (not shown, but similar to light rays 1733 in FIG. 17) to reduce stray light
into the receiver channel. Optically transparent spacer structure 1856 below aperture layer 1840

forms a tube of substantially similar or larger diameter to collimating lens 1851.

[0162] In some other embodiments of the present disclosure, spacer structure 1856 shown in
FIGS. 18A-D, can be optically non-transparent. The optically non-transparent spacer structure in
this instance could be formed by etching a silicon or glass wafer and may be coated with an
optically non-transparent material (e.g. black chrome). Additionally, the spacer structure in this

instance would prevent any light in the spacer region from traveling outside the receiver channel.

B. Spacer Structure Between Aperture Layer and Optical Lens Layer

[0163] FIG. 19A is a simplified cross-sectional view diagram of an embodiment 1900 of the
present disclosure with an optically non-transparent spacer structure between the aperture layer
and the lens layer. FIG. 19A depicts an optically non-transparent spacer structure 1956
positioned between aperture 1944 and collimating lens 1951 in the receiver channel. Optically

non-transparent spacer structure 1956 forms a tube of substantially similar or larger diameter to
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collimating lens 1951 and prevents any light from traveling outside the receiver channel in the
region between aperture 1944 and collimating lens 1951. Optically non-transparent spacer
structure 1956 could be formed by etching a silicon or glass wafer and may be coated with an
optically non-transparent material (e.g. black chrome). Alternatively, optically non-transparent
spacer structure 1956 could be a solid non-transparent structure that is fabricated from molded
polymer or any other suitable method. FIG. 19A shows the aperture layer having optically
transparent substrate 1945 on the top, followed by the optically non-transparent stop region 1946

and aperture 1944, and then by optically non-transparent spacer structure 1956.

[0164] FIG. 19B is a simplified cross-sectional view diagram of an embodiment 1901 of the
present disclosure with an optically non-transparent structure between the aperture layer and the
lens layer. FIG. 1901 depicts an optically non-transparent spacer structure 1956 positioned
between aperture 1944 and collimating lens 1951. Optically non-transparent spacer structure
1956 forms a tube of substantially similar or larger diameter to collimating lens 1951 and
prevents any light from traveling outside of the receiver channel in the region between aperture
1944 and collimating lens 1951. FIG. 19B shows multiple optically non-transparent stop regions
1946 supported on optically transparent substrate 1945.

[0165] FIG. 19C is a simplified cross-sectional view diagram of an embodiment 1902 of
aperture layer 1940 where aperture 1944 is conically aligned, and where the conical structure as

an optically non-transparent layer coated on an optically transparent material.

[0166] FIG. 19D is a simplified cross-sectional view diagram of an embodiment 1903 of
aperture layer 1940 where the aperture 1944 is conically aligned, and where the conical structure
is a solid structure formed of an optically non-transparent material. As shown in FIGS. 19C and
19D the optically transparent aperture 1944 and optically non-transparent stop region 1946 are
combined into a monolithic layer with a conical cavity aligned with the optical axis of the
receiver channel and configured to conform to the shape of marginal ray lines (not shown, but

similar to light rays 1733 in FIG. 17).

C. Optfical Filter Layer
[0167] FIG. 20A is a simplified cross-sectional view diagram of an embodiment 2000 of filter

layer 2060 for a receiver channel, according to some embodiments of the present disclosure.
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Optical filter layer 2060 can include a single optical filter 2061 supported on an optically
transparent substrate 2065. Optical filter layer 2060 can be placed on top of optically transparent
substrate 2065 or below optically transparent substrate 2065. Optical filter 2061 can be a
bandpass filter that blocks incident light outside of a defined set of wavelengths (e.g. 945-
950nm). However, in some other embodiments, optical filter 2061 can be an edge pass filter or
any other suitable type of filter that selectively allows light within a wavelength range to pass

through itself.

[0168] FIG. 20B is a simplified cross-sectional view diagram of an embodiment 2001 of filter
layer 2060 for a receiver channel, according to some embodiments of the present disclosure.
Optical filter layer 2060 can include two optical filters 2061 sandwiching and supported by an
optically transparent substrate 2065. Optical filter layer 2060 can contain any number of optical
filters 2061 on any number of substrates 2065. One of the optical filters 2061 as shown in FIG.
20B can be a bandpass filter and can be positioned on either on top of or directly below optically
transparent substrate 2065 that blocks all of the incident light for a defined set of wavelengths
(e.g. 900-945 nm and 950-995nm). The other optical filter 2061 placed on the opposite side of
the optical substrate 2065 can be a wide spectrum blocking filter (except for the region covered
by the bandpass filter), for example covering 200-915 nm and 980-1600 nm. The bandpass filter
and blocking filter are designed such that there is no leakage in the transition region between the
two filters. However, the filters could be two edge pass filters designed to work in conjunction

as a bandpass filter or any other types of filters.

[0169] In some other embodiments of the present disclosure, the bandpass filter and wide
spectrum blocking filter are merged into a single optical filter 2061 and placed on either the top

or bottom of optically clear substrate 2065.

1. Filter Layer with Apertures

[0170] FIG. 20C is a simplified cross-sectional view diagram of an embodiment 2002 of filter
layer 2060 for a receiver channel, according to some embodiments of the present disclosure.
Optical filter layer 2060 can have an additional aperture 2049 on top and an additional aperture
2054 on the bottom of optical filter layer 2060 along with the corresponding optically non-
transparent stop regions 2063 & 2055. Aperture 2049 defines the maximal cylinder of light
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desired to be passed into optical filter layer 2060 by optical filter 2061, and stop region 2063 an
absorb or reflect any incident stray light outside the diameter of aperture 2049. Aperture 2054
defines the maximal cylinder of light desired to be passed out of optical filter layer 2060 and stop
region 2055 absorbs or reflects any incident stray light outside the diameter of aperture 2054.
Optical filters 2061 can be supported on an optically transparent substrate 2065.

[0171] In some embodiments of the present disclosure, filter layer 2060 can have a single
aperture 2049 placed on the top of the optical filter layer 2060. In some additional and
alternative embodiments of the present disclosure, filter layer 2060 can have a single aperture

2054 placed on the bottom of optical filter layer 2060.

[0172] FIG. 20D is a simplified cross-sectional view diagram of an embodiment 2003 of filter
layer 2060 for a receiver channel, according to some embodiments of the present disclosure.
Optical filter layer 2060 can include multiple optically transparent substrates 2065, and multiple
optically non-transparent aperture layers between them in an alternating order. FIG. 20D shows
an additional aperture 2049 and corresponding optically non-transparent stop region 2063
positioned on top of optical filter 2061 and supported by optically transparent substrates 2065.
Aperture 2049 can define the maximal cylinder of light desired to be passed into optical filter
layer 2060 by optical filter 2061, and stop region 2063 absorbs or reflects any incident stray light
outside diameter of aperture 2049. FIG. 20D shows an additional aperture 2054 and
corresponding optically non-transparent stop region 2055 positioned between optical filter layer
2060 and a photosensor layer (not shown, but similar to photosensor layer 1770 in FIG. 17).
Aperture 2054 can define the maximal cylinder of light desired to be passed out of optical filter
layer 2060 toward the photosensor, and stop region 2055 can absorb or reflect any incident stray
light outside the diameter of aperture 2054. Collectively, these interleaved layers prevent stray
light in one optical filter layer 2060 from traveling into an optical filter region of an adjacent

receiver channel in a multi receiver channel system.

2. Filter Layer with Tube Structure

[0173] FIG. 20E is a simplified cross-sectional view diagram of an embodiment 2004 of filter
layer 2060 for a receiver channel, according to some embodiments of the present disclosure.

Optical filter layer 2060 can include optical filter 2061 and optically transparent substrate 2065
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and be surrounded by an optically non-transparent tube structure 2111, which prevents stray light
in one optical filter layer 2060 from traveling into an optical filter region of an adjacent receiver
channel in a multi receiver channel system. Tube structure 2111 can be formed of a variety of

materials, including but not limited to silicon, metals, polymers, or glasses.

[0174] FIG. 20F is a simplified cross-sectional view diagram of an embodiment 2005 of filter
layer 2060 for a receiver channel, according to some embodiments of the present disclosure.
Optical filter layer 2060 can include optical filter 2061 and optically transparent substrate 2065
and is surrounded by an optically non-transparent tube structure 2111, which prevents stray light
in one optical filter layer 2060 from traveling into an optical filter region of an adjacent receiver
channel in a multi receiver channel system. Tube structure 2111 can be formed of a variety of
materials, including but not limited to silicon, metals, polymers, or glasses. As shown in FIG.
20F, tube structure 2111 may only pass partially through optical filter layer 2060. This type of
structure can be formed by performing deep anisotropic etches on each side of filter substrate

2065 and selectively depositing metal or polymer afterwards.

[0175] FIG. 20Gis a simplified cross-sectional view diagram of an embodiment 2006 of filter
layer 2060 for a receiver channel, according to some embodiments of the present disclosure.
Optical filter layer 2060 can include two optical filters 2061 supported on optically transparent
substrates 2065 and surrounded by an optically non-transparent tube structure 2111, which
prevents stray light in one optical filter layer 2060 from traveling into an optical filter region of
an adjacent receiver channel in a multi receiver channel system. However, the optical filter
region may contain any number of optical filters 2061 on any number of substrates 2065 within
the optical filter layer 2060. FIG. 20G illustrates an additional aperture 2049 and corresponding
optically non-transparent stop region 2063 positioned on top of optical filter 2061 and supported
by optically transparent substrate 2065. Aperture 2049 can define the maximal cylinder of light
desired to be passed into optical filter layer 2060 and stop region 2063 can absorb or reflect any
incident stray light outside the diameter of aperture 2049.

[0176] Embodiment 2006 of optical filter layer 2060 in FIG. 20G can have an additional
aperture 2054, and corresponding optically non-transparent stop region 2055 can be positioned
between optical filter layer 2060 and the photosensor layer (not shown, but similar to

photosensor layer 1770 in FIG. 17). Aperture 2054 can define the maximal cylinder of light
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desired to be passed out of optical filter layer 2060 toward the photosensor, and stop region 2055
can absorb or reflect any incident stray light outside the diameter of aperture 2054. Tube
structure 2111 can be formed of a variety of materials, including but not limited to silicon,

metals, polymers, or glasses.

D. Photosensor Layer

[0177] As can be appreciated herein, various different photosensor layer designs can be

implemented in a micro-optic receiver channel.

1. Photosensor Layer with Diffuser

[0178] FIG. 21A is a simplified cross-sectional view diagram of an embodiment 2100 of
receiver channel 2132 containing an optional diffuser 2181 located in photosensor layer 2170
between optical filter 2161 and photosensor 2173, according to some embodiments of the present
disclosure. Diffuser 2181 can be configured to spread collimated photons that are output from
collimating lens 2151 and passed by optical filter region 2160, across the full width of a
corresponding photosensor 2173. Photosensor 2173 may be non-square or non-circular in
geometry (e.g., short and wide) in order to extend the sensing area of photosensor 2173 to be

wider or taller than width or height of the other components in receiver channel 2132.

[0179] Diftuser 2181 is configured to spread light rays across the area of photosensor 2173
such that photosensor 2173 is able to detect the incident photons across its full width and height,
thereby increasing the dynamic range of receiver channel 2132, even where the overall height of
receiver channel 2132 has to be limited for practical considerations. In particular, in this
embodiment, receiver channel 2132 may include widened photosensors exhibiting greater
photodetectors 2171 (i.e., areas sensitive to incident photons) and a diffuser 2181 arranged over
photosensor 2173 that spreads light passed by optical filter 2161 across the full area of

photosensor 2173, thereby yielding increased dynamic range.

[0180] In some embodiments, photosensor 2173 includes an array of single-photon avalanche
diode detectors 2171 (hereinafter “SPADs”). The height and width of the receiver channel
(usually defined by the diameter of collimating lens 2151) may accommodate only a relatively

small number of (e.g., two) vertically-stacked SPADs. Photosensor 2173 can therefore define an
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aspect ratio greater than 1:1, and diffuser 2181 can spread light rays passed by the optical filter
region 2160 according to the geometry of photosensor 2173 in order to accommodate a larger
sensing area per photosensor. By incorporating more SPADs per photosensor, the dynamic
range of the photosensor can be increased, as it less likely for all SPADs to be unable to detect

photons (i.e., to be “dead”) simultaneously.

[0181] In some other embodiments, photosensor 2173 includes an array of photodetectors
2171. The height and width of the receiver channel (usually defined by the diameter of
collimating lens 2151) may accommodate only a relatively small number of (e.g., two)
vertically-stacked photodiodes. Photosensor 2173 can therefore define an aspect ratio greater
than 1:1, and diffuser 2181 can spread light rays passed by the optical filter region 2160
according to the geometry of photosensor 2173 in order to accommodate a larger sensing area
per photosensor. By incorporating more photodiodes per photosensor, the dynamic range of the

photosensor can be increased, as it is unlikely for all photodiodes to be saturated simultaneously.

[0182] Receiver channel 2132 can additionally or alternatively include an aperture layer
interposed between optical filter region 2160 and diffuser 2181 or between the optical filter
region 2160 and photosensor 2173, where aperture 2144 is aligned with a corresponding
collimating lens 2151. In this variation, aperture 2144 can absorb or reflect errant light rays
passed by the light filter or reflected by the photosensor to further reduce crosstalk between

receiver channels, thereby further increasing SNR (Signal to Noise Ratio) of the system.

2. Photosensor Layer with Converging Lens Set

[0183] FIG 21B is a simplified cross-sectional view diagram of an embodiment 2101 of
receiver channel 2132, according to some embodiments of the present disclosure. A photosensor
layer 2170 of embodiment 2100 can include a photosensor 2173 formed of a set of discrete
photodetectors 2171 (e.g., SPADs) and a set of inactive regions 2172 (e.g., integrated logic)
encompassing the set of photodetectors, where each photodetector is configured to detect
incident photons. Photosensor layer 2170 can also include a converging lens set 2191 interposed
between optical filter region 2160 and photosensor 2173 with photodetectors 2171, and including
one converging lens 2191 per discrete photodetector 2171 within photosensor 2173, where each

lens of the converging lens set 2191 is configured to focus incident photons passed by optical
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filter region 2160 onto a corresponding discrete photodetector 2171. Each converging lens can
exhibit a common focal length, and converging lens set 2191 can be offset above photosensor
2173 by this common focal length (or by a distance substantially similar to this common focal
length), and each converging lens can converge incident light — collimated in optical lens layer
2150 and passed by optical filter region 2160 — onto a corresponding photodetector 2171 in
photosensor 2173.

[0184] In some embodiments, converging lens set 2191 interposed between optical filter
region 2160 and photosensor 2173 with photodetectors 2171 employs diffracting elements in

addition to or replacement of refractive elements.

3. Photosensor Layer with Converging Lens Set and Additional

Apertures

[0185] FIG. 21C is a simplified cross-sectional view diagram of an embodiment 2102 of
photosensor layer 2170, according to some embodiments of the present disclosure. Photosensor
layer 2170 can include a converging lens set 2191, and a set of apertures 2157, wherei each
aperture 2157 is aligned with a corresponding converging lens 2191. In this variation, each
aperture 2157 can absorb or reflect errant light rays passed by the light filter or reflected by the
photosensor to further reduce crosstalk between receiver channels, thereby further increasing the
SNR of the system. Set of apertures 2157 and corresponding optically non-transparent stop

regions 2159 are built on an optically transparent substrate 2158.

[0186] FIG. 21D is a simplified cross-sectional view diagram of an embodiment 2103 of
photosensor layer 2170, according to some embodiments of the present disclosure. Photosensor
layer 2170 can include converging lens set 2191, and set of apertures 2157, where each aperture
2157 is aligned with a corresponding converging lens 2191. Apertures 2157 and corresponding
optically non-transparent stop regions 2159 are built on an optically transparent substrate 2158.

In this variation, apertures 2157 do not go all the way through to photodetector 2171.

[0187] FIG. 21E is a simplified cross-sectional view diagram of an embodiment 2104 of
photosensor layer 2170, according to some embodiments of the present disclosure. An
additional set of apertures 2157 and corresponding optically non-transparent stop regions 2159

defining desired maximal light cones can be positioned between lens set 2191 and photodetector
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2171. Set of apertures 2157 and corresponding non-transparent stop regions 2159 define a light
cone for every lens in lens set 2191 and function to absorb or reflect any stray light traveling
along a path not encompassed by the desired light cones. The apertures may be fabricated using

standard semiconductor processes.

4, Photosensor Layer with Converging Lens Set and Spacer Structure

Between the Lens Set and the Photosensor

[0188] FIG. 21F is a simplified cross-sectional view diagram of an embodiment 2105 of
photosensor layer 2170, according to some embodiments of the present disclosure. Here, an
optically non-transparent spacer structure 2163 is positioned between lens set 2191 and
photosensor 2173 having photodetectors 2171 in receiver channel 2132. Optically non-
transparent spacer structure 2163 forms a tube of substantially similar or larger diameter to a
collimating lens (e.g., collimating lens 1751 shown in FIG. 17) and prevents any light from
traveling outside of receiver channel 2132 in the region between lens set 2191 and photosensor
2173. Optically non-transparent spacer structure 2163 could be made from optically non-

transparent bulk media (e.g. silicon or polymer).

[0189] FIG. 21Gis a simplified cross-sectional view diagram of an embodiment 2106 of
photosensor layer 2170, according to some embodiments of the present disclosure. Here,
optically non-transparent spacer structure 2163 is positioned between lens set 2191 and
photosensor 2173, and is made from an optically non-transparent coating on an optically
transparent substrate (e.g. black chrome on glass). Optically non-transparent spacer structure
2163 forms a tube of substantially similar or larger diameter to collimating lens 2151 and
prevents any light from traveling outside of receiver channel 2132 in the region between lens set

2191 and photodetector 2171.

S. Photosensor Layer Spacer Structure Between the Filter Layer and the

Photosensor Layer

[0190] FIG. 21H is a simplified cross-sectional view diagram of an embodiment 2107 of
photosensor layer 2170, according to some embodiments of the present disclosure. Optically
non-transparent spacer structure 2163 can be positioned between an optical filter layer (e.g., any

of the above-mentioned optical filter layers) and photosensor layer 2170. Optically non-
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transparent spacer structure 2163 forms a tube of substantially similar or larger diameter to a
collimating lens (e.g., collimating lens 1751 in FIG. 17) and prevents any light from traveling
outside of the receiver channel (e.g., channel 1700 in FIG. 17) in the region between the optical
filter layer and photosensor layer 2170. Optically non-transparent spacer structure 2163 can be
formed by etching a silicon or glass wafer and may be coated with an optically non-transparent
material (e.g. black chrome). Alternatively, optically non-transparent spacer structure 2163 can
be fabricated from molded polymer. In this embodiment, lens set 2191 is directly bonded to
photosensor 2173. Similar to its function in previous embodiments, lens set 2191 serves to focus
light onto photodetectors 2171 of photosensor 2173, rather than the inactive areas. These lenses
could be integrated directly on top of an ASIC containing photosensor 2173 in a wafer

fabrication process, easing production.

6. Photosensor Layer with Conical Spacer Structures

[0191] FIG. 211 1s a simplified cross-sectional view diagram of an embodiment 2108 of
photosensor layer 2170, according to some embodiments of the present disclosure. In this
embodiment, photosensor layer 2170 includes a set of conical, optically non-transparent spacer
structures 2164 that is positioned between a lens set (not shown but, e.g., lens set 2191 in FIGS.
21F and 21G) and photosensor 2173. Set of conical, optically non-transparent spacer structures
2164 can form tapered tubes, each with substantially similar entrance diameter to individual
lenses in the lens set, and each with substantially similar exit diameter to the individual
photodetectors 2171 of photosensor 2173. Set of conical, optically non-transparent spacer
structures 2164 prevents any light from traveling outside of the receiver channel in regions
between the lens set and photosensor 2173 and also guide light toward the photodetectors 2171
of photosensor 2173. The set of conical, optically non-transparent spacer structures 2164 can be
formed by etching a silicon or glass wafer and may be coated with an optically non-transparent
material (e.g. black chrome). Alternatively, set of conical, optically non-transparent spacer

structures 2164 can be fabricated from molded polymer.

[0192] FIG. 21J is a simplified cross-sectional view diagram of an embodiment 2109 of
photosensor layer 2173, according to some embodiments of the present disclosure. In this
embodiment, photosensor layer 2173 includes a set of conical, optically non-transparent spacer

structures 2164 that is positioned between a lens set (not shown but, e.g., lens set 2191 in FIGS.
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21F and 21G) and photodetector 2171. The inner walls of the set of conical, optically non-
transparent spacer structures 2164 are coated with a reflective material (e.g. chrome) in order to
further enhance the structures’ ability to act as a light pipe. Set of conical, optically non-
transparent spacer structures 2164 form tapered tubes, each with substantially similar entrance
diameter to individual lenses in the lens set, and each with substantially similar exit diameter to
the individual photodetectors 2171 of photosensor 2173. Set of conical, optically non-
transparent spacer structures 2164 prevents any light from traveling outside of the receiver
channel in regions between the lens set and photosensor 2171 and also guide light toward the

photodetectors 2171 of photosensor 2173.

7. Photosensor Layer with Resonant Photo-Cavity Diodes

[0193] FIG. 21K is a simplified cross-sectional view diagram of a receiver channel 2132
including an embodiment 2110 of photosensor layer 2170, according to some embodiments of
the present disclosure. In this embodiment, photosensor layer 2170 is configured with a resonant
cavity around a photo sensitive diode to improve the photon detection efficiency. Each
photosensor 2173 includes one or more resonant photo-cavity diodes. Each photosensor 2173
includes one or more photo-diodes 2174 (photodetectors) along with highly-reflective (e.g.,
partially-mirrored) surfaces facing the top and bottom of the area (the resonant cavity).
Generally, an photodetector of a non-resonant cavity diode may have a relatively low quantum
efficiency. To improve the percentage of photons detected by the photodetector, resonant photo-
cavity diode 2174 is used that includes: a first mirrored surface 2175 below and facing the
photodetector; and a second partially mirrored surface 2176 above and facing the photodetector,
that also allows light to enter the cavity as shown in FIG. 21K. Thus, when a photon passes
through and is not detected by an photodetector of resonant photo-cavity diode 2174, first
mirrored surface 2175 surrounding the photodetector of resonant photo-cavity diode 2174
reflects the photon back toward top reflective surface 2176 of the cavity and through the
photodetector again, which may detect the photon upon its second transition through the
photodetector. However, if the photodetector fails to detect the photon upon this second
collision, the reflection process is repeated with the second mirrored surface reflecting the
photon back toward the photodetector, which again may detect the photon upon its third collision

with the photodetector. This process may repeat until the photon is detected by the photodetector
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of the photosensor or the photon escapes or is absorbed by the cavity. Resonant photo-cavity
diode 2174 can thus achieve a relatively high rate of photon detection (i.e. approaching 100%).
Note that a particle interpretation of light is used in the preceding description, but consideration
of wave interference effects are critical for a complete description of resonant cavity
photodiodes. Also note that the active region of resonant photo-cavity diode 2174 may be
comprised of a standard photodiode, an avalanche photodiode, a SPAD, or any other

photosensor.

[0194] FIG. 21K further shows that one or more resonant cavity photodiodes (or “RCPs”)
2174 may be combined with aperture 2144, collimating lens 2151, optical filter region 2160, and
any combination of the aforementioned diffusers, converging lens sets, or crosstalk mitigation
structures to form a variant of receiver channel 2132. A typical RCP will have similar
wavelength sensitivity as optical filter region 2160 and can be designed to be sensitive to a
similar set of wavelengths of light as optical filter region 2160. However, due to fabrication or
other limitations, the RCP may have more part-to-part variability of the center wavelength of the
RCP's operating spectrum and thus necessitate a broader operating wavelength band in order for
every photosensor to be capable of detecting photons at the system’s operating wavelength.
Alternatively, it may simply be impossible to reliably fabricate an RCP with an operating
wavelength band as narrow as the filter passband. For instance, optical filter region 2160 may
have a passband as narrow as 0.1 nm, while the RCP may have an operating band of 10 nm. With
the optical filter region 2160 on top of the RCP 2174, the combined filter and RCP system has an
effective operating wavelength band substantially similar to optical filter region 2160. In
addition, the RCP performance is improved when sensing collimated light, as opposed to focused
light, which is provided as a result of collimating lens 2151 as depicted in FIG. 21K. In this
way, a system employing aperture 2144, collimating lens 2151, optical filter region 2160, and
RCP 2174 may achieve high photon detection efficiency and narrow wavelength selectivity to

maximize the SNR within receiver channel 2132.

E. Hemispherical Receiver Structures

[0195] FIG. 22A is a simplified cross-sectional view diagram of an embodiment 2200 of a
receiver channel 2232, according to some embodiments of the present disclosure. Receiver

channel 2232 of embodiment 2200 can include convex hemispheres supported on an optically
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non-transparent material. In this embodiment, an aperture layer 2240 is combined with an
optical filter 2261 coated on a convex hemisphere 2267, with the center of hemisphere 2267
located at or near the focal point of incoming light (marginal ray lines 2233). The center of
hemisphere 2267 also corresponds to, or nearly corresponds to, the center of aperture 2244. In
some embodiments, hemisphere 2267 can be below aperture 2244, as shown in FIG. 22A. An
advantage of the embodiment is that for a sufficiently well-focused cone of rays, any ray lines
2233 will pass through optical filter 2261 normal to the filter’s surface, thereby eliminating CWL
(Center Wave Length) shift due to variations in incident angle of the light (e.g. light rays 2233)
on optical filter 2261, thereby allowing the use of very narrow bandpass (e.g. 850-852 nm)
filters.

[0196] This is further illustrated in FIG. 22B, which is a simplified cross-sectional view
diagram of an embodiment 2201 of receiver channel 2232, according to some embodiments of
the present disclosure. Unlike embodiment 2200 in FIG. 22A, embodiment 2201 in FIG. 2B can
be configured so that hemisphere 2267 is positioned above aperture 2244 to achieve similar
functionality but with a less compact footprint. As shown in FIG. 22B, the angle of incidence on
optical filter 2261 is normal for marginal ray lines 2233 (and all other ray lines not shown
explicitly in FIG. 22B) that pass through the center of hemisphere 2267. Note that, while not
shown in FIG. 22B or 22C, the rays will refract upon exiting the hemisphere structure since they
are not normal to the planar exit surface. Similarly, in FIG. 22A, there will be some amount of

refraction when rays enter the flat side of the hemispherical structure.

[0197] Asillustrated in FIGS. 22A to 22B, receiver channel 2232 includes sidewalls 2263
between optically non-transparent stop region 2246 and photosensor layer 2270 with
photodetectors 2271 to reduce crosstalk. Sidewalls 2263 can be made up of optically non-
transparent material or made up of optically transparent material. In addition, sidewalls 2263 can

also be coated with reflective or absorptive material.

[0198] A close-up view of the convex hemispherical surface is shown in FIG. 22C, which is a
simplified cross-sectional view diagram of convex hemisphere 2267 of FIGS. 22A and 22B.
Convex hemisphere 2267 can be coated with optical filter 2261 and positioned on a self-
supporting, optically non-transparent stop region 2246 such as metal, silicon, polymer etc. In

some embodiments where the convex hemispherical surfaces of the micro-optic channels are
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used for hyperspectral imagers, optical filter 2261 can be configured to be non-uniform. For
example, optical filter 2261 can be a graduated filter increasing gradually or in a step-wise
manner in one direction (e.g., the thickness direction) that different micro-optic channels have
different optical filter layers that have different thicknesses. This allows different micro-optic
channels to measure a different range of wavelengths as discussed herein with respect to FIGS.

3A and 3B.

[0199] FIG. 22D is a simplified cross-sectional view diagram of an embodiment 2202 of a
receiver channel 2232, according to some embodiments of the present disclosure. Receiver
channel 2232 of embodiment 2202 can include convex hemisphere 2267 supported on a rigid
optically transparent layer. In this embodiment, aperture layer 2240 is combined with optical
filter 2261 and coated on convex hemisphere 2267, where the center of hemisphere 2267 is
located at or near the focal point of incoming light (ray lines 2233). The center of hemisphere
2267 also corresponds to, or nearly corresponds to, the center of the aperture 2244. As shown in
FIG. 22D, hemisphere 2267 can be below aperture layer 2240. In some other embodiments,
hemisphere 2267 can be above aperture layer 2240, as shown in FIG. 22E.

[0200] FIG. 22E is a simplified cross-sectional view diagram of an embodiment 2203 of a
receiver channel 2232, according to some embodiments of the present disclosure. Unlike
embodiment 2202 in FIG. 22D, embodiment 2215 in FIG. 2E can be configured so that
hemisphere 2267 is positioned above aperture 2244 to achieve similar functionality as

embodiment 2202 but with a more compact footprint.

[0201] FIGS. 22D and 22E show convex hemisphere 2267 as being coated with optical filter
2261 and imprinted on aperture layer 2240 that is supported on a rigid optically transparent layer
2245 (e.g. glass, polymer) with aperture 2244 along with the corresponding optically non-
transparent stop regions 2246. As illustrated in FIGS. 22D and 22E, receiver channel 2232
includes sidewalls 2263 between optically transparent layer 2245 and photosensor layer 2270
with photodetectors 2271 to reduce crosstalk. Sidewalls 2263 can be made up of optically non-
transparent material or made up of optically transparent material. In addition, sidewalls 2263 can
also be coated with reflective or absorptive material. Note that, while not shown in FIGS. 22D
and 22E, there may be refraction of rays 2233 entering and exiting the rigid optically transparent

layer 2245.
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[0202] FIG. 22F is a simplified cross-sectional view diagram of an embodiment 2204 of a
receiver channel 2232, according to some embodiments of the present disclosure. Embodiment
2204 can include a concave hemisphere 2267 made of optically transparent material (e.g. glass,
polymer) with a coated optical filter 2261. Self-supported aperture layer 2240 can overhang
concave hemisphere 2267 and can be perforated or etched with an optically non-transparent rigid
material (e.g. metal film) to form the optically non-transparent stop regions 2246. As shown in
FIG. 22F, hemisphere 2267 can be positioned below aperture layer 2240. The center of aperture
2244 can be located at or near the focal point of the incoming light (rays 2233). Additionally,
the center of the hemisphere 2267 can be located at or near the focal point of the incoming light
(rays 2233). As illustrated in FIG. 22F, receiver channel 2232 includes sidewalls 2263 between
optically transparent layer 2245 and photosensor layer 2270 with photodetectors 2271 to reduce
crosstalk. Sidewalls 2263 can be made up of optically non-transparent material or made up of
optically transparent material. In addition, sidewalls 2263 can also be coated with reflective or

absorptive material.

[0203] FIG. 22Gis a simplified cross-sectional view diagram of an embodiment 2205 of
receiver channel 2232, according to some embodiments of the present disclosure. Unlike
embodiment 2204 in FIG. 22F, embodiment 2205 in FIG. 2G can be configured so that
hemisphere 2267 is positioned above aperture 2244 to achieve similar functionality as

embodiment 2204, but embodiment 2204 may have a more compact footprint.

[0204] FIG. 22H is a simplified cross-sectional view diagram of an embodiment 2206 of
receiver channel 2232, according to some embodiments of the present disclosure. Receiver
channel 2232 of embodiment 2206 can include a concave hemisphere 2267 and aperture layer
2240 supported by a rigid, optically transparent layer 2245. In some embodiments, concave
hemisphere 2267 can be below the aperture layer 2240 as shown in FIG. 22H. Concave
hemisphere 267 can be made of optically transparent material (e.g. glass, polymer) with a coated
optical filter 2261. Aperture layer 2240 with optically transparent aperture 2244 and
corresponding optically non-transparent stop regions 244 is supported by optically transparent
layer 2245 on both top and bottom sides of aperture layer 2240. The center of aperture 2244 is
located at or near the focal point of the incoming light (rays 2233). Additionally, the center of

concave hemisphere 2267 is located at or near the focal point of the incoming light (rays 2233).
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As illustrated in FIG. 22H, receiver channel 2232 includes sidewalls 2263 between optically
transparent layer 2245 and photosensor layer 2270 with photodetectors 2271 to reduce crosstalk.
Sidewalls 2263 can be made up of optically non-transparent material or made up of optically
transparent material. In addition, sidewalls 2263 can also be coated with reflective or absorptive

material.

[0205] FIG. 221 is a simplified cross-sectional view diagram of an embodiment 2207 of
receiver channel 2232, according to some embodiments of the present disclosure. Unlike
embodiment 2206 in FIG. 22H, embodiment 2207 in FIG. 2I can be configured so that
hemisphere 2267 is positioned above aperture 2244 to achieve similar functionality as

embodiment 2206.

F. Bottom Micro-Lens Layer

[0206] FIG. 23A is a simplified cross-sectional view diagram of an embodiment 2300 of a
receiver channel 2332, according to some embodiments of the present disclosure. Receiver
channel 2332 of embodiment 2300 can include a Bottom Micro-Lens Layer (BMLL), which
consists of one or more micro-lenses 2391 that are configured to guide divergent light rays into
active portion of the photosensors. The BMLL performs ray angle correction to guide light from
dissimilar angles into evenly spaced photosensors. Ray angle correction can be achieved by
controlling the lateral offset between lens center and the photosensor center, tilting of the lens, or

adjusting the form of the lens. A better illustration of this operation can be seen in FIG. 23B.

[0207] FIG. 23B is a simplified cross-sectional view diagram of a close-up view of the
propagation of light during ray angle correction by a BMLL, according to some embodiments of
the present disclosure. As illustrated, the pitch of the micro-optics is either not constant or is not
equal to the pitch of lenses 2391 in order to steer the divergent rays (2333) to active portions of
photodetectors 2371 in the photosensor layer. With reference back to FIG. 23 A, each micro-lens

2391 can be positioned to correspond with a respective photodetector 2371.

[0208] FIG. 23C is a simplified cross-sectional view diagram of an embodiment 2301 of a
receiver channel 2332, according to some embodiments of the present disclosure. Receiver
channel 2332 of embodiment 2301 can include a single micro-lens 2391, instead of a plurality of

micro-lenses as shown in FIG. 23A. Single micro-lens 2391 can be positioned over and centered
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to a single photodetector 2371. Micro-lens 2391 can be configured to guide light to single
photodetector 2371.

[0209] FIGS. 23D and 23E is a simplified cross-sectional view diagram of embodiments 2302
and 2303, respectively, of a receiver channel 2332, according to some embodiments of the
present disclosure. Receiver channel 2332 of embodiment 2302 can include a BMLL positioned
on the underside of an optically transparent layer 2345 supporting aperture layer 2340 and
hemisphere 2367 with optical filter 2361 coated. As shown in FIG. 23D, the BMLL can be
formed of multiple lenses 2393 for guiding divergent light to multiple photodetectors 2371. As
shown in FIG. 23E, the BMLL can be formed of a single micro-lens 2391 for guiding divergent
light to photodetector 2371.

[0210] Embodiments 2302 and 2303 in FIGS. 23D and 23E each include a convex hemisphere
2367 supported on a rigid optically transparent layer 2345. In these illustrations, an aperture
layer 2340 is combined with an optical filter 2361 coated on hemisphere 2367, where the center
of hemisphere 2367 is located at or near the focal point of incoming light (marginal ray lines
2333). The center of hemisphere 2367 can also correspond to, or nearly correspond to, the center
of aperture 2344. Convex hemisphere 2367 can be coated with optical filter 2361 and imprinted
on aperture layer 2340 that is supported on rigid optically transparent layer 2345 (e.g. layer
formed of glass, polymer) and the corresponding optically non-transparent stop regions 2346.

As illustrated in FIGS. 23D and 23E, receiver channel 2332 includes sidewalls 2363 between
optically transparent layer 2345 and photosensor layer 2370 to reduce crosstalk. Sidewalls 2363
can be made up of optically non-transparent material or made up of optically transparent

material. In addition, sidewalls 2363 can also be coated with reflective or absorptive material.

G. Additional Exemplary Receiver Channels

[0211] [Itis to be appreciated that a receiver channel is a structure at the micro-optic level, e.g.,
a micro-optic receiver channel discussed above, that can be formed from multiple layers
including one or more of an aperture layer, an optical lens layer below the aperture layer, an
optical filter layer below the aperture and optical lens layer, and a photosensor layer below all
the other layers. Each such layer can be configured in various ways to mitigate cross-talk. i.e.,

exposing stray light to adjacent receiver channels, as discussed herein with respect to FIGS. 17-
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23E. Various examples of receiver channels are discussed above with respect to FIGS. 17, 22A-
221, and 23A-23E. Two other examples of receiver channels according to the present disclosure
are illustrated in FIGS. 24 and 25. Embodiments of the present disclosure are not limited to the
particular receiver channels described herein. Instead, based on the present disclosure a person
of skill in the art will appreciate that in other embodiments a receiver channel according to the
disclosure can include, among other options, an aperture layer as described above with respect to
any of FIGS. 18A-18D or 19A-19D, a filter layer as described above with respect to any of
FIGS. 20A-20G, and/or a photosensor layer as described above with respect to any of FIGS.
21A-21K.

[0212] FIG. 24 is a simplified cross-sectional view diagram of an exemplary embodiment of a
receiver channel 2400, according to some embodiments of the present disclosure. Receiver
channel 2400 can include an aperture layer 2440 composed of first and second apertures 2444,
each formed in respective optically non-transparent layers 2446a and 2446b. First and/or second
apertures 2444 can be formed of void space defined by openings within layers 2446a and 2446b
in some embodiments, while first and/or second apertures 2444 can be formed by optically
transparent materials in some other embodiments. First and second optically non-transparent
layers 2446a and 2446b can be supported by an optically transparent substrate 2445 sandwiched

between first and second optically non-transparent layers 2446a and 2446b.

[0213] Receiver channel 2400 can also include an optical lens layer 2450 disposed below
aperture layer 2440. Optical lens layer 2450 can include a collimating lens 2451 and an optically
non-transparent spacer structure 2456. Collimating lens 2451 can be separated from aperture
layer 2440 by optically non-transparent spacer structure 2456. In some embodiments, optically
non-transparent spacer structure 2456 forms a tube having a circumference that surrounds
collimating lens 2451 and extends toward aperture layer 2440. Optically non-transparent spacer
structure 2456 can be formed of an optically reflective or absorptive material that prevents any
light from traveling outside of receiver channel 2400 in the region between aperture layer 2440

and collimating lens 2451.

[0214] In addition to aperture layer 2440 and optical lens layer 2450, receiver channel 2400
can further include an optical filter layer 2460 positioned directly below optical lens layer 2450.
Optical filter layer 2460 can include two optical filters 2461 sandwiching an optically transparent
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substrate 2465 that structurally supports optical filters 2461. Optical filter layer 2460 can
contain any number and type of optical filters 2461 on any number of substrates 2065. For
instance, one of optical filters 2461 can be a bandpass filter and be positioned on either on top of
or directly below optically transparent substrate 2465 that blocks all of the incident light for a
defined set of wavelengths (e.g. 900-945 nm and 950-995nm). The other optical filter 2461
placed on the opposite side of optically transparent substrate 2465 can be a different filter, such
as a wide spectrum blocking filter (except for the region covered by the bandpass filter), for
example covering 200-915nm and 980-1600nm. The bandpass filter and blocking filter are
designed such that there is no leakage in the transition region between the two filters. However,
the filters could be two edge pass filters designed to work in conjunction as a bandpass filter or

any other type of filter.

[0215] Immediately below optical filter layer 2460 can be a photosensor layer 2470. In some
embodiments, photosensor layer 2470 of embodiment 2400 can include an optically non-
transparent spacer structure 2463 positioned between a converging lens set 2491 and a
photosensor 2473. Photosensor 2473 can be formed of a set of discrete photodetectors 2471
(e.g., SPADs) positioned between a set of inactive regions 2172 (e.g., integrated logic) in an
alternating arrangement, where each discrete photodetector is configured to detect incident
photons. Converging lens set 2491 can be interposed between optical filter layer 2460 and
photosensor 2473 with photodetectors 2471, and including one converging lens 2491 per discrete
photodetector 2471 within photosensor 2173, where each lens of the converging lens set 2491 is
configured to focus incident photons passed by optical filter layer 2460 onto a corresponding
discrete photodetector 2471. Each converging lens can exhibit a common focal length, and
converging lens set 2491 can be offset above the sensing plane of the photosensor by this
common focal length (or by a distance substantially similar to this common focal length), and
each converging lens can converge incident light — collimated in optical lens layer 2450 and
passed by optical filter layer 2460 — onto one corresponding photodetector 2471 in photosensor
2473. Optically non-transparent spacer structure 2463 forms a tube of substantially similar or
larger diameter to a collimating lens 2451 and prevents any light from traveling outside of
receiver channel 2400 in the region between lens set 2491 and photosensor 2473. Optically non-
transparent spacer structure 2163 could be made from optically non-transparent bulk media (e.g.

silicon or polymer).

74
HESAI EX1002, P.1173



10

15

20

25

[0216] Another exemplary embodiment of a receiver channel is shown in FIG. 25. FIG. 25 is
a simplified cross-sectional view diagram of an exemplary receiver channel 2500, according to
some embodiments of the present disclosure. Receiver channel 2500 can include an aperture
layer 2540, an optical lens layer 2550 disposed below aperture layer 2540, and an optical filter
layer 2560 below both aperture layer 2540 and optical lens layer 2550. Aperture layer 2540,
optical lens layer 2550, and optical filter layer 2560 can have the same construction and function

as corresponding components in FIG. 24.

[0217] Receiver channel 2500 can also include a photosensor layer 2570 positioned
immediately below optical filter layer 2560. In some embodiments, photosensor layer 2570 of
embodiment 2400 can include an optically non-transparent spacer structure 2563, a converging
lens set 2591, and a photosensor 2573. Unlike converging lens set 2491 of receiver channel
2400 in FIG 24, converging lens set 2591 of receiver channel 2500 can be positioned directly on
at top surface of photosensor 2573 instead of directly on an underside of optical filter layer 2560.
Furthermore, optically non-transparent spacer structure 2563 can be formed of an optically non-
transparent material (e.g., black chrome) coated on an optically transparent layer, such as a
silicon or glass substrate, instead of being a solid optically non-transparent structure, e.g.,
optically non-transparent spacer structure 2463 of receiver channel 2400 in FIG. 24. Lens set
2591 serves to focus light onto photodetectors 2571 of photosensor 2573, rather than inactive
areas 2572.

[0218] By implementing a receiver channel according to any of embodiments 2400 and 2500,
errant light can be prevented from exposing on adjacent receiver channels, thereby improving the

accuracy of each photosensor’s ability to capture photons for imaging.

VI. MICRO OPTICAL RECEIVER CHANNEL ARRAY VARIATIONS

[0219] According to some embodiments of the present disclosure, micro-optical receiver
channels can be organized in an array. The array can have various dimensions according to
design. For instance, an array of micro-optical receiver channels can be arranged ina M x N
array where M and N are equal to or greater than 1. Accordingly, micro-optical receiver
channels can be one- and two-dimensional arrays, as will be discussed furthered herein with

respect to FIGS. 26-30, which illustrate different embodiments of micro-optical receiver channel
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arrays where each dot represents a micro-optical receiver channel. As aforementioned herein,
each receiver channel can include a plurality of layers stacked upon each other. Thus, it can be
appreciated that when arranged in an array, each micro-optic receiver channel is part of a
monolithic layer composed of the individual elements reproduced many times in the M x N
arrangement, e.g., an M x N aperture layer array, an M x N micro lens layer array, and an M x N
photosensor layer array. When bonded together, these array layers create a monolithic multi-

channel micro optical receiver array.

[0220] FIG. 26 is a simplified illustration of an exemplary micro-optical receiver array 2600,
according to some embodiments of the present disclosure. Micro-optical receiver array 2600 is
configured as a linear (M x 1) array, specifically a 16 x 1 array. This layout can achieve a high
resolution (e.g. 16 x 1024) as the implementation is amenable to scanning the array in one
dimension. As an example, for a receiver channel pitch of 500 microns the layout illustrated can

be implemented in a chip of a size that is approximately 500 microns by 8000 microns.

[0221] FIG. 27 is a simplified illustration of an exemplary micro-optical receiver array 2700,
according to some embodiments of the present disclosure. Micro-optical receiver array 2700 is
configured as a rectangular (M x N) array, specifically a 16 x 32 array. Thus, for a receiver
channel pitch of 500 microns the layout illustrated can be implemented in a chip of size 8,000

microns by 12000 microns.

[0222] FIG. 28 is a simplified illustration of an exemplary micro-optical receiver array 2800,
according to some embodiments of the present disclosure. Micro-optical receiver array 2800 is
configured as an M x N staggered array. In this illustration, receiver channels 2832 are laid out
in a 16 x 4 staggered array. This layout can achieve a high resolution (e.g. 64 x 1024) as the
implementation is amenable to sweeping. For a receiver channel pitch of 500 microns the layout
illustrated in FIG. 28 can be implemented in a chip of a size that is approximately 2000 microns

by 8375 microns.

[0223] FIG. 29 is a simplified illustration of an exemplary micro-optical receiver array 2900,
according to some embodiments of the present disclosure. Micro-optical receiver array 2900 is
configured as a warped linear (M x 1) array. In this embodiment, the spacing between receiver
channels 2932 is uneven. Receiver channels near the center, shown as 2932-01, are placed close

together (e.g. 400 microns apart), while the exterior channels, shown as 2932-02, are placed
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farther apart (e.g., greater than 400 microns apart), or vice versa. This layout has an advantage
of being able to allow for correction of the distortion curve of a lens (i.e. the angles between the
receiver channel fields of view are evenly spaced in the object space). The arrangement shown
in FIG. 29 can be used to achieve a high resolution (e.g. 16 x 1024) as the implementation is
amenable to sweeping. For an average receiver channel pitch of 500 microns the layout
illustrated can be implemented in a chip of a size that is approximately 500 microns by 8000

microns.

[0224] In some embodiments, the receiver channels can be configured in a M x N warped
array (where N > 1). In such embodiments, the receiver channels in the center are placed further
from each other in both the x and y direction than the exterior receiver channels. This corrects

for another possible form of lens distortion.

[0225] FIG. 29 is a simplified illustration of an exemplary micro-optical receiver array 2900,
according to some embodiments of the present disclosure. Micro-optical receiver array 2900 is
configured in an arbitrary pattern. This layout arrangement has the advantage of being able to
accommodate lens distortion, to make adjustments to compensate for any timing or routing

variations, and also to match an arbitrary pattern from an illumination source.

[0226] Although the present disclosure has been described with respect to specific
embodiments, it will be appreciated that the present disclosure is intended to cover all

modifications and equivalents within the scope of the following claims.
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WHAT IS CLAIMED IS:

1. An optical system for performing distance measurements, the optical
system comprising:

a stationary housing having an optically transparent window;

a spinning light ranging device disposed within the housing, the light ranging
device comprising:

a platform;

an optical transmitter coupled to the platform, the optical transmitter
comprising a bulk transmitter optic and a plurality of transmitter channels, each
transmitter channel including a light emitter configured to generate and transmit a
narrowband light through the bulk transmitter optic into a field external to the optical
system; and

an optical receiver coupled to the platform, the optical receiver comprising
a bulk receiver optic and a plurality of micro-optic receiver channels, each micro-optic
channel including an aperture coincident with a focal plane of the bulk receiver optic, an
optical filter positioned along a path of light from the bulk receiver optic and axially
aligned with the aperture, and a photosensor responsive to incident photons passed
through the aperture and the optical filter;

a motor disposed within the housing and operatively coupled to spin the light
ranging device including the platform, optical transmitter, and optical receiver within the
housing; and

a system controller disposed within the housing, the system controller configured

to control the motor and to start and stop light detection operations of the light ranging device.

2. The optical system set forth in claim 1 wherein the optical receiver further
includes a collimating lens behind the aperture and directly coupled to the optical filter, the

optical filter positioned behind the collimating lens.

3. The optical system set forth in claim 1 wherein the optical filter is a filter

layer on a hemispherical lens positioned directly on a top or bottom side of the aperture.
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4. The optical system set forth in claim 1 wherein the stationary housing is
cylindrical in shape and the optically transparent window extends fully around a periphery of the

stationary housing.

5. The optical system set forth in claim 4 further comprising a corrective

optical structure to correct for optical aberrations caused by the transparent window.

6. The optical system set forth in claim 5 wherein the corrective optical
structure is constructed as a cylindrical lens included as part of the bulk receiver optic, a
cylindrical lens included as part of the bulk transmitter optic, an array of cylindrical lenses
included as part of the micro-optic receiver channels, or an array of biconical lenses included as

part of the plurality of transmitter channels.

7. The optical system set forth in claim 1 wherein the optical transmitter and
optical receiver are configured such that each transmitter channel is paired with a receiver
channel and the centers of their fields-of-view are aligned to be non-overlapping at a certain

distance from the optical system.

8. The optical system set forth in claim 1 wherein the plurality of micro-optic
receiver channels are part of a monolithic ASIC constructed on a common substrate, within
which the array of photosensors are fabricated, and the separate layers for the aperture layer, and
the filter layer are formed on the monolithic ASIC such that they become part of the monolithic
structure of the ASIC.

0. An optical system for performing distance measurements, the optical
system comprising:
a stationary housing having a base, a top and an optically transparent window
disposed between the base and the top;
a spinning light ranging device disposed within the housing and aligned with the
optically transparent window, the light ranging device comprising:
a platform;
an optical transmitter coupled to the platform, the optical transmitter

comprising an image-space telecentric bulk transmitter optic and a plurality of transmitter
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channels, each channel including a light emitter configured to generate and transmit a
narrowband light through the bulk transmitter optic into a field external to the optical
system; and

an optical receiver coupled to the platform, the optical receiver comprising
an image-space telecentric bulk receiver optic and a plurality of micro-optic receiver
channels, each micro-optic channel including an aperture coincident with a focal plane of
the bulk receiver optic, a collimating lens behind the aperture, an optical filter behind the
collimating lens and a photosensor responsive to incident photons passed through the
aperture into the collimating lens and through the filter;

a motor disposed within the housing and operatively coupled to spin the light
ranging device including the platform, optical transmitter and optical receiver within the
housing;

a system controller disposed within the housing, the system controller configured

to control the motor and to start and stop light detection operations of the light ranging device.

10.  The optical system set forth in claim 9 wherein the stationary housing is
cylindrical in shape and the optically transparent window extends fully around a periphery of the

stationary housing.

11. The optical system set forth in claim 9 wherein the optical transmitter and
optical receiver are configured such that each transmitter channel is paired with a receiver
channel and the centers of their fields-of-view are aligned to be non-overlapping at a certain

distance from the optical system.

12. The optical system set forth in claim 9 wherein the plurality of micro-optic
receiver channels are part of a monolithic ASIC constructed on a common substrate, within
which the array of photosensors are fabricated, and the separate layers for the aperture layer, and
the filter layer are formed on the monolithic ASIC such that they become part of the monolithic
structure of the ASIC.

13.  The optical system set forth in claim 9 wherein each of the separate layers

for the apertures, the filter layer, and the photosensors is bonded to its adjacent layer.
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14.  An optical system for performing distance measurements, the optical
system comprising:

a stationary housing having a base, a top and an optically transparent window
disposed between the base and the top;

a light ranging device disposed within the housing and aligned with the optically
transparent window, the light ranging device comprising:

a platform;

a plurality of vertical-cavity surface emitting lasers (VCSELSs) arranged in
an array, each VCSEL in the plurality of VCSELSs being configured to generate and
transmit discrete pulses of light into a field external to the optical system; and

an optical receiver coupled to the platform, the optical receiver comprising
a bulk receiver optic, a plurality of photosensors, each photosensor comprising a plurality
of single-photon avalanche diodes (SPADs) responsive to incident photons, and an
optical filter disposed between the bulk receiver optic and the plurality of photosensors
and configured to allow a band of light to pass through the filter to the plurality of
photosensors while blocking light outside the band from reaching the plurality of
photosensors;

a motor disposed within the housing and operatively coupled to spin the light
ranging device within the housing; and
a system controller disposed within the housing, the system controller configured

to control the motor and to start and stop light detection operations of the light ranging device.

15.  The optical system set forth in claim 14 wherein the stationary housing is
cylindrical in shape and the optically transparent window extends fully around a periphery of the

stationary housing.

16. The optical system set forth in claim 14 wherein the optical transmitter
and optical receiver are configured such that each transmitter channel is paired with a receiver
channel and the centers of their fields-of-view are aligned to be non-overlapping at a certain

distance from the optical system.
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17. The optical system set forth in claim 14 wherein the plurality of
photosensors are fabricated within, and form part of, a monolithic ASIC constructed on a
common substrate, and wherein the separate layers for the aperture layer, and the filter layer are
formed on the monolithic ASIC such that they become part of the monolithic structure of the

ASIC.

18.  The optical system set forth in claim 14 wherein the plurality of micro-
optic receiver channels are part of a monolithic ASIC constructed on a common substrate, within
which the array of photosensors are fabricated, and the separate layers for the aperture layer, and
the filter layer are formed on the monolithic ASIC such that they become part of the monolithic
structure of the ASIC.

19.  The optical system set forth in claim 14 wherein each of the separate

layers for the apertures, the filter layer, and the photosensors is bonded to its adjacent layer.

20. The optical system set forth in claim 14 wherein the discrete pulses of
light are each coded with an embedded positive-value pulse-code formed by an intensity of its

respective pulse of light.
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ABSTRACT OF THE DISCLOSURE

Embodiments describe optical imagers that include one or more micro-optic
components. Some imagers can be passive imagers that include a light detection system for
receiving ambient light from a field. Some imagers can be active imagers that include a light
emission system in addition to the light detection system. The light emission system can be
configured to emit light into the field such that emitted light is reflected off surfaces of an object
in the field and received by the light detection system. In some embodiments, the light detection
system and/or the light emission system includes micro-optic components for improving

operational performance.
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Secrecy Order 37 CFR 5.2:

[ Portions or all of the application associated with this Application Data Sheet may fall under a Secrecy Order pursuant to
37 CFR 5.2 (Paper filers only. Applications that fall under Secrecy Order may not be filed electronically.)

Inventor Information:

Remove
Inventor [1

Legal Name

Prefix| Given Name Middle Name Family Name Suffix
[+ It\ngus PACALA [+

Residence Information (Select One) e US Residency Non US Residency Active US Military Service

City | Pan Francisco State/Province | [CA Country of Residenceé | IS

Mailing Address of Inventor:

Address 1 P741 16th St

Address 2
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Postal Code 94103 Countryi | us
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Inventor 2

Legal Name

Prefix| Given Name Middle Name Family Name Suffix

] Mark FRICHTL ]
Resﬁience Information (Select One) (8 US Residency Non US Residency Active US Military Service -
City | Ppan Francisco State/Province | [CA Country of Residencé | s

Mailing Address of Inventor:

Address 1 P741 16th St

Address 2

City 5an Francisco State/Province | ICA

Postal Code 94103 Countryi | |US
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Application Number

Title of Invention | SPINNING LIDAR UNIT WITH MICRO-OPTICS ALIGNED BEHIND STATIONARY WINDOW

City | Pan Francisco State/Province | [CA Country of Residencd | s

Mailing Address of Inventor:

Address 1 P741 16th St

Address 2

City | 5an Francisco State/Province | |CA
Postal Code 94103 Countryi | |US

All Inventors Must Be Listed - Additional Inventor Information blocks may be

generated within this form by selecting the Add button. Add

Correspondence Information:

Enter either Customer Number or complete the Correspondence Information section below.
For further information see 37 CFR 1.33(a).

[ ] An Address is being provided for the correspondence Information of this application.

Customer Number D0350
Email Address rpeﬁling@kiIpatricktownsend_com | AddEmail | |Remove Email

Application Information:

Title of the Invention SPINNING LIDAR UNIT WITH MICRO-OPTICS ALIGNED BEHIND STATIONARY WINDOW
Attorney Docket Number| [103033-P006US3-1086284 Small Entity Status Claimed [X]

Application Type Nonprovisional -
Subject Matter tility v
Total Number of Drawing Sheets (if any) 36 Suggested Figure for Publication (if any)

Filing By Reference:

Only complete this section when filing an application by reference under 35 U.S.C. 111(c} and 37 CFR 1.57{a). Do not complete this section if
application papers including a specification and any drawings are being filed. Any domestic benefit or foreign priority information must be
provided in the appropriate section(s) below (i.e., “Domestic Benefit/National Stage Information” and “Foreign Priority Information”).

For the purposes of a filing date under 37 CFR 1.53(b), the description and any drawings of the present application are replaced by this

reference to the previously filed application, subject to conditions and requirements of 37 CFR 1.57(a). .
1

Application number of the previcusly Filing date {YYYY-MM-DD) Intellectual Property Authority or Country |
filed application

Publication Information:
[] Request Early Publication (Fee required at time of Request 37 CFR 1.219)

Req uest Not to Publish. | hereby request that the attached application not be published under

35 U.S.C. 122(b) and certify that the invention disclosed in the attached application has not and will not be the
subject of an application filed in another country, or under a multilateral international agreement, that requires
publication at eighteen months after filing. HESAI EX1002, P.1220
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Application Number

Title of Invention
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Representative Information:

Representative information should be provided for all practitioners having a power of attorney in the application. Providing

this information in the Application Data Sheet does not constitute a power of attorney in the application (see 37 CFR 1.32).

Either enter Customer Number or complete the Representative Name section below. If both sections are completed the customer

Number will be used for the Representative Information during processing.

Please Select One:

® Customer Number

US Patent Practitioner

O Limited Recognition (37 CFR 11.9)

Customer Number

P0350

Domestic Benefit/National Stage Information:

This section allows for the applicant to either claim benefit under 35 U.S.C. 119(e), 120, 121, 365(¢c), or 386(c) or indicate
National Stage entry from a PCT application. Providing benefit claim information in the Application Data Sheet constitutes

the specific reference required by 35 U.S.C. 119(e) or 120, and 37 CFR 1.78.
When referring to the current application, please leave the “Application Number” field blank.

Prior Application Status | Pending - Remove
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)

[Claims benefit of provisional

62506449

P017-05-15

Prior Application Status | PPending -
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)

[Claims benefit of provisional

62506437

2017-05-15

Prior Application Status | Pending - Remove
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)

[Claims benefit of provisional

62506445

R017-05-15

Prior Application Status

Remove

Filing or 371(c) Date

Application Number Continuity Type Prior Application Number (YYYY-MM-DD)
[Claims benefit of provisional ] 62515291 2017-06-05
Additional Domestic Benefit/National Stage Data may be generated within this form ~dd

by selecting the Add button.

Foreign Priority Information:
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This section allows for the applicant to claim priority to a foreign application. Providing this information in the application data sheet
constitutes the claim for priority as required by 35 U.8.C. 119(b) and 37 CFR 1.55. When pricrity is claimed to a foreign application
that is eligible for retrieval under the priority document exchange program (PDX)I the information will be used by the Office to
automatically attempt retrieval pursuant to 37 CFR 1.55(i)(1) and (2). Under the PDX program, applicant bears the ultimate
responsibility for ensuring that a copy of the foreign application is received by the Office from the participating foreign intellectual
property office, or a certified copy of the foreign priority application is filed, within the time period specified in 37 CFR 1.55(g)(1).

Remove

Application Number Countryi Filing Date (YYYY-MM-DD) Access Codei (if applicable)

Additional Foreign Priority Data may be generated within this form by selecting the
Add button. Add

Statement under 37 CFR 1.55 or 1.78 for AIA (First Inventor to File) Transition
Applications

This application (1) claims priority to or the benefit of an application filed before March 16, 2013 and (2) also

contains, or contained at any time, a claim to a claimed invention that has an effective filing date on or after March
[] 16, 2013.

NOTE: By providing this statement under 37 CFR 1.55 or 1.78, this application, with a filing date on or after March

16, 2013, will be examined under the first inventor to file provisions of the AlA.
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Application Number
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Authorization or Opt-Out of Authorization to Permit Access:

When this Application Data Sheet is properly signed and filed with the application, applicant has provided written
authority to permit a participating foreign intellectual property {IP) office access to the instant application-as-filed (see
paragraph A in subsection 1 below) and the European Patent Office {(EPO) access to any search results from the instant
application (see paragraph B in subsection 1 below).

Should applicant choose not to provide an authorization identified in subsection 1 below, applicant must opt-out of the
authorization by checking the corresponding box A or B or both in subsection 2 below.

NOTE: This section of the Application Data Sheet is ONLY reviewed and processed with the INITIAL filing of an
application. After the initial filing of an application, an Application Data Sheet cannot be used to provide or rescind
authorization for access by a foreign IP office(s). Instead, Form PTO/SB/39 or PTO/SB/69 must be used as appropriate.

1. Authorization to Permit Access by a Foreign Intellectual Property Office(s)

A. Priority Document Exchange (PDX) - Unless box A in subsection 2 (opt-out of authorization) is checked, the
undersigned hereby grants the USPTO authority to provide the European Patent Office (EPQ), the Japan Patent Office
{(JPO), the Korean Intellectual Property Office (KIPQ), the State Intellectual Property Office of the People’s Republic of
China (SIPQO)}, the World Intellectual Property Organization (WIPO), and any other foreign intellectual property office
participating with the USPTO in a bilateral or multilateral priority document exchange agreement in which a foreign
application claiming priority to the instant patent application is filed, access to: (1) the instant patent application-as-filed
and its related bibliographic data, (2) any foreign or domestic application to which priority or benefit is claimed by the
instant application and its related bibliographic data, and (3) the date of filing of this Authorization. See 37 CFR 1.14(h)

(1).

B. Search Results from U.S. Application to EPO - Unless box B in subsection 2 {opt-out of authorization) is checked,
the undersigned hereby grants the USPTO authority to provide the EPO access to the bibliographic data and search
results from the instant patent application when a European patent application claiming priority to the instant patent
application is filed. See 37 CFR 1.14(h)(2).

The applicant is reminded that the EPO’s Rule 141(1) EPC (European Patent Convention) requires applicants to submit a
copy of search results from the instant application without delay in a European patent application that claims priority to
the instant application.

2. Opt-Out of Authorizations to Permit Access by a Foreign Intellectual Property Office(s)

A. Applicant DOES NOT authorize the USPTO to permit a participating foreign IP office access to the instant
[ ] application-as-filed. If this box is checked, the USPTO will not be providing a participating foreign IP office with
any documents and information identified in subsection 1A above.

B. Applicant DOES NOT authorize the USPTO to transmit to the EPO any search results from the instant patent
[ ] application. If this box is checked, the USPTO will not be providing the EPO with search results from the instant
application.
NOTE: Once the application has published or is otherwise publicly available, the USPTO may provide access to the
application in accordance with 37 CFR 1.14.
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Applicant Information:

Providing assignment information in this section does not substitute for compliance with any requirement of part 3 of Title 37 of CFR
to have an assignment recorded by the Office.

Applicant {1

If the applicant is the inventor (or the remaining joint inventor or inventors under 37 CFR 1.45), this section should not be completed.
The information to be provided in this section is the name and address of the legal representative who is the applicant under 37 CFR
1.43; or the name and address of the assignee, person to whom the inventor is under an obligation to assign the invention, or person
who otherwise shows sufficient proprietary interest in the matter who is the applicant under 37 CFR 1.46. If the applicant is an
applicant under 37 CFR 1.46 {(assignee, person to whom the inventor is obligated to assign, or person who otherwise shows sufficient
proprietary interest) together with one or more joint inventors, then the joint inventor or inventors who are also the applicant should be

identified in this section.

® Assignee Legal Representative under 35 U.S.C. 117 Joint Inventor

Person to whom the inventor is obligated to assign. Person who shows sufficient proprietary interest

If applicant is the legal representative, indicate the authority to file the patent application, the inventor is:

vI

Name of the Deceased or Legally Incapacitated Inventor:

If the Applicant is an Organization check here. X

Organization Name Duster, Inc.

Mailing Address Information For Applicant:

Address 1 P741 16th Street

Address 2

City 5an Francisco State/Province CA
Country | s Postal Code 04103
Phone Number Fax Number

Email Address

Additional Applicant Data may be generated within this form by selecting the Add button. Add

Assignee Information including Non-Applicant Assignee Information:

Providing assignment information in this section does not substitute for compliance with any requirement of part 3 of Title
37 of CFR to have an assighment recorded by the Office.
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Assignee 1

Complete this section if assighee information, including non-applicant assignee information, is desired to be included on the patent
application publication. An assignee-applicant identified in the "Applicant Information™ section will appear on the patent application
publication as an applicant. For an assighee-applicant, complete this section only if identification as an assignee is also desired on the
patent application publication.

If the Assignee or Non-Applicant Assignee is an Organization check here. X
Organization Name buster, Inc.
Mailing Address Information For Assignee including Non-Applicant Assignee:
Address 1 P741 16th Street
Address 2
City San Francisco State/Province CA
Countryi Us Postal Code 04103
Phone Number Fax Number
Email Address
Additional Assignee or Non-Applicant Assignee Data may be generated within this form by o

selecting the Add button.

Signature:

NOTE: This Application Data Sheet must be signed in accordance with 37 CFR 1.33(b). However, if this Application
Data Sheet is submitted with the INITIAL filing of the application and either box A or B is not checked in
subsection 2 of the “Authorization or Opt-Out of Authorization to Permit Access” section, then this form must
also be signed in accordance with 37 CFR 1.14(c).

This Application Data Sheet must be signed by a patent practitioner if one or more of the applicants is a juristic
entity (e.g., corporation or association). If the applicant is two or more joint inventors, this form must be signed by a
patent practitioner, all joint inventors who are the applicant, or one or more joint inventor-applicants who have been given
power of attorney (e.g., see USPTO Form PTO/AIA/81) on behalf of all joint inventor-applicants.

See 37 CFR 1.4(d) for the manner of making signatures and certifications.

Signature |/Stephen A Mao/ Date (YYYY-MM-DD)| 2018-05-14
First Name | [Stephen Last Name | Mao Registration Number | 73418
Additional Signature may be generated within this form by selecting the Add button.
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This collection of information is required by 37 CFR 1.76. The information is required to obtain or retain a benefit by the public which
is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.14. This
collection is estimated to take 23 minutes to complete, including gathering, preparing, and submitting the completed application data
sheet form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you require to
complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandna, VA 22313-1450. DO NOT SEND FEES OR
COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your submission of the attached form related tc a patent
application or patent. Accordingly, pursuant to the requirements of the Act, please be advised that: (1) the general authority for the collection of this information
is 35 U.5.C. 2(b}(2); {2) furnishing of the informaticn solicited is voluntary; and (3) the principal purpose for which the information is used by the U.S. Patent and
Trademark Office is to process and/or examine your submission related to a patent application or patent. If you do not furnish the requested information, the U.S.
Patent and Trademark Office may not be able to process and/or examine your submission, which may result in termination of proceedings or abandonment of
the application or expiration of the patent.

The information provided by you in this form will be subject tc the following routine uses:

1

The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act (5 U.5.C. 552) and the Privacy
Act (5 US.C. 552a). Records from this system of records may be disclosed to the Department of Justice to determine whether the Freedom of
Information Act requires disclosure of these records.

A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a court, magistrate, or administrative
tribunal, including disclosures to opposing counsel in the course of settlement negotiations.

Arecord in this system of reccerds may be disclosed, as a routine use, to a Member of Congress submitting a request involving an individual, to whom
the record pertains, when the individual has requested assistance from the Member with respect tc the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for the information in order to perform
a contract. Recipients of information shall be required to comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C.
552a(m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of records may be disclosed, as a routine use,
to the Internaticnal Bureau of the World Intellectual Property Organization, pursuant to the Patent CooperationTreaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of National Security review (35 U.S.C. 181)
and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or his/her designee, during an
inspection of records conducted by GSA as part of that agency's responsibility to recommend improvements in records management practices and
programs, under authority of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA regulations geverning inspection of
records for this purpose, and any other relevant (i.e,, GSA or Commerce) directive. Such disclosure shall not be used to make determinations about
individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of the application pursuant to 35 U.5.C.
122(b) or issuance of a patent pursuant to 35 US.C. 151. Further, a record may be disclesed, subject to the limitations of 37 CFR 1.14, as a routine use,
to the public if the record was filed in an application which became abandoned cr in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspections or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law enforcement agency, if the USPTO becomes
aware of a violation or potential viclation of law or regulation.
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This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111

If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810}, a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.
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DocCode — SCORE

SCORE Placeholder Sheet for IFW Content

Application Number: 15979266 Document Date: 05/14/2018

The presence of this form in the IFW record indicates that the following document type was received
in electronic format on the date identified above. This content is stored in the SCORE database.

Since this was an electronic submission, there is no physical artifact folder, no artifact folder is
recorded in PALM, and no paper documents or physical media exist. The TIFF images in the IFW
record were created from the original documents that are stored in SCORE.

Drawing

At the time of document entry (noted above):

e USPTO employees may access SCORE content via eDAN using the Supplemental Content
tab, or via the SCORE web page.

e External customers may access SCORE content via PAIR using the Supplemental Content
tab.

Form Revision Date: August 26, 2013
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