a9y United States

Campbell et al.

US 20220291353A1

a2y Patent Application Publication o) Pub. No.: US 2022/0291353 A1

43) Pub. Date: Sep. 15, 2022

(54) ADJUSTABLE SCAN PATTERNS FOR LIDAR GO1S 7/48 (2006.01)
SYSTEM GO1S 17/42 (2006.01)
GO1S 17/931 (2006.01)
(71) Applicant: Luminar, LL.C, Orlando, FL. (US) G01S 17/89 (2006.01)
GO02B 26/10 (2006.01)
(72) Inventors: Scott R. Campbell, Sanford, FL. (US); (52) US.CL
Matthew D. Weed, Orlando, FL (US); CPC ..o GOIS 7/4817 (2013.01); GO1S 17/08
Lane A. Martin, Vancouver, WA (US); (2013.01); GOIS 7/4865 (2013.01); GOIS
Jason M. Eichenholz, Orlando, FL 7/4808 (2013.01); GOLS 17/42 (2013.01);
(US); Austin K. Russell, Orlando, FL GOIS 7/4802 (2013.01); GOIS 17/931
Us) (2020.01); GOIS 17/89 (2013.01); GO2B 26/10
(2013.01); GOIS 17/10 (2013.01)
(21) Appl. No.: 17/752,954
57 ABSTRACT
(22) Filed: May 25, 2022 In one embodiment, a lidar system includes a light source
. . configured to emit pulses of light and a scanner configured
Related U.S. Application Data to scan at least a portion of the emitted pulses of light along
(63) Continuation of application No. 16/155,243, filed on a scan pattern contained within an adjustable field of regard.
Oct. 9, 2018, now Pat. No. 11,353,559. The scanner includes a first scanning mirror configured to
(60) Provisional application No. 62/569,991, filed on Oct. scan the portion of the em itted pulses of li.ght substaptially
9. 2017, parallel to a first scan axis to produge multiple scan lines of
’ the scan pattern. The scanner also includes a second scan-
A . . ning mirror configured to distribute the scan lines along a
Publication Classification second scan axis, where the scan lines are distributed within
(51) Int. CL the adjustable field of regard according to an adjustable
GO1S 7/481 (2006.01) second-axis scan profile that includes a minimum scan angle
GO1S 17/08 (2006.01) along the second scan axis, a maximum scan angle along the
GO1S 7/4865 (2006.01) second scan axis, and a scan-line distribution.
100
130
120
115 } 135 195
110\ Light > ———————— ke ——4—--4 —————————————— \(
s 9 > > Scanner »> Target
ource AR TR S
P Y
P 135
P D
P
P
150 vy
I P
145
Controller |« 4 »| Receiver
{




US 2022/0291353 Al

Sep. 15,2022 Sheet 1 of 20

Patent Application Publication

19618 |

01593

| 9inbi4

orl
\
NEYNEREN! AJlV Jajjosuo)n
Syl
N \
A A 051
P
1 1
a L
sel P
N L
........................... F 90Jn0S
,p < Jeuueog <« < Wb
oy TR [T o [Mou
sel \ i1
ocl
00l




Patent Application Publication  Sep. 15, 2022 Sheet 2 of 20

US 2022/0291353 Al
O
N
S s,
2 |
[
O
e !
l
l
|
1
1
l
Il &
Lo
o e ~
o | g
l >
| i
|
|
1
! >
||
1
iRl
< |
1
|
l
|
|
1
|
(@]

o




US 2022/0291353 Al

Sep. 15,2022 Sheet 3 of 20

Patent Application Publication

ocl

¢ 9.unb14

orl
NEVNELEN

0cl

Jauueog

001
wa)sAs Jepi

oLl
92Jn0os 1ybI7




US 2022/0291353 Al

Sep. 15,2022 Sheet 4 of 20

Patent Application Publication

ocl

¢ a4nbi4

(4%
Jouueog

orl
Janleosy

olr
22Jn0s ybI7

00}
Wwa)sAs Jepi




US 2022/0291353 Al

Sep. 15,2022 Sheet 5 of 20

Patent Application Publication

G ainbi4

-
||||||
““““““
“““““““
““““
“““““

(2A04)
NO- Janieoey

('AOZ) P
AO4 ®2Inos-1ybiT -

404 el




Patent Application Publication  Sep. 15, 2022 Sheet 6 of 20 US 2022/0291353 A1

—» ‘/.’: ~( L P ®
FORy 210A 2410B 2160 RN - . ::::‘.:z‘
>—o—— . — N -
~N
%_H__H el :\ - vy - - e
BB
. —o— . L4 ~ -
lx ‘\,_/400
® el @ ® >
N e
! FORy >
Figure 6
FOXS 200 o
=\ max
430A -
o
R ——
T o e e e o 70 420
S _':Z__—_'.'..—___-_.:':.'L-__’:.T..:::__'.'_'_T___.'L__T___—___':-_—_‘_f.-—ii“ ~
EEEESSSScooo---o-o—omoo oo o oo T T T 410
I———
e T
FORy
e
R——
S
Oy
S
E—
S0, 4308
 _ D"‘ ®min
, FORy >



Patent Application Publication  Sep. 15, 2022 Sheet 7 of 20 US 2022/0291353 A1

FOR

200
- \ /’ ®max
(--:':.__:'::::__T_‘_—_ _________________________ ﬂ °
T T T T T T T s e e e e,
e
—
e B @2
FORy
)_ ®1
e
0y
o
I —
e > ®X
C ®min
= FORy >
Figure 8
FOR
A Omax
200
\ _G'max
FORy
_(")'min
0y
,[____>®
‘. al ®min
, FOR, >

Figure 9



US 2022/0291353 Al

Sep. 15,2022 Sheet 8 of 20

Patent Application Publication

@ max

<

200
\
1)-\\
. L)

Ill
-

m (] < L c
54 84 84 14 84 8/
< <t < < <

- hall N
P ~ .
-~
™~
-~

-
-
- -
- -
- 5 -
- pupmpnety e

-~

—-
o

FORH

FORvy

@ max

-0,

-0,

Figure 10

200
\

-

-
-

-

S
-
-
-
~

Ox

-
N §
-
-
~

i ®min
L}

FORy

FORy

Figure 11



Patent Application Publication

Sep. 15,2022 Sheet 9 of 20

US 2022/0291353 Al

FOR
A ®ax
200 '
. FQR 410X
r—_—___——______—___—;,—”_ __\;:\— ________________ 1—®’max
2 > “‘
——
——
FORV " r ’1
et 410Y
____________________ "T_‘ _;':__'—————“'—“_——‘———“——’—@’min
®y
L@X
. ®min
k< FORH >
Figure 12
FOR
-\ Opmax
200
N FOR’
r———————————————————I-"—:.L—\—‘r‘ ————————————————— O ax
l’ . \‘
1
A—— w:
‘ :
FORy . ;
l\ F ’[
\\ — ’/
——-—--——-———--———--—-——————-—“.‘:__’,’-_..______...._..____‘—_.-a-—@’mm
®y
L@X
 _ Omin
FORH =)

x

Figure 13



Patent Application Publication  Sep. 15, 2022 Sheet 10 of 20  US 2022/0291353 Al

®min
]

FORy

I FORH
Figure 14
@mm ®'min ®'max ®max
= | 4
|
] |
: | FOR'
: :
| ! FOR
1 L+ T+
200 1} .
\,’1 * & :\
FORy YYTYYYYYY
\J‘ J-'I
o 11
l -] ._-—-____—
Oy I :
i I
I 410\+ :
0y ! !
| |
F i
e FORy >

Figure 15



Patent Application Publication  Sep. 15, 2022 Sheet 11 of 20  US 2022/0291353 Al

0,

/

time
. 430B
Figure 16
0y
/A T ,
®max ]
®y —f--- : Retrace
+—~— 400
e e e :
Omin time
Figure 17
0y
< TSC[I}’Z !
®max
Ty
O'max — 500 . Retrace
i~ 400
®'min D 4"
Omin time

Figure 18



Patent Application Publication  Sep. 15, 2022 Sheet 12 of 20  US 2022/0291353 Al

Oy
Tscmi |
®max ] ,
Retrace
~— 400
time
time
Figure 19
®y 500
______________________ 'A\_______________________\
i N
T k|
®max - T 3
500A 500B
Omin time

Figure 20



Patent Application Publication  Sep. 15, 2022 Sheet 13 of 20  US 2022/0291353 Al

410E
200
/:—”“"" ﬁ—l‘::\ FOR\/ = @y
4 Ti \ 100 T
- 2 = . = S 1
(@) =i (e T
410F
Figure 21
410G
200
e FORy 2> 4101 Oy
7 7
j// '} g__ \\ 100 ; \\/ ]\
i = = \ e :”_/‘m:—"“‘""“
~ \ 520 | = : , =
QD ’ @) e
410H
Figure 22
T FORy _- '2’0(')/ 410K Oy
// ‘{i! \ G T
= = ——
. 520 } A‘\\ . =
1 Q } fi i Q N 7‘ \\\\\\\\\ 410L

~—
~—
-
—
—
~—

Figure 23



US 2022/0291353 Al

Sep. 15,2022 Sheet 14 of 20

Patent Application Publication

‘v

"

P
o—
— g \\-OO—\vt-' .,\

/ \

7 0oL p:

\

[
]
t
[}
]
1}
1
—

Gz ainbi4

¢ 24nbi4




Patent Application Publication

Sep. 15,2022 Sheet 15 of 20

US 2022/0291353 Al

N
o
o

\‘/
1
7

<
~
s

~
e
)

~410-1

v&r#

~410-2

-

~410-3

b w |

~410-4

—~410-5

—~410-6

~410-7

~410-8

~410-9

~410-10

—410-11

W Ry G JERE .
——F [ e

—410-12

b - 4

—~410-13

-
-

L
~

W;YWLyyvav%

—410-14

P
-
"~
o

—410-15

Ox

!

I 4
I
1
Ay

—410-18

Figure 26



Patent Application Publication

Sep. 15,2022 Sheet 16 of 20

US 2022/0291353 Al

o
<

~410-1

~410-3

~410-5

—410-7

—~410-9

~410-11

—410-13

—410-15

~410-2

~410-4

—~410-6

~410-8

—410-10

—410-12

—410-14

—410-16

Figure 28



Patent Application Publication

Sep. 15,2022 Sheet 17 of 20

US 2022/0291353 Al

—~410-1

—410-5

—~410-9

—~410-13

—~410-2

~410-6

—410-10

—410-14

Figure 30



Patent Application Publication

Sep. 15,2022 Sheet 18 of 20

US 2022/0291353 Al

—~410-3

—410-7

—410-11

—410-15

«1~410-4

—410-8

—410-12

~410-16

Figure 32



Patent Application Publication  Sep. 15, 2022 Sheet 19 of 20  US 2022/0291353 Al

Emit pulses of light ~— 1010

Scan at least a portion of
the emitted pulses of light —~_ 1020
along an interlaced scan pattern

Detect at least a portion of 1030
the pulses of light scattered s
by a target

Figure 33



Patent Application Publication  Sep. 15, 2022 Sheet 20 of 20  US 2022/0291353 Al

600
/

Computer System
A
S Processor L—_610
> Memory L—__ 620
660 |
> Storage —_ 630
e — I/0O Interface L—{__ 640
<€«—»| Communication Interface [~ 1~ 650
v

Figure 34



US 2022/0291353 Al

ADJUSTABLE SCAN PATTERNS FOR LIDAR
SYSTEM

PRIORITY

[0001] This application is a continuation of U.S. patent
application Ser. No. 16/155,243, filed 9 Oct. 2018, which
claims the benefit, under 35 U.S.C. § 119(e), of U.S.
Provisional Patent Application No. 62/569,991, filed 9 Oct.
2017, which is incorporated herein by reference.

TECHNICAL FIELD

[0002] This disclosure generally relates to lidar systems.
BACKGROUND
[0003] Light detection and ranging (lidar) is a technology

that can be used to measure distances to remote targets.
Typically, a lidar system includes a light source and an
optical receiver. The light source can be, for example, a laser
which emits light having a particular operating wavelength.
The operating wavelength of a lidar system may lie, for
example, in the infrared, visible, or ultraviolet portions of
the electromagnetic spectrum. The light source emits light
toward a target which then scatters the light. Some of the
scattered light is received back at the receiver. The system
determines the distance to the target based on one or more
characteristics associated with the returned light. For
example, the system may determine the distance to the target
based on the time of flight of a returned light pulse.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] FIG. 1 illustrates an example light detection and
ranging (lidar) system.

[0005] FIG. 2 illustrates an example scan pattern produced
by a lidar system.

[0006] FIG. 3 illustrates an example lidar system with an
example overlap mirror.

[0007] FIG. 4 illustrates an example lidar system with an
example rotating polygon mirror.

[0008] FIG. 5 illustrates an example light-source field of
view and receiver field of view for a lidar system.

[0009] FIG. 6 illustrates an example scan pattern that
includes multiple scan lines and multiple pixels.

[0010] FIG. 7 illustrates an example scan pattern with a
substantially uniform distribution of scan lines.

[0011] FIG. 8 illustrates an example scan pattern with a
nonuniform distribution of scan lines.

[0012] FIG. 9 illustrates an example focused scan pattern.
[0013] FIG. 10 illustrates an example scan pattern with a
substantially uniform distribution of scan lines.

[0014] FIG. 11 illustrates an example scan pattern with a
nonuniform distribution of scan lines.

[0015] FIG. 12 illustrates an example scan pattern con-
tained within an adjustable field of regard.

[0016] FIG. 13 illustrates an example focused scan pattern
with slightly curved scan lines.

[0017] FIG. 14 illustrates an example nonuniform scan
pattern with scan lines oriented vertically.

[0018] FIG. 15 illustrates an example focused scan pattern
with scan lines oriented vertically.

[0019] FIG. 16 illustrates an example scan profile for a
scan pattern with a substantially uniform distribution of scan
lines.
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[0020] FIG. 17 illustrates an example scan profile for a
scan pattern with a nonuniform distribution of scan lines.
[0021] FIG. 18 illustrates an example scan profile associ-
ated with a focused scan pattern.

[0022] FIG. 19 illustrates an example scan profile and a
corresponding angular scanning-speed curve.

[0023] FIG. 20 illustrates an example dual-direction scan
profile.
[0024] FIGS. 21-23 each illustrate an example vehicle
with a lidar system configured to produce a particular scan
pattern.
[0025] FIGS. 24-25 each illustrate an example scan pat-

tern to which one or more angular offsets are applied.

[0026] FIG. 26 illustrates an example scan pattern with 16
scan lines.
[0027] FIGS. 27-28 each illustrate one part of an example

2-fold interlaced scan pattern.

[0028] FIGS. 29-32 each illustrate one part of an example
4-fold interlaced scan pattern.

[0029] FIG. 33 illustrates an example method for scanning
along an interlaced scan pattern.

[0030] FIG. 34 illustrates an example computer system.

DESCRIPTION OF EXAMPLE EMBODIMENTS

[0031] FIG. 1 illustrates an example light detection and
ranging (lidar) system 100. In particular embodiments, a
lidar system 100 may be referred to as a laser ranging
system, a laser radar system, a LIDAR system, a lidar sensor,
or a laser detection and ranging (LADAR or ladar) system.
In particular embodiments, a lidar system 100 may include
a light source 110, mirror 115, scanner 120, receiver 140, or
controller 150. The light source 110 may include, for
example, a laser which emits light having a particular
operating wavelength in the infrared, visible, or ultraviolet
portions of the electromagnetic spectrum. As an example,
light source 110 may include a laser with an operating
wavelength between approximately 1.2 um and 1.7 pum. The
light source 110 emits an output beam of light 125 which
may be continuous-wave (CW), pulsed, or modulated in any
suitable manner for a given application. The output beam of
light 125 is directed downrange toward a remote target 130.
As an example, the remote target 130 may be located a
distance D of approximately 1 m to 1 km from the lidar
system 100.

[0032] Once the output beam 125 reaches the downrange
target 130, the target may scatter or reflect at least a portion
of light from the output beam 125, and some of the scattered
or reflected light may return toward the lidar system 100. In
the example of FIG. 1, the scattered or reflected light is
represented by input beam 135, which passes through scan-
ner 120 and is directed by mirror 115 to receiver 140. In
particular embodiments, a relatively small fraction of the
light from output beam 125 may return to the lidar system
100 as input beam 135. As an example, the ratio of input
beam 135 average power, peak power, or pulse energy to
output beam 125 average power, peak power, or pulse
energy may be approximately 107, 1072, 1073, 10™*, 107>,
1075, 1077, 1078, 107, 1071° 1071, or 10~'2. As another
example, if a pulse of output beam 125 has a pulse energy
of' 1 microjoule (WJ), then the pulse energy of a correspond-
ing pulse of input beam 135 may have a pulse energy of
approximately 10 nanojoules (nJ), 1 nJ, 100 picojoules (pJ),
10 pJ, 1 pJ, 100 femtojoules (1J), 10 {7, 1 {J, 100 attojoules
(al), 10al, 1 aJ, or 0.1 aJ. In particular embodiments, output
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beam 125 may be referred to as a laser beam, light beam,
optical beam, emitted beam, or beam. In particular embodi-
ments, input beam 135 may be referred to as a return beam,
received beam, return light, received light, input light,
scattered light, or reflected light. As used herein, scattered
light may refer to light that is scattered or reflected by a
target 130. As an example, an input beam 135 may include:
light from the output beam 125 that is scattered by target
130; light from the output beam 125 that is reflected by
target 130; or a combination of scattered and reflected light
from target 130.

[0033] In particular embodiments, receiver 140 may
receive or detect photons from input beam 135 and generate
one or more representative signals. For example, the
receiver 140 may generate an output electrical signal 145
that is representative of the input beam 135. This electrical
signal 145 may be sent to controller 150. In particular
embodiments, controller 150 may include a processor, com-
puting system (e.g., an ASIC or FPGA), or other suitable
circuitry configured to analyze one or more characteristics of
the electrical signal 145 from the receiver 140 to determine
one or more characteristics of the target 130, such as its
distance downrange from the lidar system 100. This can be
done, for example, by analyzing the time of flight or phase
modulation for a beam of light 125 transmitted by the light
source 110. If lidar system 100 measures a time of flight of
T (e.g., T represents a round-trip time of flight for an emitted
pulse of light to travel from the lidar system 100 to the target
130 and back to the lidar system 100), then the distance D
from the target 130 to the lidar system 100 may be expressed
as D=c-T/2, where c is the speed of light (approximately
3.0x10% m/s). As an example, if a time of flight is measured
to be T=300 ns, then the distance from the target 130 to the
lidar system 100 may be determined to be approximately
D=45.0 m. As another example, if a time of flight is
measured to be T=1.33 us, then the distance from the target
130 to the lidar system 100 may be determined to be
approximately D=199.5 m. In particular embodiments, a
distance D from lidar system 100 to a target 130 may be
referred to as a distance, depth, or range of target 130. As
used herein, the speed of light ¢ refers to the speed of light
in any suitable medium, such as for example in air, water, or
vacuum. As an example, the speed of light in vacuum is
approximately 2.9979x10® m/s, and the speed of light in air
(which has a refractive index of approximately 1.0003) is
approximately 2.9970x10° m/s.

[0034] In particular embodiments, light source 110 may
include a pulsed laser. As an example, light source 110 may
be a pulsed laser configured to produce or emit pulses of
light with a pulse duration or pulse width of approximately
10 picoseconds (ps) to 100 nanoseconds (ns). The pulses
may have a pulse duration of approximately 100 ps, 200 ps,
400 ps, 1 ns, 2 ns, 5 ns, 10 ns, 20 ns, 50 ns, 100 ns, or any
other suitable pulse duration. As another example, light
source 110 may be a pulsed laser that produces pulses with
a pulse duration of approximately 1-5 ns. As another
example, light source 110 may be a pulsed laser that
produces pulses at a pulse repetition frequency of approxi-
mately 100 kHz to 5 MHz or a pulse period (e.g., a time
between consecutive pulses) of approximately 200 ns to 10
us. In particular embodiments, light source 110 may have a
substantially constant pulse repetition frequency, or light
source 110 may have a variable or adjustable pulse repetition
frequency. As an example, light source 110 may be a pulsed
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laser that produces pulses at a substantially constant pulse
repetition frequency of approximately 640 kHz (e.g., 640,
000 pulses per second), corresponding to a pulse period of
approximately 1.56 ps. As another example, light source 110
may have a pulse repetition frequency that can be varied
from approximately 500 kHz to 3 MHz. As used herein, a
pulse of light may be referred to as an optical pulse, a light
pulse, or a pulse.

[0035] In particular embodiments, light source 110 may
produce a pulsed or CW free-space output beam 125 having
any suitable average optical power. As an example, output
beam 125 may have an average power of approximately 1
milliwatt (mW), 10 mW, 100 mW, 1 watt (W), 10 W, or any
other suitable average power. In particular embodiments,
output beam 125 may include optical pulses with any
suitable pulse energy or peak optical power. As an example,
output beam 125 may include pulses with a pulse energy of
approximately 0.01 pJ, 0.1 pJ, 1 pJ, 10 pJ, 100 pJ, 1 mJ, or
any other suitable pulse energy. As another example, output
beam 125 may include pulses with a peak power of approxi-
mately 10 W, 100 W, 1 kW, 5 kW, 10 kW, or any other
suitable peak power. The peak power (P,.,.) of a pulse of
light can be related to the pulse energy (E) by the expression
E=P,,,.-At, where At is the duration of the pulse, and the
duration of a pulse may be defined as the full width at half
maximum duration of the pulse. For example, an optical
pulse with a duration of 1 ns and a pulse energy of 1 uJ has
a peak power of approximately 1 kW. The average power
(P,,) of an output beam 125 can be related to the pulse
repetition frequency (PRF) and pulse energy by the expres-
sion P, =PRF-E. For example, if the pulse repetition fre-
quency is 500 kHz, then the average power of an output
beam 125 with 1-0 pulses is approximately 0.5 W.

[0036] In particular embodiments, light source 110 may
include a laser diode, such as for example, a Fabry-Perot
laser diode, a quantum well laser, a distributed Bragg
reflector (DBR) laser, a distributed feedback (DFB) laser, or
a vertical-cavity surface-emitting laser (VCSEL). As an
example, light source 110 may include an aluminum-gal-
lium-arsenide (AlGaAs) laser diode, an indium-gallium-
arsenide (InGaAs) laser diode, an indium-gallium-arsenide-
phosphide (InGaAsP) laser diode, or a laser diode that
includes any suitable combination of aluminum (Al), indium
(In), gallium (Ga), arsenic (As), phosphorous (P), or any
other suitable material. In particular embodiments, light
source 110 may include a pulsed laser diode with a peak
emission wavelength between 1400 nm and 1600 nm. As an
example, light source 110 may include a current-modulated
InGaAsP DFB laser diode that produces optical pulses at a
wavelength of approximately 1550 nm.

[0037] In particular embodiments, light source 110 may
include a pulsed or CW laser diode followed by one or more
optical-amplification stages. As an example, light source 110
may be a fiber-laser module that includes a CW or current-
modulated laser diode with an operating wavelength of
approximately 1550 nm followed by a single-stage or a
multi-stage erbium-doped fiber amplifier (EDFA). As
another example, light source 110 may include a continuous-
wave (CW) or quasi-CW laser diode followed by an external
optical modulator (e.g., an electro-optic amplitude modula-
tor), and the output of the modulator may be fed into an
optical amplifier. As another example, light source 110 may
include a pulsed or CW laser diode followed by a semicon-
ductor optical amplifier (SOA). The SOA may include an



US 2022/0291353 Al

active optical waveguide configured to receive light from the
laser diode and amplify the light as it propagates through the
waveguide. The SOA may be integrated on the same chip as
the laser diode, or the SOA may be a separate device with
an anti-reflection coating on its input facet or output facet.
In particular embodiments, light source 110 may include a
laser diode which produces optical pulses that are not
amplified by an optical amplifier. As an example, a laser
diode (which may be referred to as a direct emitter or a
direct-emitter laser diode) may emit optical pulses that form
an output beam 125 that is directed downrange from a lidar
system 100. A light source 110 that includes a direct-emitter
laser diode may not include an optical amplifier, and the
optical pulses produced by a direct emitter may not be
amplified. A direct-emitter laser diode may be driven by an
electrical power source that supplies current pulses to the
laser diode, and each current pulse may result in the emis-
sion of an output optical pulse.

[0038] In particular embodiments, an output beam of light
125 emitted by light source 110 may be a collimated optical
beam having any suitable beam divergence, such as for
example, a full-angle beam divergence of approximately 0.5
to 10 milliradians (mrad). A divergence of output beam 125
may refer to an angular measure of an increase in beam size
(e.g., a beam radius or beam diameter) as output beam 125
travels away from light source 110 or lidar system 100. In
particular embodiments, output beam 125 may have a sub-
stantially circular cross section with a beam divergence
characterized by a single divergence value. As an example,
an output beam 125 with a circular cross section and a
full-angle beam divergence of 2 mrad may have a beam
diameter or spot size of approximately 20 cm at a distance
of 100 m from lidar system 100. In particular embodiments,
output beam 125 may have a substantially elliptical cross
section characterized by two divergence values. As an
example, output beam 125 may have a fast axis and a slow
axis, where the fast-axis divergence is greater than the
slow-axis divergence. As another example, output beam 125
may be an elliptical beam with a fast-axis divergence of 4
mrad and a slow-axis divergence of 2 mrad.

[0039] In particular embodiments, an output beam of light
125 emitted by light source 110 may be unpolarized or
randomly polarized, may have no specific or fixed polariza-
tion (e.g., the polarization may vary with time), or may have
a particular polarization (e.g., output beam 125 may be
linearly polarized, elliptically polarized, or circularly polar-
ized). As an example, light source 110 may produce linearly
polarized light, and lidar system 100 may include a quarter-
wave plate that converts this linearly polarized light into
circularly polarized light. The circularly polarized light may
be transmitted as output beam 125, and lidar system 100
may receive input beam 135, which may be substantially or
at least partially circularly polarized in the same manner as
the output beam 125 (e.g., if output beam 125 is right-hand
circularly polarized, then input beam 135 may also be
right-hand circularly polarized). The input beam 135 may
pass through the same quarter-wave plate (or a different
quarter-wave plate) resulting in the input beam 135 being
converted to linearly polarized light which is orthogonally
polarized (e.g., polarized at a right angle) with respect to the
linearly polarized light produced by light source 110. As
another example, lidar system 100 may employ polarization-
diversity detection where two polarization components are
detected separately. The output beam 125 may be linearly
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polarized, and the lidar system 100 may split the input beam
135 into two polarization components (e.g., s-polarization
and p-polarization) which are detected separately by two
photodiodes (e.g., a balanced photoreceiver that includes
two photodiodes).

[0040] In particular embodiments, lidar system 100 may
include one or more optical components configured to
condition, shape, filter, modify, steer, or direct the output
beam 125 or the input beam 135. As an example, lidar
system 100 may include one or more lenses, mirrors, filters
(e.g., bandpass or interference filters), beam splitters, polar-
izers, polarizing beam splitters, wave plates (e.g., half-wave
or quarter-wave plates), diffractive elements, or holographic
elements. In particular embodiments, lidar system 100 may
include a telescope, one or more lenses, or one or more
mirrors configured to expand, focus, or collimate the output
beam 125 or the input beam 135 to a desired beam diameter
or divergence. As an example, the lidar system 100 may
include one or more lenses to focus the input beam 135 onto
an active region of a photodetector of receiver 140. As
another example, the lidar system 100 may include one or
more flat mirrors or curved mirrors (e.g., concave, convex,
or parabolic mirrors) to steer or focus the output beam 125
or the input beam 135. For example, the lidar system 100
may include an off-axis parabolic mirror to focus the input
beam 135 onto an active region of receiver 140. As illus-
trated in FIG. 1, the lidar system 100 may include mirror 115
(which may be a metallic or dielectric mirror), and mirror
115 may be configured so that light beam 125 passes through
the mirror 115 or passes along an edge or side of the mirror
115. As an example, mirror 115 (which may be referred to
as an overlap mirror, superposition mirror, or beam-com-
biner mirror) may include a hole, slot, or aperture which
output light beam 125 passes through. As another example,
mirror 115 may be configured so that at least 80% of output
beam 125 passes through mirror 115 and at least 80% of
input beam 135 is reflected by mirror 115. In particular
embodiments, mirror 115 may provide for output beam 125
and input beam 135 to be substantially coaxial so that the
two beams travel along substantially the same optical path
(albeit in opposite directions).

[0041] In particular embodiments, lidar system 100 may
include a scanner 120 to steer the output beam 125 in one or
more directions downrange. As an example, scanner 120
may include one or more scanning mirrors that are config-
ured to rotate, oscillate, tilt, pivot, or move in an angular
manner about one or more axes. In particular embodiments,
a flat scanning mirror may be attached to a scanner actuator
or mechanism which scans the mirror over a particular
angular range. As an example, scanner 120 may include a
galvanometer scanner, a resonant scanner, a piezoelectric
actuator, a polygonal scanner, a rotating-prism scanner, a
voice coil motor, an electric motor (e.g., a DC motor, a
brushless DC motor, a synchronous electric motor, or a
stepper motor), or a microelectromechanical systems
(MEMS) device, or any other suitable actuator or mecha-
nism. In particular embodiments, scanner 120 may be con-
figured to scan the output beam 125 over a 5-degree angular
range, 20-degree angular range, 30-degree angular range,
60-degree angular range, or any other suitable angular range.
As an example, a scanning mirror may be configured to
periodically oscillate or rotate back and forth over a 15-de-
gree range, which results in the output beam 125 scanning
across a 30-degree range (e.g., a ©-degree rotation by a
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scanning mirror results in a 20-degree angular scan of
output beam 125). In particular embodiments, a field of
regard (FOR) of a lidar system 100 may refer to an area,
region, or angular range over which the lidar system 100
may be configured to scan or capture distance information.
As an example, a lidar system 100 with an output beam 125
with a 30-degree scanning range may be referred to as
having a 30-degree angular field of regard. As another
example, a lidar system 100 with a scanning mirror that
rotates over a 30-degree range may produce an output beam
125 that scans across a 60-degree range (e.g., a 60-degree
FOR). In particular embodiments, lidar system 100 may
have a FOR of approximately 10°, 20°, 40°, 60°, 120°, or
any other suitable FOR. In particular embodiments, a FOR
may be referred to as a scan region.

[0042] In particular embodiments, scanner 120 may be
configured to scan the output beam 125 (which includes at
least a portion of the pulses of light emitted by light source
110) across a FOR of the lidar system 100. In particular
embodiments, scanner 120 may be configured to scan the
output beam 125 horizontally and vertically, and lidar sys-
tem 100 may have a particular FOR along the horizontal
direction and another particular FOR along the vertical
direction. As an example, lidar system 100 may have a
horizontal FOR of 10° to 120° and a vertical FOR of 2° to
45°. In particular embodiments, scanner 120 may include a
first mirror and a second mirror, where the first mirror directs
the output beam 125 toward the second mirror, and the
second mirror directs the output beam 125 downrange. As an
example, the first mirror may scan the output beam 125
along a first direction, and the second mirror may scan the
output beam 125 along a second direction that is substan-
tially orthogonal to the first direction. As another example,
the first mirror may scan the output beam 125 along a
substantially horizontal direction, and the second mirror
may scan the output beam 125 along a substantially vertical
direction (or vice versa). In particular embodiments, scanner
120 may be referred to as a beam scanner, optical scanner,
or laser scanner.

[0043] In particular embodiments, one or more scanning
mirrors may be communicatively coupled to controller 150
which may control the scanning mirror(s) so as to guide the
output beam 125 in a desired direction downrange or along
a desired scan pattern. In particular embodiments, a scan
pattern (which may be referred to as an optical scan pattern,
optical scan path, or scan path) may refer to a pattern or path
along which the output beam 125 is directed. As an example,
scanner 120 may include two scanning mirrors configured to
scan the output beam 125 across a 60° horizontal FOR and
a 20° vertical FOR. The two scanner mirrors may be
controlled to follow a scan path that substantially covers the
60°x20° FOR. As an example, the scan path may result in a
point cloud with pixels that substantially cover the 60°x20°
FOR. The pixels may be approximately evenly distributed
across the 60°x20° FOR. Alternately, the pixels may have a
particular nonuniform distribution (e.g., the pixels may be
distributed across all or a portion of the 60°x20° FOR, and
the pixels may have a higher density in one or more
particular regions of the 60°x20° FOR).

[0044] In particular embodiments, a light source 110 may
emit pulses of light which are scanned by scanner 120 across
a FOR of lidar system 100. One or more of the emitted
pulses of light may be scattered by a target 130 located
downrange from the lidar system 100, and a receiver 140
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may detect at least a portion of the pulses of light scattered
by the target 130. In particular embodiments, receiver 140
may be referred to as a photoreceiver, optical receiver,
optical sensor, detector, photodetector, or optical detector. In
particular embodiments, lidar system 100 may include a
receiver 140 that receives or detects at least a portion of
input beam 135 and produces an electrical signal that
corresponds to input beam 135. As an example, if input
beam 135 includes an optical pulse, then receiver 140 may
produce an electrical current or voltage pulse that corre-
sponds to the optical pulse detected by receiver 140. As
another example, receiver 140 may include one or more
avalanche photodiodes (APDs) or one or more single-photon
avalanche diodes (SPADs). As another example, receiver
140 may include one or more PN photodiodes (e.g., a
photodiode structure formed by a p-type semiconductor and
a n-type semiconductor) or one or more PIN photodiodes
(e.g., a photodiode structure formed by an undoped intrinsic
semiconductor region located between p-type and n-type
regions). Receiver 140 may have an active region or an
avalanche-multiplication region that includes silicon, ger-
manium, or InGaAs. The active region of receiver 140 may
have any suitable size, such as for example, a diameter or
width of approximately 20-500 pum.

[0045] In particular embodiments, receiver 140 may
include circuitry that performs signal amplification, sam-
pling, filtering, signal conditioning, analog-to-digital con-
version, time-to-digital conversion, pulse detection, thresh-
old detection, rising-edge detection, or falling-edge
detection. As an example, receiver 140 may include a
transimpedance amplifier that converts a received photocur-
rent (e.g., a current produced by an APD in response to a
received optical signal) into a voltage signal. The voltage
signal may be sent to pulse-detection circuitry that produces
an analog or digital output signal 145 that corresponds to one
or more characteristics (e.g., rising edge, falling edge, ampli-
tude, or duration) of a received optical pulse. As an example,
the pulse-detection circuitry may perform a time-to-digital
conversion to produce a digital output signal 145. The
electrical output signal 145 may be sent to controller 150 for
processing or analysis (e.g., to determine a time-of-flight
value corresponding to a received optical pulse).

[0046] In particular embodiments, controller 150 may be
electrically coupled or communicatively coupled to light
source 110, scanner 120, or receiver 140. As an example,
controller 150 may receive electrical trigger pulses or edges
from light source 110, where each pulse or edge corresponds
to the emission of an optical pulse by light source 110. As
another example, controller 150 may provide instructions, a
control signal, or a trigger signal to light source 110 indi-
cating when light source 110 should produce optical pulses.
Controller 150 may send an electrical trigger signal that
includes electrical pulses, where each electrical pulse results
in the emission of an optical pulse by light source 110. In
particular embodiments, the frequency, period, duration,
pulse energy, peak power, average power, or wavelength of
the optical pulses produced by light source 110 may be
adjusted based on instructions, a control signal, or trigger
pulses provided by controller 150. In particular embodi-
ments, controller 150 may be coupled to light source 110 and
receiver 140, and controller 150 may determine a time-of-
flight value for an optical pulse based on timing information
associated with when the pulse was emitted by light source
110 and when a portion of the pulse (e.g., input beam 135)
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was detected or received by receiver 140. In particular
embodiments, controller 150 may include circuitry that
performs signal amplification, sampling, filtering, signal
conditioning, analog-to-digital conversion, time-to-digital
conversion, pulse detection, threshold detection, rising-edge
detection, or falling-edge detection.

[0047] In particular embodiments, a lidar system 100 may
be used to determine the distance to one or more downrange
targets 130. By scanning the lidar system 100 across a field
of regard, the system can be used to map the distance to a
number of points within the field of regard. Each of these
depth-mapped points may be referred to as a pixel or a voxel.
A collection of pixels captured in succession (which may be
referred to as a depth map, a point cloud, or a frame) may
be rendered as an image or may be analyzed to identify or
detect objects or to determine a shape or distance of objects
within the FOR. As an example, a point cloud may cover a
field of regard that extends 60° horizontally and 15° verti-
cally, and the point cloud may include a frame of 100-2000
pixels in the horizontal direction by 4-400 pixels in the
vertical direction.

[0048] In particular embodiments, lidar system 100 may
be configured to repeatedly capture or generate point clouds
of a field of regard at any suitable frame rate between
approximately 0.1 frames per second (FPS) and approxi-
mately 1,000 FPS. As an example, lidar system 100 may
generate point clouds at a frame rate of approximately 0.1
FPS, 0.5 FPS, 1 FPS, 2 FPS, 5 FPS, 10 FPS, 20 FPS, 100
FPS, 500 FPS, or 1,000 FPS. As another example, lidar
system 100 may be configured to produce optical pulses at
a rate of 5x10° pulses/second (e.g., the system may deter-
mine 500,000 pixel distances per second) and scan a frame
of 1000x50 pixels (e.g., 50,000 pixels/frame), which corre-
sponds to a point-cloud frame rate of 10 frames per second
(e.g., 10 point clouds per second). In particular embodi-
ments, a point-cloud frame rate may be substantially fixed,
or a point-cloud frame rate may be dynamically adjustable.
As an example, a lidar system 100 may capture one or more
point clouds at a particular frame rate (e.g., 1 Hz) and then
switch to capture one or more point clouds at a different
frame rate (e.g., 10 Hz). A slower frame rate (e.g., 1 Hz) may
be used to capture one or more high-resolution point clouds,
and a faster frame rate (e.g., 10 Hz) may be used to rapidly
capture multiple lower-resolution point clouds.

[0049] In particular embodiments, a lidar system 100 may
be configured to sense, identify, or determine distances to
one or more targets 130 within a field of regard. As an
example, a lidar system 100 may determine a distance to a
target 130, where all or part of the target 130 is contained
within a field of regard of the lidar system 100. All or part
of a target 130 being contained within a FOR of the lidar
system 100 may refer to the FOR overlapping, encompass-
ing, or enclosing at least a portion of the target 130. In
particular embodiments, target 130 may include all or part of
an object that is moving or stationary relative to lidar system
100. As an example, target 130 may include all or a portion
of'a person, vehicle, motorcycle, truck, train, bicycle, wheel-
chair, pedestrian, animal, road sign, traffic light, lane mark-
ing, road-surface marking, parking space, pylon, guard rail,
traffic barrier, pothole, railroad crossing, obstacle in or near
aroad, curb, stopped vehicle on or beside a road, utility pole,
house, building, trash can, mailbox, tree, any other suitable
object, or any suitable combination of all or part of two or
more objects.
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[0050] In particular embodiments, one or more lidar sys-
tems 100 may be integrated into a vehicle. As an example,
multiple lidar systems 100 may be integrated into a car to
provide a complete 360-degree horizontal FOR around the
car. As another example, 4-10 lidar systems 100, each
system having a 45-degree to 90-degree horizontal FOR,
may be combined together to form a sensing system that
provides a point cloud covering a 360-degree horizontal
FOR. The lidar systems 100 may be oriented so that adjacent
FORSs have an amount of spatial or angular overlap to allow
data from the multiple lidar systems 100 to be combined or
stitched together to form a single or continuous 360-degree
point cloud. As an example, the FOR of each lidar system
100 may have approximately 1-15 degrees of overlap with
an adjacent FOR. In particular embodiments, a vehicle may
refer to a mobile machine configured to transport people or
cargo. For example, a vehicle may include, may take the
form of, or may be referred to as a car, automobile, motor
vehicle, truck, bus, van, trailer, off-road vehicle, farm
vehicle, lawn mower, construction equipment, forklift,
robot, golf cart, motorhome, taxi, motorcycle, scooter,
bicycle, skateboard, train, snowmobile, watercraft (e.g., a
ship or boat), aircraft (e.g., a fixed-wing aircraft, helicopter,
or dirigible), unmanned aerial vehicle (e.g., drone), or space-
craft. In particular embodiments, a vehicle may include an
internal combustion engine or an electric motor that pro-
vides propulsion for the vehicle.

[0051] In particular embodiments, one or more lidar sys-
tems 100 may be included in a vehicle as part of an advanced
driver assistance system (ADAS) to assist a driver of the
vehicle in the driving process. For example, a lidar system
100 may be part of an ADAS that provides information or
feedback to a driver (e.g., to alert the driver to potential
problems or hazards) or that automatically takes control of
part of a vehicle (e.g., a braking system or a steering system)
to avoid collisions or accidents. A lidar system 100 may be
part of a vehicle ADAS that provides adaptive cruise control,
automated braking, automated parking, collision avoidance,
alerts the driver to hazards or other vehicles, maintains the
vehicle in the correct lane, or provides a warning if an object
or another vehicle is in a blind spot.

[0052] In particular embodiments, one or more lidar sys-
tems 100 may be integrated into a vehicle as part of an
autonomous-vehicle driving system. As an example, a lidar
system 100 may provide information about the surrounding
environment to a driving system of an autonomous vehicle.
An autonomous-vehicle driving system may include one or
more computing systems that receive information from a
lidar system 100 about the surrounding environment, ana-
lyze the received information, and provide control signals to
the vehicle’s driving systems (e.g., steering wheel, accel-
erator, brake, or turn signal). As an example, a lidar system
100 integrated into an autonomous vehicle may provide an
autonomous-vehicle driving system with a point cloud every
0.1 seconds (e.g., the point cloud has a 10 Hz update rate,
representing 10 frames per second). The autonomous-ve-
hicle driving system may analyze the received point clouds
to sense or identify targets 130 and their respective loca-
tions, distances, or speeds, and the autonomous-vehicle
driving system may update control signals based on this
information. As an example, if lidar system 100 detects a
vehicle ahead that is slowing down or stopping, the autono-
mous-vehicle driving system may send instructions to
release the accelerator and apply the brakes.
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[0053] In particular embodiments, an autonomous vehicle
may be referred to as an autonomous car, driverless car,
self-driving car, robotic car, or unmanned vehicle. In par-
ticular embodiments, an autonomous vehicle may refer to a
vehicle configured to sense its environment and navigate or
drive with little or no human input. As an example, an
autonomous vehicle may be configured to drive to any
suitable location and control or perform all safety-critical
functions (e.g., driving, steering, braking, parking) for the
entire trip, with the driver not expected to control the vehicle
at any time. As another example, an autonomous vehicle
may allow a driver to safely turn their attention away from
driving tasks in particular environments (e.g., on freeways),
or an autonomous vehicle may provide control of a vehicle
in all but a few environments, requiring little or no input or
attention from the driver.

[0054] In particular embodiments, an autonomous vehicle
may be configured to drive with a driver present in the
vehicle, or an autonomous vehicle may be configured to
operate the vehicle with no driver present. As an example, an
autonomous vehicle may include a driver’s seat with asso-
ciated controls (e.g., steering wheel, accelerator pedal, and
brake pedal), and the vehicle may be configured to drive
with no one seated in the driver’s seat or with little or no
input from a person seated in the driver’s seat. As another
example, an autonomous vehicle may not include any driv-
er’s seat or associated driver’s controls, and the vehicle may
perform substantially all driving functions (e.g., driving,
steering, braking, parking, and navigating) without human
input. As another example, an autonomous vehicle may be
configured to operate without a driver (e.g., the vehicle may
be configured to transport human passengers or cargo with-
out a driver present in the vehicle). As another example, an
autonomous vehicle may be configured to operate without
any human passengers (e.g., the vehicle may be configured
for transportation of cargo without having any human pas-
sengers onboard the vehicle).

[0055] Although this disclosure describes or illustrates
example embodiments of lidar systems 100 or light sources
110 that produce light waveforms that include pulses of
light, the embodiments described or illustrated herein may
also be applied to other types of light waveforms, including
continuous-wave (CW) light or modulated light waveforms.
For example, a lidar system 100 as described or illustrated
herein may include a light source 110 configured to produce
pulses of light. Alternatively, a lidar system 100 may be
configured to act as a frequency-modulated continuous-
wave (FMCW) lidar system and may include a light source
110 configured to produce CW light or a frequency-modu-
lated light waveform.

[0056] A pulsed lidar system is one type of lidar system
100 in which the light source 110 emits pulses of light, and
the distance to a remote target 130 is determined from the
time-of-flight for a pulse of light to travel to the target 130
and back. Another type of lidar system 100 is a frequency-
modulated lidar system, which may be referred to as a
frequency-modulated continuous-wave (FMCW) lidar sys-
tem. A FMCW lidar system uses frequency-modulated light
to determine the distance to a remote target 130 based on a
modulation frequency of the received light (which is scat-
tered from a remote target) relative to the modulation
frequency of the emitted light. For example, for a linearly
chirped light source (e.g., a frequency modulation that
produces a linear change in frequency with time), the larger
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the frequency difference between the emitted light and the
received light, the farther away the target 130 is located. The
frequency difference can be determined by mixing the
received light with a portion of the emitted light (e.g., by
coupling the two beams onto a detector, or mixing analog
electric signals corresponding to the received light and the
emitted light) and determining the resulting beat frequency.
For example, the electrical signal from an APD can be
analyzed using a fast Fourier transform (FFT) technique to
determine the frequency difference between the emitted light
and the received light.

[0057] If alinear frequency modulation m (e.g., in units of
Hz/s) is applied to a CW laser, then the distance D from the
target 130 to the lidar system 100 may be expressed as
D=c-Af/(2m), where ¢ is the speed of light and Af is the
difference in frequency between the transmitted light and the
received light. For example, for a linear frequency modu-
lation of 10'2 Hz/s (or, 1 MHz/uis), if a frequency difference
of 330 kHz is measured, then the distance to the target is
approximately 50 meters. Additionally, a frequency differ-
ence of 1.33 MHz corresponds to a target located approxi-
mately 200 meters away.

[0058] The light source 110 for a FMCW lidar system can
be a fiber laser (e.g., a seed laser diode followed by one or
more optical amplifiers) or a direct-emitter laser diode. The
seed laser diode or the direct-emitter laser diode can be
operated in a CW manner (e.g., by driving the laser diode
with a substantially constant DC current), and the frequency
modulation can be provided by an external modulator (e.g.,
an electro-optic phase modulator). Alternatively, the fre-
quency modulation can be produced by applying a DC bias
current along with a current modulation to the seed laser
diode or the direct-emitter laser diode. The current modu-
lation produces a corresponding refractive-index modulation
in the laser diode, which results in a frequency modulation
of the light emitted by the laser diode. The current-modu-
lation component (and corresponding frequency modula-
tion) can have any suitable frequency or shape (e.g., piece-
wise linear, sinusoidal, triangle-wave, or sawtooth).

[0059] FIG. 2 illustrates an example scan pattern 200
produced by a lidar system 100. A scan pattern 200 (which
may be referred to as a scan) may represent a path or course
followed by output beam 125 as it is scanned across all or
part of a FOR. Each traversal of a scan pattern 200 may
correspond to the capture of a single frame or a single point
cloud. In particular embodiments, a lidar system 100 may be
configured to scan output optical beam 125 along one or
more particular scan patterns 200. In particular embodi-
ments, a scan pattern 200 may scan across any suitable field
of regard (FOR) having any suitable horizontal FOR
(FOR;) and any suitable vertical FOR (FOR,). For
example, a scan pattern 200 may have a field of regard
represented by angular dimensions (e.g., FOR,xFOR})
40°%x30°, 90°x40°, or 60°x15°. As another example, a scan
pattern 200 may have a FOR,, greater than or equal to 10°,
25°,30°, 40°, 60°, 90°, or 120°. As another example, a scan
pattern 200 may have a FOR , greater than or equal to 2°, 5°,
10°, 15°, 20°, 30°, or 45°.

[0060] In the example of FIG. 2, reference line 220
represents a center of the field of regard of scan pattern 200.
In particular embodiments, reference line 220 may have any
suitable orientation, such as for example, a horizontal angle
of 0° (e.g., reference line 220 may be oriented straight
ahead) and a vertical angle of 0° (e.g., reference line 220
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may have an inclination of 0°), or reference line 220 may
have a nonzero horizontal angle or a nonzero inclination
(e.g., a vertical angle of +10° or —10°). In FIG. 2, if the scan
pattern 200 has a 60°x15° field of regard, then scan pattern
200 covers a +30° horizontal range with respect to reference
line 220 and a +£7.5° vertical range with respect to reference
line 220. Additionally, optical beam 125 in FIG. 2 has an
orientation of approximately —15° horizontal and +3° ver-
tical with respect to reference line 220. Optical beam 125
may be referred to as having an azimuth of -15° and an
altitude of +3° relative to reference line 220. In particular
embodiments, an azimuth (which may be referred to as an
azimuth angle) may represent a horizontal angle with respect
to reference line 220, and an altitude (which may be referred
to as an altitude angle, elevation, or elevation angle) may
represent a vertical angle with respect to reference line 220.

[0061] In particular embodiments, a scan pattern 200 may
include multiple pixels 210, and each pixel 210 may be
associated with one or more laser pulses and one or more
corresponding distance measurements. In particular embodi-
ments, a cycle of scan pattern 200 may include a total of
P xP, pixels 210 (e.g., a two-dimensional distribution of P,
by P, pixels). As an example, scan pattern 200 may include
a distribution with dimensions of approximately 100-2,000
pixels 210 along a horizontal direction and approximately
4-400 pixels 210 along a vertical direction. As another
example, scan pattern 200 may include a distribution of
1,000 pixels 210 along the horizontal direction by 64 pixels
210 along the vertical direction (e.g., the frame size is
1000x64 pixels) for a total of 64,000 pixels per cycle of scan
pattern 200. In particular embodiments, the number of pixels
210 along a horizontal direction may be referred to as a
horizontal resolution of scan pattern 200, and the number of
pixels 210 along a vertical direction may be referred to as a
vertical resolution. As an example, scan pattern 200 may
have a horizontal resolution of greater than or equal to 100
pixels 210 and a vertical resolution of greater than or equal
to 4 pixels 210. As another example, scan pattern 200 may
have a horizontal resolution of 100-2,000 pixels 210 and a
vertical resolution of 4-400 pixels 210.

[0062] In particular embodiments, each pixel 210 may be
associated with a distance (e.g., a distance to a portion of a
target 130 from which an associated laser pulse was scat-
tered) or one or more angular values. As an example, a pixel
210 may be associated with a distance value and two angular
values (e.g., an azimuth and altitude) that represent the
angular location of the pixel 210 with respect to the lidar
system 100. A distance to a portion of target 130 may be
determined based at least in part on a time-of-flight mea-
surement for a corresponding pulse. An angular value (e.g.,
an azimuth or altitude) may correspond to an angle (e.g.,
relative to reference line 220) of output beam 125 (e.g.,
when a corresponding pulse is emitted from lidar system
100) or an angle of input beam 135 (e.g., when an input
signal is received by lidar system 100). In particular embodi-
ments, an angular value may be determined based at least in
part on a position of a component of scanner 120. As an
example, an azimuth or altitude value associated with a pixel
210 may be determined from an angular position of one or
more corresponding scanning mirrors of scanner 120.

[0063] FIG. 3 illustrates an example lidar system 100 with
an example overlap mirror 115. In particular embodiments,
a lidar system 100 may include a light source 110 configured
to emit pulses of light and a scanner 120 configured to scan
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at least a portion of the emitted pulses of light across a field
of regard. As an example, the light source 110 may include
a pulsed solid-state laser or a pulsed fiber laser, and the
optical pulses produced by the light source 110 may be
directed through aperture 310 of overlap mirror 115 and then
coupled to scanner 120. In particular embodiments, a lidar
system 100 may include a receiver 140 configured to detect
at least a portion of the scanned pulses of light scattered by
a target 130 located a distance D from the lidar system 100.
As an example, one or more pulses of light that are directed
downrange from lidar system 100 by scanner 120 (e.g., as
part of output beam 125) may scatter off a target 130, and a
portion of the scattered light may propagate back to the lidar
system 100 (e.g., as part of input beam 135) and be detected
by receiver 140.

[0064] In particular embodiments, lidar system 100 may
include one or more processors (e.g., a controller 150)
configured to determine a distance D from the lidar system
100 to a target 130 based at least in part on a round-trip time
of flight for an emitted pulse of light to travel from the lidar
system 100 to the target 130 and back to the lidar system
100. The target 130 may be at least partially contained
within a field of regard of the lidar system 100 and located
a distance D from the lidar system 100 that is less than or
equal to a maximum range R,,, ;- of the lidar system 100. In
particular embodiments, a maximum range (which may be
referred to as a maximum distance) of a lidar system 100
may refer to the maximum distance over which the lidar
system 100 is configured to sense or identify targets 130 that
appear in a field of regard of the lidar system 100. The
maximum range of lidar system 100 may be any suitable
distance, such as for example, 25 m, 50 m, 100 m, 200 m,
500 m, or 1 km. As an example, a lidar system 100 with a
200-m maximum range may be configured to sense or
identify various targets 130 located up to 200 m away from
the lidar system 100. For a lidar system 100 with a 200-m
maximum range (R,,,,=200 m), the time of flight corre-
sponding to the maximum range is approximately 2-R,,, ./
c=1.33 pus.

[0065] In particular embodiments, light source 110, scan-
ner 120, and receiver 140 may be packaged together within
a single housing, where a housing may refer to a box, case,
or enclosure that holds or contains all or part of a lidar
system 100. As an example, a lidar-system enclosure may
contain a light source 110, overlap mirror 115, scanner 120,
and receiver 140 of a lidar system 100. Additionally, the
lidar-system enclosure may include a controller 150. The
lidar-system enclosure may also include one or more elec-
trical connections for conveying electrical power or electri-
cal signals to or from the enclosure. In particular embodi-
ments, one or more components of a lidar system 100 may
be located remotely from a lidar-system enclosure. As an
example, all or part of light source 110 may be located
remotely from a lidar-system enclosure, and pulses of light
produced by the light source 110 may be conveyed to the
enclosure via optical fiber. As another example, all or part of
a controller 150 may be located remotely from a lidar-
system enclosure.

[0066] In particular embodiments, light source 110 may
include an eye-safe laser, or lidar system 100 may be
classified as an eye-safe laser system or laser product. An
eye-safe laser, laser system, or laser product may refer to a
system that includes a laser with an emission wavelength,
average power, peak power, peak intensity, pulse energy,
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beam size, beam divergence, exposure time, or scanned
output beam such that emitted light from the system presents
little or no possibility of causing damage to a person’s eyes.
As an example, light source 110 or lidar system 100 may be
classified as a Class 1 laser product (as specified by the
60825-1 standard of the International Electrotechnical Com-
mission (IEC)) or a Class I laser product (as specified by
Title 21, Section 1040.10 of the United States Code of
Federal Regulations (CFR)) that is safe under all conditions
of normal use. In particular embodiments, lidar system 100
may be an eye-safe laser product (e.g., with a Class 1 or
Class I classification) configured to operate at any suitable
wavelength between approximately 1400 nm and approxi-
mately 2100 nm. As an example, lidar system 100 may
include a laser with an operating wavelength between
approximately 1400 nm and approximately 1600 nm, and
the laser or the lidar system 100 may be operated in an
eye-safe manner. As another example, lidar system 100 may
be an eye-safe laser product that includes a scanned laser
with an operating wavelength between approximately 1530
nm and approximately 1560 nm. As another example, lidar
system 100 may be a Class 1 or Class I laser product that
includes a fiber laser or solid-state laser with an operating
wavelength between approximately 1400 nm and approxi-
mately 1600 nm.

[0067] In particular embodiments, scanner 120 may
include one or more mirrors, where each mirror is mechani-
cally driven by a galvanometer scanner, a resonant scanner,
a MEMS device, a voice coil motor, an electric motor, or any
suitable combination thereof. A galvanometer scanner
(which may be referred to as a galvanometer actuator) may
include a galvanometer-based scanning motor with a magnet
and coil. When an electrical current is supplied to the coil,
a rotational force is applied to the magnet, which causes a
mirror attached to the galvanometer scanner to rotate. The
electrical current supplied to the coil may be controlled to
dynamically change the position of the galvanometer mirror.
A resonant scanner (which may be referred to as a resonant
actuator) may include a spring-like mechanism driven by an
actuator to produce a periodic oscillation at a substantially
fixed frequency (e.g., 1 kHz). A MEMS-based scanning
device may include a mirror with a diameter between
approximately 1 and 10 mm, where the mirror is rotated
back and forth using electromagnetic or electrostatic actua-
tion. A voice coil motor (which may be referred to as a voice
coil actuator) may include a magnet and coil. When an
electrical current is supplied to the coil, a translational force
is applied to the magnet, which causes a mirror attached to
the magnet to move or rotate. An electric motor, such as for
example, a brushless DC motor or a synchronous electric
motor, may be used to continuously rotate a mirror at a
substantially fixed frequency (e.g., a rotational frequency of
approximately 1 Hz, 10 Hz, 50 Hz, 100 Hz, 500 Hz, or 1,000
Hz). The mirror may be continuously rotated in one rotation
direction (e.g., clockwise or counter-clockwise relative to a
particular rotation axis).

[0068] In particular embodiments, a scanner 120 may
include any suitable number of mirrors driven by any
suitable number of mechanical actuators. As an example, a
scanner 120 may include a single mirror configured to scan
an output beam 125 along a single direction (e.g., a scanner
120 may be a one-dimensional scanner that scans along a
horizontal or vertical direction). The mirror may be driven
by one actuator (e.g., a galvanometer) or two actuators
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configured to drive the mirror in a push-pull configuration.
As another example, a scanner 120 may include a single
mirror that scans an output beam 125 along two directions
(e.g., horizontal and vertical). The mirror may be driven by
two actuators, where each actuator provides rotational
motion along a particular direction or about a particular axis.
As another example, a scanner 120 may include two mirrors,
where one mirror scans an output beam 125 along a sub-
stantially horizontal direction and the other mirror scans the
output beam 125 along a substantially vertical direction. In
the example of FIG. 3, scanner 120 includes two mirrors,
mirror 300-1 and mirror 300-2. Mirror 300-2 rotates along
the ®, direction and scans output beam 125 along a sub-
stantially vertical direction, and mirror 300-1 rotates along
the ©, direction and scans output beam 125 along a sub-
stantially horizontal direction.

[0069] In particular embodiments, a scanner 120 may
include two mirrors, where each mirror is driven by a
corresponding galvanometer scanner. As an example, scan-
ner 120 may include a galvanometer actuator that scans
mirror 300-1 along a first direction (e.g., horizontal), and
scanner 120 may include another galvanometer actuator that
scans mirror 300-2 along a second direction (e.g., vertical).
In particular embodiments, a scanner 120 may include two
mirrors, where one mirror is driven by a galvanometer
actuator and the other mirror is driven by a resonant actuator.
As an example, a galvanometer actuator may scan mirror
300-1 along a first direction, and a resonant actuator may
scan mirror 300-2 along a second direction. The first and
second scanning directions may be substantially orthogonal
to one another. As an example, the first direction may be
substantially vertical, and the second direction may be
substantially horizontal, or vice versa. In particular embodi-
ments, a scanner 120 may include two mirrors, where one
mirror is driven by an electric motor and the other mirror is
driven by a galvanometer actuator. As an example, mirror
300-1 may be a polygon mirror that is rotated about a fixed
axis by an electric motor (e.g., a brushless DC motor), and
mirror 300-2 may be driven by a galvanometer or MEMS
actuator. In particular embodiments, a scanner 120 may
include two mirrors, where both mirrors are driven by
electric motors. As an example, mirror 300-2 may be a
polygon mirror driven by an electric motor, and mirror 300-1
may be driven by another electric motor. In particular
embodiments, a scanner 120 may include one mirror driven
by two actuators which are configured to scan the mirror
along two substantially orthogonal directions. As an
example, one mirror may be driven along a substantially
horizontal direction by a resonant actuator or a galvanometer
actuator, and the mirror may also be driven along a sub-
stantially vertical direction by a galvanometer actuator. As
another example, a mirror may be driven along two sub-
stantially orthogonal directions by two resonant actuators or
by two electric motors.

[0070] In particular embodiments, a scanner 120 may
include a mirror configured to be scanned along one direc-
tion by two actuators arranged in a push-pull configuration.
Driving a mirror in a push-pull configuration may refer to a
mirror that is driven in one direction by two actuators. The
two actuators may be located at opposite ends or sides of the
mirror, and the actuators may be driven in a cooperative
manner so that when one actuator pushes on the mirror, the
other actuator pulls on the mirror, and vice versa. As an
example, a mirror may be driven along a horizontal or
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vertical direction by two voice coil actuators arranged in a
push-pull configuration. In particular embodiments, a scan-
ner 120 may include one mirror configured to be scanned
along two axes, where motion along each axis is provided by
two actuators arranged in a push-pull configuration. As an
example, a mirror may be driven along a horizontal direction
by two resonant actuators arranged in a horizontal push-pull
configuration, and the mirror may be driven along a vertical
direction by another two resonant actuators arranged in a
vertical push-pull configuration.

[0071] In particular embodiments, a scanner 120 may
include two mirrors which are driven synchronously so that
the output beam 125 is directed along any suitable scan
pattern 200. As an example, a galvanometer actuator may
drive mirror 300-1 with a substantially linear back-and-forth
motion (e.g., the galvanometer may be driven with a sub-
stantially sinusoidal or triangle-shaped waveform) that
causes output beam 125 to trace a substantially horizontal
back-and-forth pattern. Additionally, another galvanometer
actuator may scan mirror 300-2 along a substantially vertical
direction. For example, the two galvanometers may be
synchronized so that for every 64 horizontal traces, the
output beam 125 makes a single trace along a vertical
direction. As another example, a resonant actuator may drive
mirror 300-1 along a substantially horizontal direction, and
a galvanometer actuator or a resonant actuator may scan
mirror 300-2 along a substantially vertical direction.

[0072] In particular embodiments, a scanner 120 may
include one mirror driven by two or more actuators, where
the actuators are driven synchronously so that the output
beam 125 is directed along a particular scan pattern 200. As
an example, one mirror may be driven synchronously along
two substantially orthogonal directions so that the output
beam 125 follows a scan pattern 200 that includes substan-
tially straight lines. In particular embodiments, a scanner
120 may include two mirrors driven synchronously so that
the synchronously driven mirrors trace out a scan pattern
200 that includes substantially straight lines. As an example,
the scan pattern 200 may include a series of substantially
straight lines directed substantially horizontally, vertically,
or along any other suitable direction. The straight lines may
be achieved by applying a dynamically adjusted deflection
along a vertical direction (e.g., with a galvanometer actua-
tor) as an output beam 125 is scanned along a substantially
horizontal direction (e.g., with a galvanometer or resonant
actuator). If a vertical deflection is not applied, the output
beam 125 may trace out a curved path as it scans from side
to side. By applying a vertical deflection as the mirror is
scanned horizontally, a scan pattern 200 that includes sub-
stantially straight lines may be achieved. In particular
embodiments, a vertical actuator may be used to apply both
a dynamically adjusted vertical deflection as the output
beam 125 is scanned horizontally as well as a discrete
vertical offset between each horizontal scan (e.g., to step the
output beam 125 to a subsequent row of a scan pattern 200).

[0073] In the example of FIG. 3, lidar system 100 pro-
duces an output beam 125 and receives light from an input
beam 135. The output beam 125, which includes at least a
portion of the pulses of light emitted by light source 110,
may be scanned across a field of regard. The input beam 135
may include at least a portion of the scanned pulses of light
which are scattered by one or more targets 130 and detected
by receiver 140. In particular embodiments, output beam
125 and input beam 135 may be substantially coaxial. The
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input and output beams being substantially coaxial may refer
to the beams being at least partially overlapped or sharing a
common propagation axis so that input beam 135 and output
beam 125 travel along substantially the same optical path
(albeit in opposite directions). As output beam 125 is
scanned across a field of regard, the input beam 135 may
follow along with the output beam 125 so that the coaxial
relationship between the two beams is maintained.

[0074] In particular embodiments, a lidar system 100 may
include an overlap mirror 115 configured to overlap the
input beam 135 and output beam 125 so that they are
substantially coaxial. In FIG. 3, the overlap mirror 115
includes a hole, slot, or aperture 310 which the output beam
125 passes through and a reflecting surface 320 that reflects
at least a portion of the input beam 135 toward the receiver
140. The overlap mirror 115 may be oriented so that input
beam 135 and output beam 125 are at least partially over-
lapped. In particular embodiments, input beam 135 may pass
through a lens 330 which focuses the beam onto an active
region of the receiver 140. The active region may refer to an
area over which receiver 140 may receive or detect input
light. The active region may have any suitable size or
diameter d, such as for example, a diameter of approxi-
mately 25 um, 50 pm, 80 pm, 100 pm, 200 pm, 500 pm, 1
mm, 2 mm, or 5 mm. In particular embodiments, overlap
mirror 115 may have a reflecting surface 320 that is sub-
stantially flat or the reflecting surface 320 may be curved
(e.g., mirror 115 may be an off-axis parabolic mirror con-
figured to focus the input beam 135 onto an active region of
the receiver 140). A reflecting surface 320 (which may be
referred to as a reflective surface 320) may include a
reflective metallic coating (e.g., gold, silver, or aluminum)
or a reflective dielectric coating, and the reflecting surface
320 may have any suitable reflectivity R at an operating
wavelength of the light source 110 (e.g., R greater than or
equal to 70%, 80%, 90%, 95%, 98%, or 99%).

[0075] In particular embodiments, aperture 310 may have
any suitable size or diameter ®,, and input beam 135 may
have any suitable size or diameter ®,, where @, is greater
than ®@,. As an example, aperture 310 may have a diameter
@, of approximately 0.2 mm, 0.5 mm, 1 mm, 2 mm, 3 mm,
5 mm, or 10 mm, and input beam 135 may have a diameter
@, of approximately 2 mm, 5 mm, 10 mm, 15 mm, 20 mm,
30 mm, 40 mm, or 50 mm. In particular embodiments,
reflective surface 320 of overlap mirror 115 may reflect
greater than or equal to 70% of input beam 135 toward the
receiver 140. As an example, if reflective surface 320 has a
reflectivity R at an operating wavelength of the light source
110, then the fraction of input beam 135 directed toward the
receiver 140 may be expressed as Rx[1-(® /®,)*]. For
example, if R is 95%, @, is 2 mm, and ®, is 10 mm, then
approximately 91% of input beam 135 may be directed
toward the receiver 140 by reflective surface 320.

[0076] FIG. 4 illustrates an example lidar system 100 with
an example rotating polygon mirror 300-1. In particular
embodiments, a scanner 120 may include a polygon mirror
300-1 configured to scan output beam 125 along a particular
direction. In the example of FIG. 4, scanner 120 includes
two scanning mirrors: (1) a polygon mirror 300-1 that
rotates along the ©_ direction and (2) a scanning mirror
300-2 that oscillates back and forth along the ®,, direction.
The output beam 125 from light source 110, which passes
alongside mirror 115, is reflected by a reflecting surface
(e.g., surface 320A, 320B, 320C, or 320D) of polygon
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mirror 300-1 and is then reflected by reflecting surface 320
of mirror 300-2. Scattered light from a target 130 returns to
the lidar system 100 as input beam 135. The input beam 135
reflects from mirror 300-2, polygon mirror 300-1, and mirror
115, which directs input beam 135 through focusing lens 330
and to receiver 140.

[0077] In particular embodiments, a polygon mirror 300-1
may be configured to rotate along a ®, or ©, direction and
scan output beam 125 along a substantially horizontal or
vertical direction, respectively. A rotation along a ®, direc-
tion may refer to a rotational motion of mirror 300-1 that
results in output beam 125 scanning along a substantially
horizontal direction. Similarly, a rotation along a ®, direc-
tion may refer to a rotational motion that results in output
beam 125 scanning along a substantially vertical direction.
In FIG. 4, mirror 300-1 is a polygon mirror that rotates along
the ©, direction and scans output beam 125 along a sub-
stantially horizontal direction, and mirror 300-2 rotates
along the O, direction and scans output beam 125 along a
substantially vertical direction. In particular embodiments, a
polygon mirror 300-1 may be configured to scan output
beam 125 along any suitable direction. As an example, a
polygon mirror 300-1 may scan output beam 125 at any
suitable angle with respect to a horizontal or vertical direc-
tion, such as for example, at an angle of approximately 0°,
10°, 20°, 30°, 45°, 60°, 70°, 80°, or 90° with respect to a
horizontal or vertical direction.

[0078] In particular embodiments, a polygon mirror 300-1
may refer to a multi-sided object having reflective surfaces
320 on two or more of its sides or faces. As an example, a
polygon mirror may include any suitable number of reflec-
tive faces (e.g., 2, 3, 4, 5, 6, 7, 8, or 10 faces), where each
face includes a reflective surface 320. A polygon mirror
300-1 may have a cross-sectional shape of any suitable
polygon, such as for example, a triangle (with three reflect-
ing surfaces 320), square (with four reflecting surfaces 320),
pentagon (with five reflecting surfaces 320), hexagon (with
six reflecting surfaces 320), heptagon (with seven reflecting
surfaces 320), or octagon (with eight reflecting surfaces
320). In FIG. 4, the polygon mirror 300-1 has a substantially
square cross-sectional shape and four reflecting surfaces
(320A, 3208, 320C, and 320D). The polygon mirror 300-1
in FIG. 4 may be referred to as a square mirror, a cube
mirror, or a four-sided polygon mirror. In FIG. 4, the
polygon mirror 300-1 may have a shape similar to a cube,
cuboid, or rectangular prism. Additionally, the polygon
mirror 300-1 may have a total of six sides, where four of the
sides are faces with reflective surfaces (320A, 320B, 320C,
and 320D).

[0079] In particular embodiments, a polygon mirror 300-1
may be continuously rotated in a clockwise or counter-
clockwise rotation direction about a rotation axis of the
polygon mirror 300-1. The rotation axis may correspond to
a line that is perpendicular to the plane of rotation of the
polygon mirror 300-1 and that passes through the center of
mass of the polygon mirror 300-1. In FIG. 4, the polygon
mirror 300-1 rotates in the plane of the drawing, and the
rotation axis of the polygon mirror 300-1 is perpendicular to
the plane of the drawing. An electric motor may be config-
ured to rotate a polygon mirror 300-1 at a substantially fixed
frequency (e.g., a rotational frequency of approximately 1
Hz (or 1 revolution per second), 10 Hz, 50 Hz, 100 Hz, 500
Hz, or 1,000 Hz). As an example, a polygon mirror 300-1
may be mechanically coupled to an electric motor (e.g., a
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brushless DC motor or a synchronous electric motor) which
is configured to spin the polygon mirror 300-1 at a rotational
speed of approximately 160 Hz (or, 9600 revolutions per
minute (RPM)).

[0080] In particular embodiments, output beam 125 may
be reflected sequentially from the reflective surfaces (320A,
320B, 320C, and 320D) as the polygon mirror 300-1 is
rotated. This results in the output beam 125 being scanned
along a particular scan axis (e.g., a horizontal or vertical
scan axis) to produce a sequence of scan lines, where each
scan line corresponds to a reflection of the output beam 125
from one of the reflective surfaces of the polygon mirror
300-1. In FIG. 4, the output beam 125 reflects off of
reflective surface 320A to produce one scan line. Then, as
the polygon mirror 300-1 rotates, the output beam 125
reflects off of reflective surfaces 3208, 320C, and 320D to
produce a second, third, and fourth respective scan line.
[0081] In particular embodiments, output beam 125 may
be directed to pass by a side of mirror 115 rather than passing
through mirror 115. As an example, mirror 115 may not
include an aperture 310, and the output beam 125 may be
directed to pass along a side of mirror 115. In the example
of FIG. 3, lidar system includes an overlap mirror 115 with
an aperture 310 that output beam 125 passes through. In the
example of FIG. 4, output beam 125 from light source 110
is directed to pass by mirror 115 (which does not include an
aperture 310) and then to polygon mirror 300-1.

[0082] FIG. 5 illustrates an example light-source field of
view (FOV,) and receiver field of view (FOV,) for a lidar
system 100. A light source 110 of lidar system 100 may emit
pulses of light as the FOV, and FOV, are scanned by
scanner 120 across a field of regard (FOR). In particular
embodiments, a light-source field of view may refer to an
angular cone illuminated by the light source 110 at a
particular instant of time. Similarly, a receiver field of view
may refer to an angular cone over which the receiver 140
may receive or detect light at a particular instant of time, and
any light outside the receiver field of view may not be
received or detected. As an example, as the light-source field
of view is scanned across a field of regard, a portion of a
pulse of light emitted by the light source 110 may be sent
downrange from lidar system 100, and the pulse of light may
be sent in the direction that the FOV/ is pointing at the time
the pulse is emitted. The pulse of light may scatter off a
target 130, and the receiver 140 may receive and detect a
portion of the scattered light that is directed along or
contained within the FOV.

[0083] In particular embodiments, scanner 120 may be
configured to scan both a light-source field of view and a
receiver field of view across a field of regard of the lidar
system 100. Multiple pulses of light may be emitted and
detected as the scanner 120 scans the FOV; and FOV,
across the field of regard of the lidar system 100 while
tracing out a scan pattern 200. In particular embodiments,
the light-source field of view and the receiver field of view
may be scanned synchronously with respect to one another,
so that as the FOV; is scanned across a scan pattern 200, the
FOV, follows substantially the same path at the same
scanning speed. Additionally, the FOV,; and FOV, may
maintain the same relative position to one another as they are
scanned across the field of regard. As an example, the FOV,
may be substantially overlapped with or centered inside the
FOVy, (as illustrated in FIG. 5), and this relative positioning
between FOV, and FOV, may be maintained throughout a
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scan. As another example, the FOV, may lag behind the
FOV, by a particular, fixed amount throughout a scan (e.g.,
the FOV,; may be offset from the FOV, in a direction
opposite the scan direction).

[0084] In particular embodiments, the FOV, may have an
angular size or extent ©; that is substantially the same as or
that corresponds to the divergence of the output beam 125,
and the FOV, may have an angular size or extent ®, that
corresponds to an angle over which the receiver 140 may
receive and detect light. In particular embodiments, the
receiver field of view may be any suitable size relative to the
light-source field of view. As an example, the receiver field
of view may be smaller than, substantially the same size as,
or larger than the angular extent of the light-source field of
view. In particular embodiments, the light-source field of
view may have an angular extent of less than or equal to 50
milliradians, and the receiver field of view may have an
angular extent of less than or equal to 50 milliradians. The
FOV, may have any suitable angular extent ©,, such as for
example, approximately 0.1 mrad, 0.2 mrad, 0.5 mrad, 1
mrad, 1.5 mrad, 2 mrad, 3 mrad, 5 mrad, 10 mrad, 20 mrad,
40 mrad, or 50 mrad. Similarly, the FOV, may have any
suitable angular extent ®,, such as for example, approxi-
mately 0.1 mrad, 0.2 mrad, 0.5 mrad, 1 mrad, 1.5 mrad, 2
mrad, 3 mrad, 5 mrad, 10 mrad, 20 mrad, 40 mrad, or 50
mrad. In particular embodiments, the light-source field of
view and the receiver field of view may have approximately
equal angular extents. As an example, ©, and ©, may both
be approximately equal to 1 mrad, 2 mrad, or 4 mrad. In
particular embodiments, the receiver field of view may be
larger than the light-source field of view, or the light-source
field of view may be larger than the receiver field of view.
As an example, ®; may be approximately equal to 3 mrad,
and ©, may be approximately equal to 4 mrad.

[0085] In particular embodiments, a pixel 210 may repre-
sent or may correspond to a light-source field of view or a
receiver field of view. As the output beam 125 propagates
from the light source 110, the diameter of the output beam
125 (as well as the size of the corresponding pixel 210) may
increase according to the beam divergence ;. As an
example, if the output beam 125 has a ®, of 2 mrad, then at
a distance of 100 m from the lidar system 100, the output
beam 125 may have a size or diameter of approximately 20
cm, and a corresponding pixel 210 may also have a corre-
sponding size or diameter of approximately 20 cm. At a
distance of 200 m from the lidar system 100, the output
beam 125 and the corresponding pixel 210 may each have a
diameter of approximately 40 cm.

[0086] FIG. 6 illustrates an example scan pattern 200 that
includes multiple scan lines 410 and multiple pixels 210. In
particular embodiments, scan pattern 200 may include any
suitable number of scan lines 410 (e.g., approximately 1, 2,
5, 10, 20, 50, 100, 500, or 1,000 scan lines 410), and each
scan line 410 of a scan pattern 200 may include any suitable
number of pixels (e.g., 1, 2, 5, 10, 20, 50, 100, 200, 500,
1,000, 2,000, or 5,000 pixels 210). The scan pattern 200
illustrated in FIG. 6 includes approximately nine scan lines
410, and each scan line 410 includes approximately 18
pixels 210. In particular embodiments, each scan line 410 of
a scan pattern 200 may include approximately the same
number of pixels 210. As an example, each scan line 410 of
a scan pattern 200 may include between approximately 950
and approximately 1,050 pixels 210. In particular embodi-
ments, a scan pattern 200 where the scan lines 410 are
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scanned in two directions may be referred to as a bidirec-
tional scan pattern 200, and a scan pattern 200 where the
scan lines 410 are scanned in the same direction may be
referred to as a unidirectional scan pattern 200. The scan
pattern 200 in FIG. 6 may be referred to as a bidirectional
scan pattern 200 where the scan lines 410 alternate between
scanning from right to left and scanning from left to right.
A bidirectional scan pattern 200 may be produced by a
scanner 120 that includes a scanning mirror that oscillates in
a back-and-forth motion corresponding to the bidirectional
scan pattern 200.

[0087] In particular embodiments, a scan pattern 200 may
include a retrace 400 where a scanner 120 resets from an end
point of a scan 200 back to a starting point of the scan 200.
The scan pattern 200 illustrated in FIG. 6 starts at the
upper-left portion of the FOR and ends at the lower-right
portion. In FIG. 6, the scan pattern 200 includes retrace 400
represented by a dashed diagonal line that connects the end
of scan pattern 200 to the beginning. In particular embodi-
ments, lidar system 100 may not send out pulses or acquire
distance data during a retrace 400, or lidar system 100 may
acquire distance data during a retrace 400 (e.g., a retrace
path may include one or more pixels 210).

[0088] In particular embodiments, the pixels 210 of a scan
pattern 200 may be substantially evenly spaced with respect
to time or angle. As an example, each pixel 210 (and its
associated pulse) may be separated from an immediately
preceding or following pixel 210 by any suitable time
interval, such as for example a time interval of approxi-
mately 0.5 ps, 1.0 ps, 1.4 ps, or 2.0 ps. In FIG. 6, pixels
210A, 210B, and 210C may be associated with pulses that
were emitted with a 1.6 ps fixed time interval between the
pulses. As another example, each pixel 210 (and its associ-
ated pulse) may be separated from an immediately preceding
or following pixel 210 by any suitable angle, such as for
example an angle of approximately 0.01°, 0.02°, 0.05°, 0.1°,
0.2°,0.3°,0.5° or 1°. In FIG. 6, pixels 210A and 210B may
have an angular separation of approximately 0.1° (e.g.,
pixels 210A and 210B may each be associated with optical
beams separated by an angle of 0.1°). In particular embodi-
ments, the pixels 210 of a scan pattern 200 may have an
adjustable spacing with respect to time or angle. As an
example, a time interval or angle separating two successive
pixels 210 may be dynamically varied during a scan or from
one scan to a subsequent scan.

[0089] In particular embodiments, lidar system 100 may
include a scanner 120 configured to direct output beam 125
along any suitable scan pattern 200. As an example, all or
part of scan pattern 200 may follow a substantially sinusoi-
dal path, triangle-wave path, square-wave path, sawtooth
path, piecewise linear path, periodic-function path, or any
other suitable path or combination of paths. In the example
of FIG. 6, scan pattern 200 corresponds to an approximately
sinusoidal path, where pixels 210 are arranged along a
sinusoidal curve.

[0090] In particular embodiments, pixels 210 may be
substantially evenly distributed across scan pattern 200, or
pixels 210 may have a distribution or density that varies
across a FOR of scan pattern 200. In the example of FIG. 6,
pixels 210 have a greater density toward the left and right
edges of the FOR, and the pixel density in the middle region
of'the FOR is lower compared to the edges. As an example,
pixels 210 may be distributed so that =40% of the pixels 210
are located in the left 25% of the FOR, =40% of the pixels
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210 are located in the right 25% of the FOR, and the
remaining <20% of the pixels 210 are located in the middle
50% of the FOR. In particular embodiments, a time interval
or angle between pixels 210 may be dynamically adjusted
during a scan so that a scan pattern 200 has a particular
distribution of pixels 210 (e.g., a higher density of pixels 210
in one or more particular regions). As an example, a scan
pattern 200 may be configured to have a higher density of
pixels 210 in a middle or central region of scan 200 or
toward one or more edges of scan 200 (e.g., a middle region
or a left, right, upper, or lower edge that includes approxi-
mately 5%, 10%, 20%, 30%, or any other suitable percent-
age of the FOR of scan pattern 200). For example, pixels 210
may be distributed so that 250% of the pixels 210 are located
in a central, left, or right region of scan pattern 200 with the
remaining <50% of the pixels 210 distributed throughout the
rest of scan pattern 200. As another example, a scan pattern
200 may have a higher density of pixels along a right edge
of the scan pattern 200 than along a left edge of the scan
pattern 200.

[0091] In particular embodiments, a distribution of pixels
210 in a scan pattern 200 may be determined, at least in part,
by a pulse period of light source 110, a scanning speed
provided by scanner 120, or a shape or path followed by scan
pattern 200. As an example, the pulse period of light source
110 may be a substantially fixed value, or the pulse period
may be adjusted dynamically during a scan to vary the
density of pixels 210 across the scan region. As another
example, an angular speed with which a mirror (e.g., mirror
300-1 or mirror 300-2) of scanner 120 rotates may be
substantially fixed or may vary during a scan. As another
example, a scan pattern 200 may provide for a varying
distribution of pixels 210 based on a shape of the pattern. For
example, a triangle-wave scan pattern 200 (combined with
a substantially constant pulse period and angular speed) may
provide a substantially uniform distribution of pixels 210
along the horizontal direction, while a sinusoidal scan pat-
tern 200 may result in a higher density of pixels 210 along
the left and right edges and a lower density of pixels 210 in
the middle region. Additionally, two or more scan param-
eters may be selected or adjusted to optimize or adjust the
density of pixels 210 in a scan pattern 200. As an example,
a sinusoidal scan pattern 200 may be combined with a
dynamically adjusted pulse period of light source 100 to
provide for a higher density of pixels 210 along the right
edge and a lower density of pixels 210 in the middle region
and along the left edge.

[0092] In particular embodiments, a particular scan pattern
200 may be repeated from one scan to the next, or one or
more parameters of a scan pattern 200 may be adjusted or
varied within a scan or from one scan to another. As an
example, a time interval or angle between pixels 210 may be
varied from one scan to another scan. A relatively long time
interval may be applied in an initial scan to produce a
moderate-density point cloud, and a relatively short time
interval may be applied in a subsequent scan to produce a
high-density point cloud. As another example, a time inter-
val or angle between pixels 210 may be varied within a
particular scan pattern 200. For a particular region of a scan
pattern 200, a time interval may be decreased to produce a
higher density of pixels 210 within that particular region.

[0093] FIG. 7 illustrates an example scan pattern 200 with
a substantially uniform distribution of scan lines 410. Scan
pattern 200 illustrated in FIG. 7 is a bidirectional scan
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pattern 200 where scan line 410 travels across the FOR from
left to right, and scan line 410' travels from right to left (or
vice versa). In particular embodiments, a bidirectional scan
pattern 200 may include multiple reversal regions 420 where
the scan pattern 200 switches from scanning in one direction
to scanning in another direction. Each adjacent pair of scan
lines 410 of a bidirectional scan pattern 200 may be coupled
together by a reversal region 420. In FIG. 7, reversal region
420 may correspond to a transition from the left-to-right
scan of scan line 410 to the right-to-left scan of scan line
410'. In particular embodiments, a bidirectional scan pattern
200 may be produced by a scanner 120 that includes a
scanning mirror configured to be driven repeatedly in a
back-and-forth motion by any suitable mechanical actuator,
such as for example, a galvanometer scanner, a resonant
scanner, or a MEMS-based scanner. Additionally, each scan
line 410 of a bidirectional scan pattern 200 may correspond
to a single forward or backward motion of a galvanometer
scanner. As an example, mirror 300-1 in FIG. 3 may produce
a back-and-forth oscillatory motion that results in a corre-
sponding back-and-forth motion of the output beam 125.
Scan line 410 in FIG. 7 may be produced by a forward
motion of mirror 300-1 in FIG. 3, and scan line 410' may be
produced by a backward motion of mirror 300-1.

[0094] In the example of FIG. 7, point 430A may corre-
spond to a starting point of the scan 200, and point 430B
may correspond to an end point of the scan 200, or vice
versa. As an example, the scan pattern 200 may start at point
430A and scan across the FOR in a top-to-bottom manner
until reaching the end point 430B. As another example, the
scan pattern 200 may start at point 430B and scan across the
FOR in a bottom-to-top manner until reaching the end point
430A. In FIG. 7, aretrace path 400 is not included for clarity
of illustrating the details of the scan pattern 200. Similarly,
scan patterns 200 illustrated in other figures described herein
may not include a retrace path 400, even though in practice
the scan pattern 200 may operate with a retrace path 400 that
connects the end of the scan pattern 200 to the start. In the
example of FIG. 7, pixels 210 are not included in the scan
pattern 200 for clarity of illustrating the scan pattern 200.
Similarly, scan patterns 200 illustrated in other figures
described herein may not include pixels 210 for clarity of
illustrating the scan pattern 200, even though in practice the
scan pattern 200 may include multiple pixels 210.

[0095] In particular embodiments, a scan pattern 200 may
include a scan-pattern x-component and a scan-pattern
y-component. The x-component may correspond to a hori-
zontal angular scan, and they-component may correspond to
a vertical angular scan, or vice versa. As an example,
polygon mirror 300-1 in FIG. 4 may provide the x-compo-
nent of a scan pattern 200, and mirror 300-2 may provide the
y-component of the scan pattern 200. The x-component and
y-component together may represent the shape, location, or
angular distribution of scan lines 410 across a FOR. In
particular embodiments, a horizontal angular scan may be
referred to as an azimuthal scan, and a vertical angular scan
may be referred to as an elevation scan or an altitude scan.
In particular embodiments, axes ®_and © , may be referred
to as scan axes of scan pattern 200, and the shape, location,
or angular distribution of scan lines 410 across a FOR may
be provided with respect to the scan axes ©, and 0. The
scan-pattern x-component may correspond to motion with
respect to scan axis @,, and the scan-pattern y-component
may correspond to motion with respect to scan axis 0,. As
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an example, scan axis ®, may correspond to a direction or
orientation of the scan lines 410, where each scan line 410
is directed or oriented substantially parallel to scan axis @,.
Additionally, the distribution of scan lines 410 within a FOR
may be represented with respect to scan axis 8,. In FIG. 7,
the scan lines 410 of scan pattern 200 are oriented substan-
tially parallel to scan axis ©,, and the scan lines 410 are
distributed substantially uniformly along scan axis 8,. Scan
axis ©, in FIG. 7 may correspond to FOR,, and may extend
horizontally from -30 degrees to +30 degrees. Similarly,
scan axis ®, may correspond to FOR,, and may extend
vertically from -10 degrees to +10 degrees.

[0096] In particular embodiments, the angles ®, . and
0,,.. may represent the minimum and maximum angles,
respectively, of a scan pattern 200 or a FOR along the scan
axis ©,. The angular size of the FOR ;,, may have any suitable
angular value, and the angles ©,,,, and ©,,, may have any
suitable angular values. As an example, the angular range or
extent of FOR,- may be approximately 30°, and the angles
0, and ©  may be approximately -15° and +15°,
respectively. As another example, FOR ;- may be approxi-
mately 30°, and the angles ©,,,,, and ©,, . may be approxi-
mately —10° and +20°, respectively.

[0097] In particular embodiments, a scan pattern 200 may
include scan lines 410 having any suitable alignment or
orientation, such as for example, horizontal, vertical, or
oriented at approximately 10, 30, 45, or 60 degrees with
respect to a horizontal or vertical direction. Similarly, the
scan axes ©®_and ©, may have any suitable alignment or
orientation. As an example, scan axis @, may have a
substantially horizontal orientation, and scan axis @, may
have a substantially vertical orientation, or vice versa. In
FIG. 7, scan axis ©, has a substantially horizontal orienta-
tion, and scan axis © , has a substantially vertical orientation.
In particular embodiments, scan axis ®, and scan axis ©

may be substantially orthogonal to one another. As an
example, scan axis ©, may be oriented to within approxi-
mately 10° of a horizontal direction, and scan axis ©, may
be oriented to within approximately 10° of a vertical direc-
tion. In particular embodiments, the scan axes O, and ©,
being substantially orthogonal to one another may refer to
scan axis O, and scan axis 8, being orthogonal to within any
suitable angular amount, such as for example, to within 0.1°,
0.5°,1°, 5%, 10°, or 20°. For example, scan axis ©, may be
oriented at an angle of approximately 85° with respect to
scan axis ©,. As another example, scan axis ©, may be
oriented at 90°+2° with respect to scan axis ©,.

[0098] In particular embodiments, the scan lines 410 of a
scan pattern 200 may be distributed, positioned, or arranged
within the range of FOR,. and along scan axis ©, in any
suitable manner. In FIG. 7, the scan lines 410 are arranged
between ®, ., and ©, , . the minimum and maximum angles,
respectively, of FOR,. In FIG. 7, the scan lines 410 are
arranged in a substantially uniform manner along scan axis
©,, where adjacent scan lines 410 are separated by a
substantially fixed separation distance or angle. As an
example, the vertical FOR in FIG. 7 may be approximately
16°, and adjacent scan lines 410 may have a substantially
constant angular separation of approximately 1°. As another
example, for a scan pattern 200 with 60 scan lines 410
uniformly distributed within a FOR ,, of 30°, adjacent scan
lines 410 may be separated by approximately 0.5°. As
another example, for a scan pattern 200 with 400 scan lines
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410 uniformly distributed within a FOR - of 20°, adjacent
scan lines 410 may be separated by approximately 0.05°.

[0099] FIG. 8 illustrates an example scan pattern 200 with
a nonuniform distribution of scan lines 410. In particular
embodiments, scanner 120 may be configured to distribute
scan lines 410 along scan axis ©, in a nonuniform manner
to provide a scan pattern 200 with an adjustable density of
scan lines 410. The adjustable-density scan pattern 200
illustrated in FIG. 8 includes a higher density of scan lines
410 between angles 0, and ©, and a lower density of scan
lines 410 between angles ©,,.,, and ©®, and between angles
0, and 0,,,.. In particular embodiments, a scan pattern 200
with a nonuniform distribution of scan lines 410 may
include two or more regions having two or more respective
scan-line densities. As an example, a scan pattern 200 may
include one region with a lower density of scan lines 410 and
another region with a higher density of scan lines 410. In the
example of FIG. 8, the bidirectional, adjustable-density scan
pattern 200 includes two regions with a lower density of
scan lines 410 (the regions between angles ©,,,, and ©, and
between angles ©, and ©,,, ) and one region with a higher
density of scan lines 410 (the region between angles ®, and
0,).

[0100] In particular embodiments, a nonuniform distribu-
tion of scan lines 410 may be provided by a scanner 120 that
includes a scanning mirror with an adjustable scan rate. As
an example, scanner 120 in FIG. 4 may produce an adjust-
able-density scan pattern 200 based on scanning mirror
300-2 having an adjustable scan rate along the ©,, scan axis.
Mirror 300-2 may have a relatively high scan rate when
scanning between angles ®, . and ®, and between angles
®, and ©,,,,, which results in a relatively low density of
scan lines 410 in those regions. When scanning between
angles ®, and ©,, mirror 300-2 may be adjusted to have a
relatively low scan rate, which results in a relatively high
density of scan lines 410. In particular embodiments, the
region of higher-density scan lines 410 between angles 0,
and ©, may be located or adjusted in any suitable manner.
As an example, the values of ®, and ©, may be approxi-
mately —2° and +2°, respectively, or approximately —5° and
+3°, respectively. Additionally, the values of ®, or ©, may
be updated from one scan to another. As another example,
the value of ©,-0, (which represents an angular range of the
higher-density scan region) may be approximately 0.5°, 1°,
2°,5°,10°, or 20°, and the value of ®,-0, may be updated
from one scan to another.

[0101] FIG. 9 illustrates an example focused scan pattern
200. In particular embodiments, a focused scan pattern 200
may be referred to as a focused scan, a targeted scan pattern,
or a targeted scan. In the example of FIG. 9, the full FOR,-
along the ®, scan axis extends from 6,,, to ©,,,., and the
focused scan pattern 200 is located within the FOR,. and
between the angles ©',, and ©', . In particular embodi-
ments, the location or angular range of a focused scan
pattern 200 may be adjusted in any suitable manner. As an
example, the values ®', ., and ', . may be approximately
-4° and +4°, respectively, or approximately 0° and +3°,
respectively. As another example, the value of ©',, -©',
(which represents an angular range or extent of the focused
scan pattern 200) may be approximately 0.5°, 1°,2°,5°,10°,
or 20°. In particular embodiments, a focused scan pattern
200 may include a relatively high density of scan lines 410
located within a portion of a FOR,.. In particular embodi-
ments, a lidar system 100 may perform a scan that covers a

max
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full FOR (e.g., a uniform scan as illustrated in FIG. 7), and
then the lidar system 100 may perform a targeted scan that
covers a portion of the FOR. A targeted scan may provide a
higher density of scan lines 410 or pixels 210 and may reveal
additional information about a target 130 that is at least
partially contained within the region of the targeted scan.

[0102] In particular embodiments, a focused scan pattern
200 may be provided by a scanner 120 that includes a
scanning mirror (e.g., scanning mirror 300-2 in FIG. 4)
configured to adjust the angles of the scan pattern 200 along
the ®, scan axis. As an example, scanning mirror 300-2 in
FIG. 4 may be configured to scan an output beam 125 over
the full FOR, along the ©, scan axis between the angles
0, and © . Additionally, the scan angles of scanning
mirror 300-2 in FIG. 4 may be adjusted to scan between the

angles ©', . and ®',  to produce a focused scan pattern
200.
[0103] In particular embodiments, scan lines 410 may be

distributed along the ©, scan axis with any suitable scan-line
density or with any suitable combination of scan-line den-
sities. As an example, scan lines 410 may have a scan-line
density along the ®, scan axis of approximately 0.1, 0.2, 0.5,
1, 2, 5, 10, 20, or 50 scan lines per degree. In the example
of FIG. 7, the vertical FOR may be approximately 16°, and
the scan lines 410 may have a substantially constant scan-
line density of approximately 1 scan line per degree. As
another example, for a scan pattern 200 with 64 scan lines
410 uniformly distributed within a FOR ;- of 20°, the scan
lines 410 may have a scan-line density of approximately 3.2
scan lines per degree. In the example of FIG. 8, the scan-line
density may vary between approximately 2 scan lines per
degree (for angles 0,,,,, to ©, and angles ©, to ©,,,,) and
approximately 8 scan lines per degree (for angles ©, to ©,).
In the example of FIG. 9, for the focused scan pattern 200
located between angles ©',,, and ©' . the scan-line den-
sity may be approximately 5, 10, or 20 scan lines per degree.
[0104] FIG. 10 illustrates an example scan pattern 200
with a substantially uniform distribution of scan lines 410.
Scan pattern 200 illustrated in FIG. 10 is a unidirectional
scan pattern 200 where each scan line 410 travels across the
FOR in substantially the same direction (e.g., from left to
right). In particular embodiments, scan lines 410 of a
unidirectional scan pattern 200 may be directed across a
FOR in any suitable direction, such as for example, from left
to right, from right to left, from top to bottom, from bottom
to top, or at any suitable angle (e.g., at a 5°, 10°, 30°, or 45°
angle) with respect to a horizontal or vertical axis. In
particular embodiments, a unidirectional scan pattern 200
may not include a reversal region 420, and each scan line
410 may be a separate line that is not directly connected to
a previous or subsequent scan line 410.

[0105] In particular embodiments, a unidirectional scan
pattern 200 may be produced by a scanner 120 that includes
a polygon mirror (e.g., polygon mirror 300-1 of FIG. 4),
where each scan line 410 is associated with a particular
reflective surface 320 of the polygon mirror. As an example,
reflective surface 320A of polygon mirror 300-1 in FIG. 4
may produce scan line 410A in FIG. 10. Similarly, as the
polygon mirror 300-1 rotates, reflective surfaces 320B,
320C, and 320D may successively produce scan lines 4108,
410C, and 410D, respectively. Additionally, for a subsequent
revolution of the polygon mirror 300-1, the scan lines 410A",
410B', 410C', and 410D' may be successively produced by
reflections of the output beam 125 from reflective surfaces
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320A, 320B, 320C, and 320D, respectively. In particular
embodiments, N successive scan lines 410 of a unidirec-
tional scan pattern 200 may correspond to one full revolu-
tion of a N-sided polygon mirror. As an example, the four
scan lines 410A, 410B, 410C, and 410D in FIG. 10 may
correspond to one full revolution of the four-sided polygon
mirror 300-1 in FIG. 4. Additionally, a subsequent revolu-
tion of the polygon mirror 300-1 may produce the next four
scan lines 410A', 410B', 410C", and 410D' in FIG. 10.

[0106] In particular embodiments, during at least a portion
of a scan, light source 110 may be configured to emit pulses
of light at a substantially constant pulse repetition frequency,
or light source 110 may be configured to vary the pulse
repetition frequency. Additionally, a scanning mirror of
scanner 120 may scan output beam 125 (which includes at
least a portion of the pulses of light emitted by the light
source 110) at a substantially constant angular scanning
speed. As an example, polygon mirror 300-1 in FIG. 4 may
rotate at a substantially constant rotation speed, and the
output beam 125 may scan across the FOR (e.g., along scan
axis ©,) at a corresponding constant angular scanning speed.
If a polygon mirror 300-1 has a rotation speed of R (e.g., in
units of revolutions per second or degrees per second), then
the output beam 125 may scan across the FOR at an angular
scanning speed of approximately 2R, since a ©O-degree
rotation of polygon mirror 300-1 results in a 20@-degree
angular motion of output beam 125. For example, if the
polygon mirror 300-1 has a rotation speed of 10,000 degrees
per second, then the output beam 125 may scan across the
FOR at an angular scanning speed of approximately 20,000
degrees per second. In particular embodiments, the number
of scan lines 410 per second produced by a polygon mirror
300-1 with N reflective surfaces 320 and a rotation speed R
may be expressed as RxN, where R has units of revolutions
per second. As an example, if the 4-sided polygon mirror
300-1 in FIG. 4 has a rotation speed of 150 revolutions per
second, then the lidar system 100 may produce approxi-
mately 600 scan lines 410 per second.

[0107] In particular embodiments, the angular scanning
speed w, (in units of deg/s) of the output beam 125 along
scan axis @, may be expressed as m,=2xRx360, where R has
units of revolutions per second. For example, if polygon
mirror 300-1 rotates at 100 revolutions per second (which
corresponds to an angular rotation rate of approximately
36,000 degrees per second, or 628 radians per second), then
the output beam 125 may scan along scan axis ©, at an
angular scanning speed of approximately 72,000 degrees per
second (or approximately 1,257 radians per second). The
expression FOR./(2xRx360) represents the time for the
output beam 125 to make a single scan across FOR, (along
scan axis ® ) and produce a single scan line 410. As an
example, for a FOR,, of 60° and a 100-Hz rotation speed
(100 revolutions per second), one scan line 410 may be
traced across the FOR,; in approximately 0.83 ms. In par-
ticular embodiments, each scan line 410 of a scan pattern
200 may include approximately the same number of pixels
210. As an example, if the light-source pulse repetition
frequency (PRF) is substantially constant and the rotation
speed R of polygon mirror 300-1 is substantially constant,
then each scan line 410 may include approximately the same
number of pixels 210. As another example, each of the scan
lines 410 in FIG. 10 may include approximately 1,000 pixels
210. The approximate number of pixels 210 in one scan line
410 may be found from the expression P=(PRFxFOR,)/(2x
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Rx360). For example, if the rotation speed R is 100 revo-
Iutions per second, the FOR,, is 60° degrees, and the PRF is
600 kHz, then each scan line 410 includes approximately
P=500 pixels 210.

[0108] In particular embodiments, the output beam 125
may have any suitable angular scan rate along the @, scan
axis, such as for example an angular scan rate of approxi-
mately 1, 2, 5, 10, 20, 50, 100, 300, or 1,000 degrees per
second. In particular embodiments, an angular scan rate may
be referred to as a scan rate, a scan speed, an angular scan
speed, a scanning speed, or an angular scanning speed. The
angular scanning speed along scan axis ©, may be expressed
as m,=A® Jt,, where A®, is an angular range of the scan
pattern 200 along the ®,, scan axis, and T, is a time for the
output beam 125 to travel across A®, and trace out a single
scan pattern 200 from a starting point to an end point (not
including the time to perform a retrace 400). As an example,
if A®, is 30° and T, is 100 ms, then the angular scanning
speed along scan axis O, is approximately 300 degrees per
second. As another example, if A®,, is 2° and T, is 40 ms,
then the angular scanning speed along scan axis ©, is
approximately 50 degrees per second. In FIG. 10, the
angular scan range along the ©, scan axis is approximately
equal to FOR.. The scan time T, may be related to the frame
rate F at which the lidar system 100 scans by the expression
F=1/(T 4T, 0 1race): Where T, 1s a time for the output beam
125 to traverse the retrace path 400. Based on this, the
angular scanning speed along scan axis ©, may be expressed
as o, =(A® xF)/(1-FxT,,,,,..)- As an example, for a 10-Hz
frame rate over a 30° range with a 10 ms retrace time, the
scanning speed w,, is approximately 333 degrees per second.
As another example, for a 1-Hz scan rate over a 5° range
with a 20 ms retrace time, the scanning speed w, is approxi-
mately 5.1 degrees per second.

[0109] In particular embodiments, a scan line 410 may
have an incline angle d with respect to the ®_ axis. The
incline angle & may have any suitable value, such as for
example, approximately 0°, 0.1°, 0.2°, 0.5°, 1°, 2°, 5°, or
10°. The incline angle d may be oriented upward or down-
ward according to the direction the output beam 125 is
scanned along the ©, scan axis. In FIG. 10, the output beam
is scanned along the ®, scan axis from top to bottom, and
each scan line 410 is angled downward (with respect to the
©, axis) at an incline angle 8 of approximately 4°. In
particular embodiments, the incline angle  may depend on
the angular scanning speeds along the scan axes ©, and ©,
and may be expressed as d=arc tan(w,/m,). As an example,
if the output beam 125 is scanned along scan axis ©, at an
angular scanning speed w, of 72,000 degrees per second and
along scan axis ©, at an angular scanning speed w,, of 300
degrees per second, then scan lines 410 may have an incline
angle d of approximately 4.2 mrad (or, approximately
0.24°). As another example, if w, is 10,000 degrees per
second and w,, is 350 degrees per second, then scan lines 410
may have an incline angle 8 of approximately 2°, and each
scan line 410 may be oriented downward at 2° with respect
to the ©, axis.

[0110] FIG. 11 illustrates an example scan pattern 200
with a nonuniform distribution of scan lines 410. The scan
pattern 200 illustrated in FIG. 11 is similar to the scan
pattern 200 illustrated in FIG. 8, except scan pattern 200 in
FIG. 11 is a unidirectional scan pattern 200 where each scan
line 410 travels across the FOR in substantially the same
direction (e.g., from left to right). The unidirectional, adjust-
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able-density scan pattern 200 illustrated in FIG. 11 includes
a higher density of scan lines 410 between angles ©, and ©,
and a lower density of scan lines 410 between angles ©,,,,,
and ©, and between angles ®, and ©,,, . In particular
embodiments, the region of higher-density scan lines 410
between angles ®, and ©, may be located or adjusted in any
suitable manner. As an example, the values of angles ©,,,,
and ©,,, may be approximately -15° and +15°, respec-
tively, and the values of ®, and ®, may be approximately
-2° and +2°, respectively, or approximately -5° and +3°,
respectively. Additionally, the values of ®, or ®, may be
updated from one scan to another. As another example, the
value of ©,-0, (which represents an angular range of the
higher-density scan region) may be approximately 0.5°, 1°,
2°,5°,10°, or 20°, and the value of ®,-0, may be updated
from one scan to another.

[0111] FIG. 12 illustrates an example scan pattern 200
contained within an adjustable field of regard FOR'. In
particular embodiments, a field of regard (represented by
FOR) may be referred to as a fixed field of regard or a global
field of regard, and an adjustable field of regard (represented
by FOR') may be referred to as a configurable field of regard
or a focused field of regard. An adjustable field of regard
FOR' may refer to a field of regard that covers a portion of
a fixed field of regard or is contained within a fixed field of
regard. In particular embodiments, a scan pattern 200 con-
tained within an adjustable field of regard FOR' may be a
focused scan pattern, a scan pattern with a uniform distri-
bution of scan lines 410, or a scan pattern with a nonuniform
distribution of scan lines 410. As an example, a nonuniform
scan pattern 200 similar to that shown in FIG. 11 may be
contained within an adjustable field of regard FOR' between
the angles ©',, and @', . In the example of FIG. 12, the
adjustable field of regard FOR' contains a focused scan
pattern with a substantially uniform distribution of scan lines
410.

[0112] The maximum angle ®,,,, and the minimum angle
0,,,, (which may be referred to as the fixed maximum angle
and the fixed minimum angle, respectively) set the upper and
lower limits of the fixed field of regard along the ©, axis.
The maximum and minimum angles of the FOR may be
non-adjustable and may be determined by a maximum range
over which a scanning mirror (e.g., mirror 300-2 in FIG. 4)
is capable of scanning along the ®,, scan axis. The maximum
scan angle ©',  and the minimum scan angle @', of the
adjustable field of regard FOR' may be referred to as the
adjustable maximum scan angle (or adjustable maximum
angle) and the adjustable minimum scan angle (or adjustable
minimum angle), respectively. The maximum and minimum
angles of the fixed field of regard may be fixed or non-
adjustable angular values, and the maximum and minimum
adjustable angles may be adjustable to any suitable values
located between the maximum and minimum angles of the
fixed field of regard. An adjustable field of regard may cover
or coincide with a fixed field of regard for one or more scans
performed by scanner 120 (e.g., ©',,,. may be approximately
equal to ©,,,., and ©',  may be approximately equal to
0,,..). For example, ©,,,. may be +15°, and ©,,,, may be
-15°, and for one or more scans performed by scanner 120,
the angles ®',, .. and ©', . may be set to +15° and -15°,
respectively (e.g., the FOR' has approximately the same
extent as the FOR). For one or more subsequent scans, the
angles @', and @', . may be adjusted to any suitable

n

X n



US 2022/0291353 Al

min2®min'

values such that ©,, . =0', >0'

max=

For example, the

angles ®', . and @', . may be adjusted to +4° and -6°,
respectively.
[0113] In particular embodiments, an adjustable field of

regard may be adjustable along the ©, axis and may be fixed
along the ©, axis. An adjustable field of regard may have an
extent along the ©_ axis that is fixed and is approximately
the same as the extent of the fixed field of regard (e.g., a FOR
and FOR' may cover approximately the same FOR ). As an
example, an adjustable field of regard may have a fixed
horizontal range of approximately 60°. In particular embodi-
ments, an adjustable field of regard may include a non-
adjustable field of regard along the ©, scan axis that is
greater than or equal to 40°. For example, the FOR' in FIG.
12 may be fixed along the ©, scan axis with an extent along
the ©, scan axis that is approximately equal to FOR,. In
particular embodiments, an adjustable field of regard may
include an adjustable field of regard along the ©, scan axis
that is between approximately 1° and approximately 40°.
For example, the size of the FOR' in FIG. 12 may be
adjustable along the ®, scan axis so that (€',,,.-0", ) may
be set to any suitable value from 1° to 40°.

[0114] In particular embodiments, an adjustable field of
regard may cover a horizontal swath or section of a fixed
field of regard, where the horizontal swath has a fixed
horizontal extent and an adjustable vertical extent. For
example, a fixed field of regard may cover a 60-degree
horizontal range and a 30-degree vertical range, and an
adjustable field of regard may cover the same 60-degree
horizontal range and a 10-degree vertical range within the
30-degree vertical range of the fixed field of regard. In the
example of FIG. 12, the adjustable field of regard FOR' has
approximately the same extent along the ©,_axis as the fixed
field of regard FOR. In particular embodiments, an adjust-
able field of regard may cover a vertical swath of a fixed field
of regard. For example, a fixed field of regard may cover an
80-degree horizontal range and a 40-degree vertical range,
and an adjustable field of regard may cover the same
40-degree vertical range and a 20-degree horizontal range
within the 80-degree horizontal range.

[0115] In particular embodiments, a focused scan pattern
may have an increased density of scan lines 410 with respect
to a standard scan pattern. As an example, scan pattern 200
in FIG. 10 may have a scan-line density of approximately 2
scan lines per degree, and focused scan pattern 200 in FIG.
12 may have a scan-line density of approximately 8 scan
lines per degree. In particular embodiments, a focused scan
pattern may have an increased frame rate with respect to a
standard scan pattern. As an example, a standard scan
pattern may have approximately 2 scan lines per degree and
a 10-Hz frame rate, and a focused scan pattern may have
approximately 2 scan lines per degree and a 40-Hz frame
rate. A focused scan pattern may have one-fourth the number
of scan lines as a standard scan pattern, and so, the focused
scan pattern may be able to scan at a four-times faster frame
rate. In particular embodiments, a focused scan pattern may
have an increased density of scan lines 410 and an increased
frame rate with respect to a standard scan pattern. As an
example, a standard scan pattern may have approximately 2
scan lines per degree and a 10-Hz frame rate, and a focused
scan pattern may have approximately 4 scan lines per degree
and a 20-Hz frame rate.

[0116] In particular embodiments, a lidar system 100 may
include a light source 110 configured to emit pulses of light
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and a scanner 120 configured to scan at least a portion of the
emitted pulses of light along a scan pattern 200 contained
within an adjustable field of regard FOR'. In particular
embodiments, a scanner 120 may include a first scanning
mirror (e.g., polygon mirror 300-1 in FIG. 4) and a second
scanning mirror (e.g., mirror 300-2 in FIG. 4). The first
scanning mirror may be referred to as a x-scan mirror, and
the second scanning mirror may be referred to as a y-scan
mirror. The x-scan mirror may be configured to scan pulses
of light substantially parallel to a scan axis O, to produce
multiple scan lines 410 of the scan pattern 200, where each
scan line 410 is oriented substantially parallel to the scan
axis ©_. The y-scan mirror may be configured to distribute
the scan lines 410 along a scan axis 0, that is substantially
orthogonal to scan axis 0. In FIG. 3, scanner 120 includes
x-scan mirror 300-1 and y-scan mirror 300-2. Scanning
mirror 300-1 oscillates back and forth to scan output beam
125 along scan axis ©, and produce multiple scan lines 410,
and scanning mirror 300-2 is oscillated to distribute the scan
lines 410 along scan axis © .. In FIG. 4, scanner 120 includes
x-scan mirror 300-1 and y-scan mirror 300-2. Scanning
mirror 300-1 is a polygon mirror that is rotated continuously
to scan output beam 125 along scan axis ®,_ and produce
multiple scan lines 410, and scanning mirror 300-2 is
oscillated to distribute the scan lines 410 along scan axis ©,.

[0117] In particular embodiments, scan lines 410 may be
distributed within an adjustable field of regard FOR' accord-
ing to an adjustable © -axis scan profile, where the adjust-
able scan profile includes ®',,., (the minimum scan angle
along the ©, axis), @', ,, (the maximum scan angle along the
0, axis), and a scan-line distribution. The scan lines 410
may be located between the minimum scan angle ®',,,, and
the maximum scan angle @', ., and the scan-line distribu-
tion represents a distribution of scan lines 410 between the
minimum and maximum scan angles and corresponds to one
or more positions or one or more scanning speeds of the
y-scan mirror. The scan-line distribution represents how the
scan lines 410 are distributed along the ©,, axis (e.g., evenly
distributed, or distributed with a variation in scan-line den-
sity), and the scan-line distribution may be determined at
least in part by the scanning speed of the y-scan mirror.

[0118] In particular embodiments, a scan-line distribution
may represent or correspond to one or more scanning speeds
of a y-scan mirror (e.g., scanning mirror 300-2 in FIG. 3 or
scanning mirror 300-2 in FIG. 4). In particular embodi-
ments, the one or more scanning speeds of they-scan mirror
may include a substantially constant scanning speed, and the
corresponding scan-line distribution may include scan lines
410 that are spaced apart substantially uniformly along the
O, scan axis. As an example, scanning mirror 300-2 in FIG.
4 may be scanned at a substantially constant scanning speed
(e.g., 300 degrees per second), and the resulting scan lines
410 may have a substantially uniform spacing between them
(e.g., as illustrated by the scan lines 410 in FIG. 10 and FIG.
12). In particular embodiments, the one or more scanning
speeds of the y-scan mirror (e.g., mirror 300-2 in FIG. 4)
may include a lower scanning speed (e.g., 50 degrees per
second) and a higher scanning speed (e.g., 400 degrees per
second). The corresponding scan-line distribution may
include a higher density of scan lines 410 corresponding to
the lower scanning speed and a lower density of scan lines
410 corresponding to the higher scanning speed. As an
example, scanning mirror 300-2 in FIG. 4 may have an
adjustable scanning speed and may be configured to produce
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a scan pattern 200 like that in FIG. 11 with a region of
higher-density scan lines 410 between angles ©, and ©, and
lower-density scan lines 410 outside that region.

[0119] In particular embodiments, a scan-line distribution
may represent or correspond to one or more positions or
angles of the y-scan mirror (e.g., scanning mirror 300-2 in
FIG. 3 or scanning mirror 300-2 in FIG. 4). In particular
embodiments, the one or more positions of the y-scan mirror
may include a beginning position and an ending position. As
an example, the beginning position may correspond to a scan
line 410 located approximately at a maximum scan angle
0' ... and the ending position may correspond to a scan line
410 located approximately at a minimum scan angle ©', . .
In the example of FIG. 12, scan line 410X may be associated
with a beginning position of a scanning mirror, and scan line
410Y may be associated with an ending position of the
scanning mirror. After scan line 410Y is scanned, the scan-
ning mirror may perform a retrace operation by moving
from the ending position back to the beginning position and
then start a new scan. In particular embodiments, the one or
more positions of the y-scan mirror may include one or more
positions of the y-scan mirror between a beginning and
ending position. As an example, each scan line 410 of a scan
pattern 200 may correspond to a particular position or angle
of a scanning mirror. In the example of FIG. 11, each of the
11 scan lines 410 may correspond to a particular position or
angle of a scanning mirror, and these positions or angles may
be specified by a scan-line distribution.

[0120] In particular embodiments, a scan pattern 200 as
illustrated in FIG. 10, 11, or 12 may be produced by a lidar
system 100 that includes a scanner 120 with a polygon
mirror that includes two or more reflective surfaces 320
(e.g., polygon mirror 300-1 in FIG. 4). The polygon mirror
300-1 in FIG. 4 may be configured to continuously rotate at
a substantially constant rotation speed (e.g., 150 revolutions
per second) in one direction about a rotation axis of the
polygon mirror. Pulses of light emitted by a light source 110
may be reflected sequentially from the reflective surfaces
320 as the polygon mirror 300-1 is rotated, resulting in the
pulses of light begin scanned substantially parallel to the
first scan axis ©, to produce multiple scan lines 410, where
each scan line 410 corresponds to a reflection from one of
the reflective surfaces 320.

[0121] In particular embodiments, the multiple scan lines
410 of a scan pattern 200 may be distributed temporally
based at least in part on a scanning speed of a x-scan mirror.
Each scan line 410 may be produced over a particular time
interval, and scan lines 410 may be produced sequentially so
that their respective time intervals do not overlap. As an
example, scan line 410A in FIG. 10 may be produced during
a time interval from 0 ms to 1 ms, and scan line 410B may
be produced during a subsequent time interval from 1 ms to
2 ms. The respective scan lines 410 of a scan pattern 200
may be produced sequentially in time so that no two scan
lines 410 are produced at the same time or over the same
time interval. For example, scan line 410A may be produced
from 0.2 ms to 0.8 ms, and scan line 410B may be produced
from 1.2 ms to 1.8 ms (e.g., there is a 0.4-ms time gap
between the two scan lines). The scanning speed or the
number of reflective surfaces 320 of the x-scan mirror may
determine how the scan lines 410 are distributed in time. For
example, the polygon mirror 300-1 in FIG. 4 with N=4 sides
may have a rotation speed R of 100 revolutions per second,
corresponding to producing approximately 400 scan lines
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per second (or, one scan line every 2.5 ms). Scan line 410A
in FIG. 10 may then be produced during a time interval from
0 ms to 2.5 ms, and the subsequent scan line 410B may be
produced during a time interval from 2.5 ms to 5 ms. For
example, scan line 410A may be produced from 0.5 ms to 2
ms, and scan line 410B may be produced from 3 ms to 4.5
ms.

[0122] In particular embodiments, a X-scan mirror may
scan pulses of light substantially parallel to a scan axis ©,.
and each scan line 410 may be oriented substantially parallel
to the scan axis ©,. Each scan line 410 of a scan pattern 200
being oriented substantially parallel to the scan axis @, may
refer to each scan line 410 being oriented to within approxi-
mately 0°, 0.1°,0.2°, 0.5°, 1°, 2°, 5°, or 10° of the scan axis
©... The scan-line orientation may correspond to the incline
angle 0 as described above with respect to FIG. 10. As an
example, the scan lines 410 in FIG. 10 may be referred to as
being substantially parallel to the scan axis ©,, and each
scan line 410 may have an incline angle 8 that is less than
or equal to 5°. As another example, the scan lines 410 in
FIG. 11 may be referred to as being substantially parallel to
the scan axis 0, and each scan line 410 may have an incline
angle J that is between approximately 1° and approximately
5°. As another example, the scan lines 410 in FIG. 12 may
be referred to as being substantially parallel to the scan axis
0., and each scan line 410 may have an incline angle § that
is approximately equal to 0.5°. In particular embodiments,
one or more scan lines 410 of a scan pattern 200 may be a
substantially straight line. In the example of FIGS. 10-12,
each scan line 410 is a substantially straight line.

[0123] FIG. 13 illustrates an example scan pattern 200
with slightly curved scan lines 410. In particular embodi-
ments, one or more scan lines 410 of a scan pattern 200 may
be slightly curved or may have some amount of curvature.
As an example, a scan line 410 may be slightly curved if
each section of the scan line 410 has a slope or orientation
that is within a particular angular range (e.g., within 1°, 2°,
5°, or 10°) of the scan axis ©,. In FIG. 13, each scan line 410
has sections with orientations that are within approximately
5° of the scan axis ©,. For example, each scan line 410 has
a left section with an orientation (with respect to the scan
axis ©,) of approximately +2.5°, a middle section with an
orientation of approximately 0°, and a right section with an
orientation of approximately -5°. In particular embodi-
ments, a scan line 410 that is slightly curved may be referred
to as being oriented substantially parallel to a scan axis ..
[0124] In particular embodiments, a scan pattern 200 may
include any suitable number of scan lines 410. As an
example, a scan pattern 200 may include from approxi-
mately 10 scan lines 410 to approximately 1,000 scan lines.
In particular embodiments, the number of scan lines 410 in
a scan pattern 200 may be adjustable. As an example, a lidar
system 100 may perform a high-resolution scan using a scan
pattern 200 with approximately 640 scan lines 410, and the
lidar system 100 may perform a subsequent scan using a
scan pattern 200 with approximately 64 scan lines 410.
[0125] In particular embodiments, each scan line 410 may
extend from approximately one edge of the adjustable field
of regard to approximately an opposite edge of the adjust-
able field of regard. In FIGS. 7-11, each scan line 410
extends along scan axis @, from a left edge of the FOR to
a right edge of the FOR. In particular embodiments, the
edges of FOR and FOR' which are approximately parallel to
scan axis ©®,, may be approximately coincident. In FIGS. 12
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and 13, the left and right edges of the FOR' are approxi-
mately coincident with the respective left and right edges of
the FOR, and each scan line 410 extends from the left edge
of the FOR' to the right edge of the FOR'.

[0126] FIG. 14 illustrates an example nonuniform scan
pattern 200 with scan lines 410 oriented vertically. The scan
pattern 200 illustrated in FIG. 14 is a unidirectional scan
pattern 200 where each scan line 410 travels vertically
across the FOR in substantially the same direction (e.g.,
from top to bottom). In particular embodiments, scan axis @,
may have a substantially vertical orientation, and scan axis
0, may have a substantially horizontal orientation. The scan
pattern 200 in FIG. 14 is similar to that of FIG. 11 with the
orientation of the scan axes ©, and 0, reversed. Similarly,
the orientation of the scan lines 410 in FIG. 14 is rotated by
90° with respect to the scan lines in FIG. 11. In FIG. 14, scan
axis 0, corresponds to the horizontal field of regard (FOR,,)
and may extend horizontally from -30 degrees to +30
degrees. Similarly, scan axis O, corresponds to the vertical
field of regard (FOR ;) and may extend vertically from -10
degrees to +10 degrees.

[0127] FIG. 15 illustrates an example focused scan pattern
200 with scan lines 410 oriented vertically. In FIG. 15, the
scan pattern 200 is contained within an adjustable field of
regard FOR' that extends along the 8, scan axis between the
angles ®',. and ©', . Additionally, the top and bottom
edges of the FOR' are approximately coincident with the
respective top and bottom edges of the FOR. The scan
pattern 200 illustrated in FIG. 15 is similar to that of FIG. 12
with the orientation of the scan axes ©, and O, reversed.
Similarly, the orientation of the scan lines 410 in FIG. 15 is
rotated by 90° with respect to the scan lines in FIG. 12. Each
scan line 410 extends vertically across the full FOR, and
the scan pattern 200 covers a portion of the FOR along the
O, scan axis. A scan pattern 200 with scan lines 410 oriented
vertically (as illustrated in FIG. 14 or 15) may be produced
by a lidar system 100 as illustrated in FIG. 4. The polygon
mirror 300-1 may be configured to produce the vertically
oriented scan lines 410, and the scanning mirror 300-2 may
be configured to distribute the scan lines 410 horizontally
along the ©, scan axis.

[0128] In particular embodiments, a ®, scan axis may be
substantially horizontal, and the corresponding ©,, scan axis
may be substantially vertical. Additionally, the adjustable
minimum scan angle ®' . and the adjustable maximum
scan angle ', may each correspond to an elevation angle.
In each of FIGS. 12 and 13, the ©, scan axis is substantially
horizontal, and the ©, scan axis is substantially vertical.
Additionally, the angles ', ., and ', _are elevation angles.
[0129] In particular embodiments, a ©, scan axis may be
substantially vertical, and the corresponding ©, scan axis
may be substantially horizontal. Additionally, the adjustable
minimum scan angle ®' . and the adjustable maximum
scan angle ©', . may each correspond to an azimuth angle.
In each of FIGS. 14 and 15, the ©, scan axis is substantially
vertical, and the ©, scan axis is substantially horizontal.
Additionally, in FIG. 15, the angles ®',, and ®', _ are
azimuth angles.

[0130] FIG. 16 illustrates an example scan profile 500 for
a scan pattern 200 with a substantially uniform distribution
of scan lines 410. In particular embodiments, a scan profile
500 may be referred to as a © -axis scan profile, a y-axis
scan profile, an adjustable scan profile, an adjustable ©_-axis
scan profile, an adjustable y-axis scan profile, or a scan-
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pattern y-component. In particular embodiments, a scan
profile 500 may represent the position of a scanning mirror
(e.g., mirror 300-2 in FIG. 3 or FIG. 4) versus time, or a scan
profile 500 may represent the position of an output beam 125
along the ©,, scan axis versus time. In particular embodi-
ments, a scan profile 500 may correspond to the ©, -axis
portion of a scan where a scanner 120 directs an output beam
125 across a scan pattern 200 from a starting point 430A to
an end point 430B, and a retrace 400 may represent the
portion of a scan where the scanner 120 resets to the starting
point of the scan. For example, the scan profile 500 illus-
trated in FIG. 16 may correspond to the scan pattern 200 in
FIG. 7 which includes traversing the scan pattern 200 from
starting point 430A to end point 430B and a retrace 400 from
end point 430B to starting point 430A.

[0131] The y-axis scan time Ty corresponds to a time for
the output beam 125 to be scanned across a scan pattern 200
from a starting point 430A to an end point 430B (not
including the time to perform a retrace 400). For example,
the y-axis scan time T, may correspond to a time for
scanning mirror 300-2 in FIG. 3 or FIG. 4 to scan the output
beam 125 from a maximum angle (e.g., ®,,,. or®' Jtoa
minimum angle (e.g., ®,,,,,or @', ). The retrace time T,,,,,..
corresponds to a time for the output beam 125 to traverse the
retrace path 400 (e.g., from an end point back to a starting
point). The time o,_,, corresponds to the total time to scan
one complete round-trip of a scan pattern 200 (e.g., from a
starting point to an end point, and then retracing back to the
starting point), and T, equals T,+7,,,,,... The frame rate F
at which a lidar system 100 scans may be expressed as
/%, which is equal to 1/(T,+T,.,4c.)- A lidar system 100
may have any suitable scan time t_,,, such as for example,
a scan time of approximately 10s,2s,15s,0.5s,0.2 s, 100
ms, 50 ms, 10 ms, or 1 ms.

[0132] The scan profile 500 illustrated in FIG. 16 may
correspond to the scan pattern 200 illustrated in FIG. 7 or
FIG. 10. In particular embodiments, a slope of scan profile
500 may correspond to an angular scan speed along the ©
scan axis. For example, the slope of the scan profile 500 in
FIG. 16 may be approximately 300 degrees per second, and
this may correspond to a substantially constant scan speed
(e.g., of output beam 125 along the ®, scan axis) of
approximately 300 degrees per second. The substantially
uniform distribution of scan lines 410 in FIGS. 7 and 10
corresponds to the substantially uniform slope of the scan
profile 500. Since the slope of the scan profile 500 is
substantially constant (corresponding to a substantially uni-
form scan speed), the scan lines 410 in FIGS. 7 and 10 are
spaced apart along the ®, scan axis in a substantially
uniform manner. In particular embodiments, a scan profile
500 may include any suitable slope or combination of two or
more slopes, which corresponds to any suitable scan speed
or combination of two or more scan speeds.

[0133] FIG. 17 illustrates an example scan profile 500 for
a scan pattern 200 with a nonuniform distribution of scan
lines 410. The scan profile 500 illustrated in FIG. 17 may
correspond to the scan pattern 200 illustrated in FIG. 8, FIG.
11, or FIG. 14. For example, the lower density of scan lines
410 between angles ©,,,,, and 0, and between angles 6, and
0,,,. may be associated with the higher slope of the scan
profile 500 between those angles (and a corresponding
higher scan speed). Similarly, the higher density of scan
lines 410 between angles ©, and 6, may be associated with
the lower slope of the scan profile 500 between those angles
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(and a corresponding lower scan speed). An adjustable scan
profile 500 as illustrated in FIG. 17 may be produced by a
scanning mirror (e.g., mirror 300-2 in FIG. 3 or FIG. 4)
having an adjustable scan rate along the ®  scan axis.
Between angles ©,,,,, and ©, and between angles ©, and the
scan profile 500 may have a slope of approximately 400
degrees per second (which corresponds to a scan rate along
the ®,, scan axis of approximately 400 degrees per second).
Additionally, between angles ®, and ©,, the scan profile 500
may have a slope of approximately 50 degrees per second.

[0134] FIG. 18 illustrates an example scan profile 500
associated with a focused scan pattern. The scan profile 500
illustrated in FIG. 18 may correspond to the scan pattern 200
illustrated in FIG. 12, FIG. 13, or FIG. 15, where the scan
pattern 200 is contained within an adjustable field of regard
FOR'. The scan profile 500 in FIG. 18 represents a scan
pattern 200 that scans output beam 125 along the ©, scan
axis between the angles ®',,,, and @', . The scan profile
500 illustrated in FIG. 18 has a substantially constant slope
corresponding to a substantially uniform scan speed and a
substantially uniform distribution of scan lines 410 between
the angles ©',,,, and ©',,_ (e.g., as illustrated by the scan
lines 410 in FIG. 12). In particular embodiments, a scan
profile 500 for a focused scan pattern may include any
suitable slope or combination of two or more slopes. As an
example, a scan profile 500 located between the angles ©',
and ©', . may include one section with a higher slope
(corresponding to a higher scanning speed and a lower
density of scan lines 410) and another section with a lower
slope (corresponding to a lower scanning speed and a higher
density of scan lines 410). As another example, a scan profile
500 similar to that in FIG. 17 may be located between the
angles ®', . and ®' _of an adjustable field of regard FOR'.

[0135] In particular embodiments, a scan profile 500 may
include or may be based on a minimum scan angle (e.g.,
0, or ® )and a maximum scan angle (e.g., ©,, . or
©',...)- In the example of FIG. 16 and FIG. 17, the scan
profile 500 extends from the maximum scan angle ®, ,_to
the minimum scan angle ©,,.... In the example of FIG. 18,
the scan profile 500 extends from the adjustable maximum
angle ®', ~ to the adjustable minimum angle ©', . In
particular embodiments, a scan profile 500 may include or
may be based on a scan-line distribution which represents a
distribution of scan lines 410 between a minimum scan
angle (e.g., ©,,.. or ®' ) and a maximum scan angle (e.g.,
0,,.. or O 3. The scan lines 410 may be distributed or
arranged along the ©, scan axis and within the adjustable
field of regard in any suitable manner. A scan-line distribu-
tion may include one or more slopes of the scan profile 500
or one or more scanning speeds of a mirror configured to
scan along the ©, scan axis.

[0136] In particular embodiments, a scan profile 500 may
be repeated any suitable number of times. As an example, a
particular scan profile 500 may be repeated 1, 2, 5, 10, 100,
1,000, 10,000, or any other suitable number of times (e.g.,
a lidar system 100 may perform 50 scans in succession using
the scan profile 500 illustrated in FIG. 17). In particular
embodiments, a scan profile 500 may be changed or adjusted
between scans. As an example, a lidar system 100 may
perform any suitable number of scans using scan profile 500
illustrated in FIG. 16, and then the lidar system 100 may
switch to the scan profile 500 illustrated in FIG. 18. In
particular embodiments, a scan profile 500 may be adjusted
between subsequent scans in any suitable manner. As an
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example, a minimum scan angle (e.g., ®,,., or ©@',., a
maximum scan angle (e.g., ®, . or ©' ) or a scan-line
distribution may be adjusted in any suitable manner.

[0137] In particular embodiments, a lidar system 100 may
include a processor configured to adjust a © -axis scan
profile 500. For example, a processor configured to adjust a
scan profile 500 may include any suitable processor located
within the lidar system 100 (e.g., the processor may include
or may be part of controller 150) or located external to the
lidar system 100. In particular embodiments, a processor
may be configured to adjust a ®, -axis scan profile 500 after
a lidar system 100 captures one or more initial frames, and
the adjusted © -axis scan profile 500 may be applied to one
or more subsequent frames that are captured after the initial
frames. In particular embodiments, a processor may be
configured to adjust a © -axis scan profile 500 in response
to detecting pulses of light scattered by a target 130. The
0 -axis scan profile 500 may be adjusted to provide a scan
ot the target 130 that has a higher resolution (e.g., a higher
density of scan lines 410) or a higher frame rate than a
previous scan. For example, a lidar system may use scan
profile 500 in FIG. 16 to scan a field of regard. After a target
130 is detected in a particular portion of the field of regard,
the processor may adjust the © -axis scan profile 500 to
focus on that portion of the field of regard where the target
130 is located. For example, the processor may select scan
profile 500 illustrated in FIG. 17 (e.g., at least part of the
target 130 is located between angles ®, and ©,) or scan
profile 500 illustrated in FIG. 18 (e.g., at least part of the
target 130 is located between angles @', and ©'

[0138] In particular embodiments, adjusting a O -axis
scan profile 500 may include adjusting a minimum or
maximum scan angle to reduce an angular range of an
adjustable field of regard along the ©,, scan axis. The angular
range of an adjustable field of regard may be expressed as
0,0, and may have any suitable value, such as for
example, 0.5°, 1°, 2°, 5°, 10°, 20° 30°, 40°, or 50°. In
particular embodiments, the angular range of an adjustable
field of regard may be reduced so that a lidar system 100
scans a particular region of interest with an increased density
of scan lines 410. As an example, a scanner 120 may be
configured to scan using scan profile 500 illustrated in FIG.
16, and for a subsequent scan, the scan profile 500 may be
adjusted so that the scanner 120 scans using the scan profile
500 illustrated in FIG. 18. For example, in FIG. 16, ©, .
may be +15° and ®,, ., may be —15°, corresponding to a 30°
angular range. In FIG. 18, the maximum and minimum scan
angles (®',,. and ©', ) may be adjusted to +5° and -5°,
respectively, corresponding to a reduced angular range of
10°. Additionally, the scan speed (corresponding to the slope
of the scan profile) may be reduced when scanning across a
reduced angular range, which results in an increase in
scan-line density for the reduced angular range. For
example, the scan speed may be reduced by a factor of 3,
resulting in a 3x increase in the scan-line density for the
reduced angular range. As another example, a scanner 120
may be configured to scan using scan profile 500 in FIG. 18,
and for a subsequent scan, the angles 0',, , and ®', . may be
adjusted to focus on a particular region of interest. For
example, in FIG. 18, ©',  may be +10° and ©',,,, may be
-10°, corresponding to a 20° angular range. The maximum
and minimum scan angles (8", and ©', . ) may be adjusted
to +2° and -6°, respectively, corresponding to a reduced
angular range of 8°.

max)'
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[0139] In particular embodiments, the angular range of an
adjustable field of regard may be reduced so that a lidar
system 100 scans a particular region of interest with an
increased frame rate. As an example, a scanner 120 may be
adjusted to scan over a reduced angular range, and the scan
speed may not be reduced (or the scan speed may be reduced
by a factor less than the reduction in the angular range). If
the angular scan range along the ®,, scan axis is reduced by
a factor of 4 and the scan speed remains substantially
unchanged, then the frame rate will increase by approxi-
mately a factor of 4, and the scan-line density will remain
substantially unchanged. For example, a scan over a 30°
scan range may be performed in a scan time <, of approxi-
mately 100 ms and may include approximately 64 scan lines
410. The angular range may be reduced by 4x to a 7.5° scan
range, and, if the scan speed is not changed, then the scan
time t,, will be reduced to approximately 25 ms, and the scan
will include approximately 16 scan lines 410. The scan-line
density for both the 30° scan and the 7.5° scan will be
approximately 2.1 scan lines per degree.

[0140] In particular embodiments, the angular range of an
adjustable field of regard may be reduced so that a lidar
system 100 scans a particular region of interest with an
increased frame rate and an increased scan-line density. As
an example, if an angular scan range along the ®, scan axis
is reduced by a factor of 4 and the scan speed is reduced by
a factor of 2, then the frame rate will increase by approxi-
mately a factor of 2, and the scan-line density will increase
by approximately a factor of 2. For example, a scan over a
20° scan range may be performed in a scan time T, of
approximately 100 ms and may include approximately 64
scan lines 410 (corresponding to a scan-line density of
approximately 3.2 scan lines per degree). The angular range
may be reduced by 4x to a 5° scan range, and the scan speed
may be reduced by 2x so that the scan time T, is approxi-
mately 50 ms (corresponding to an increase in the frame rate
of approximately 2x). The reduced scan may include
approximately 32 scan lines 410, and the scan-line density
may be approximately 6.4 scan lines per degree (correspond-
ing to a 2x increase in scan-line density).

[0141] In particular embodiments, adjusting a ©,-axis
scan profile 500 may include adding an angular-offset value
A® to each of the minimum and maximum scan angles to
shift the adjustable field of regard along the ©,, scan axis by
the angular-offset value A®. As an example, a scanner 120
may be configured to scan using scan profile 500 illustrated
in FIG. 18, and for a subsequent scan, the scan profile 500
may be adjusted so that the scan lines 410 are moved up or
down by an angular-offset value A®. For example, in FIG.
18,0, maybe +5°and ®',, may be —-5°. The scan-profile
angles may be adjusted upwards by A®=2° resulting in an
adjusted scan profile 500 where @', is +7°and ®', .. _3°.

[0142] In particular embodiments, adjusting a ©,-axis
scan profile 500 may include adding an angular-offset value
A®, to a maximum scan angle and adding an angular-offset
value A®, to a minimum scan angle. As an example, a
scanner 120 may be configured to scan using scan profile
500 illustrated in FIG. 18, and for a subsequent scan, the
scan profile 500 may be adjusted so that @', is adjusted by
A®,,and O, is adjusted by AD,. For example, in FIG. 18,
0. may be +10° and ©', . may be —10°. The scan-profile
angles may be adjusted by A®,=-7° and AD,=5° resulting
in an adjusted scan profile 500 where @', is +3° and @',
is =5°.
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[0143] In particular embodiments, adjusting a O -axis
scan profile 500 may include adjusting a scan-line distribu-
tion to produce an increased density of scan lines 410 for a
particular region of interest. As an example, a scanner 120
may be configured to scan using scan profile 500 illustrated
in FIG. 16, and for a subsequent scan, an adjusted scan
profile 500 based on FIG. 17 may be applied. The scan-line
distribution may be adjusted to provide a reduced scan speed
between angles ®, and ©, and a corresponding increase in
scan-line density in that region. As another example, a
scanner 120 may be configured to use scan profile 500
illustrated in FIG. 18, and for a subsequent scan, the scan
profile 500 may be adjusted to provide a reduced scan speed
between angles ®',,, and ©' . (and a corresponding
increase in scan-line density).

[0144] FIG. 19 illustrates an example scan profile 500 and
a corresponding angular scanning-speed curve 510. In par-
ticular embodiments, a scan profile 500 may include one or
more piecewise linear sections or one or more substantially
smooth or continuous curves. The scan profile 500 illus-
trated in FIG. 19 includes a smooth, continuous curve that
corresponds to a smoothed version of the piecewise-linear
scan profile 500 in FIG. 17. The scanning-speed curve 510
in FIG. 19 represents the angular scanning speed (w,) of
output beam 125 along the ©,, scan axis and is proportional
to the first derivative with respect to time of the scan profile
500. Around time t,, the scanning speed is reduced from w,
to ,, and around time t,, the scanning speed increases from
, to m,. Rather than changing abruptly or instantaneously
between the two scanning speeds m, and w,, the scanning
speed transitions smoothly between them. As an example, an
output beam 125 may transition from a 200 degrees/second
scan speed along the ©,, scan axis to a 100 degrees/second
scan speed over a time interval of approximately 50-500 ps.
In particular embodiments, a scan profile 500 may include a
slope that varies in a continuous manner (corresponding to
a scan speed that also varies in a continuous manner). As an
example, a scan profile 500 may include two sections with
different slopes (corresponding to two different scan
speeds), and the two sections may be connected together by
a smooth, monotonic curve that represents a substantially
continuous transition between the two slopes (corresponding
to a substantially smooth transition from one scan speed to
the other). In particular embodiments, a substantially smooth
scan profile 500 or scanning-speed curve 510 may corre-
spond to the motion of a scanning mirror (e.g., mirror 300-2
in FIG. 3 or FIG. 4) which may change its scan speed in a
substantially smooth manner rather than in an abrupt or
instantaneous manner.

[0145] FIG. 20 illustrates an example dual-direction scan
profile 500. The scan profile 500 in FIG. 20 includes a
forward-scan profile 500A and a reverse-scan profile 500B.
In particular embodiments, a scan profile 500 may not
include a retrace 400, and the output beam 125 may be
continuously scanned back-and-forth between the minimum
and maximum scan angles (e.g., between angles ®, . and
0,,.,, or between angles ', and ©', ). In the example of
FIG. 20, scan profile 500A corresponds to scan profile 500
in FIG. 16 where the output beam 125 is scanned along the
0, scan axis from ©, . to ©,,. At the end of scan profile
500A, rather than performing a retrace operation, the output
beam 125 is scanned in the reverse direction along reverse-
scan profile 500B from ©,,.,t0 ©,,. . The lidar system 100
illustrated in FIG. 4 may perform a dual-direction scan by
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continuously rotating the polygon mirror 300-1 and scan-
ning the output beam 125 along a dual-direction scan profile
500 as illustrated in FIG. 20. Each traversal of forward-scan
profile 500A or reverse-scan profile 500B results in a
complete scan of a scan pattern.

[0146] FIGS. 21-23 each illustrate an example vehicle 520
with a lidar system 100 configured to produce a particular
scan pattern 200. The example scan pattern 200 illustrated in
FIG. 21 is similar to scan pattern 200 illustrated in FIG. 10
or FIG. 12, where the scan lines 410 are distributed sub-
stantially evenly along the ® , scan axis. In FIG. 21, scan line
410E represents a scan line oriented at a maximum angle
(e.g., 0, .. or® ) and scan line 410F represents a scan
line oriented at a minimum angle (e.g., ©,,, or ®' ). The
example scan pattern 200 illustrated in FIG. 22 is similar to
scan pattern 200 illustrated in FIG. 11, where each scan
pattern 200 has a variation in scan-line density along the ©,
scan axis. In FIG. 22, scan line 410G represents a scan line
oriented at a maximum angle (e.g., ®,,, or ®' 1 and scan
line 410H represents a scan line oriented at a minimum angle
(e.g., ®,,, or ©, ). Additionally, the region with a higher
scan-line density (between scan lines 4101 and 410J) corre-
sponds to the region between angles ©, and 0, in FIG. 11.
The example scan pattern 200 illustrated in FIG. 23 is
similar to scan pattern 200 illustrated in FIG. 12, where each
scan pattern is contained within an adjustable field of regard.
In FIG. 23, scan line 410K represents a scan line oriented at
an adjustable maximum angle @', (similar to scan line
410X in FIG. 12), and scan line 410L. represents a scan line
oriented at an adjustable minimum angle ©',,, (similar to
scan line 410Y in FIG. 12). Additionally, the upper and
lower dashed lines in FIG. 23 correspond to the upper and
lower limits along the ©,, axis for a fixed field of regard (e.g.,
0, and ©', . respectively).

[0147] FIGS. 24-25 each illustrate an example scan pat-
tern 200 to which one or more angular offsets are applied. In
FIG. 24, an angular-offset value A® is added to each of the
minimum and maximum scan angles to shift the scan pattern
200 along the ©,, scan axis by the angular-offset value AD.
For the initial scan pattern 200, scan line 410M represents a
scan line oriented at a maximum angle (e.g., ®', ), and scan
line 410N represents a scan line oriented at a minimum angle
(e.g., ©',,,). For the shifted scan pattern 200', scan line
410M' represents a scan line oriented at a shifted maximum
angle equal to ®',, +A®, and scan line 410N’ represents a
scan line oriented at a shifted minimum angle equal to
0, +AD. In particular embodiments, an angular-offset
value A® may have any suitable angular value, such as for
example, approximately +0.2°, £0.5°, £1°, £2° £5° +10°,
+20°, or £30°. In the example of FIG. 24, the angular-offset
value A® is approximately +6°, and the scan pattern 200 is
shifted up by approximately 6 degrees. The same angular
offset A® is applied to both the maximum and minimum
angles, and the initial scan pattern 200 and the shifted scan
pattern 200" both have approximately the same angular range
(e.g., approximately 20°).

[0148] InFIG. 25, angular-offset value A®, is added to the
maximum scan angle, and angular-offset value A®, is added
to the minimum scan angle. For the initial scan pattern 200,
scan line 410P represents a scan line oriented at a maximum
angle (e.g., ®',,.), and scan line 410Q) represents a scan line
oriented at a minimum angle (e.g., @',,,,). For the adjusted
scan pattern 200', the scan lines at the maximum and
minimum angles are offset by the angular-offset values A®,

min®
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and Ad,, respectively, to produce the shifted scan lines
410P' and 410Q'. In the example of FIG. 25, the angular-
offset values A®, and A®, are approximately —6° and +6°,
respectively. The initial scan pattern 200 has an angular
range of approximately 26°, and the adjusted scan pattern
200" has an angular range of approximately 14°. In particular
embodiments, angular-offset values A®, and AdD, may be set
to any suitable angular values, and the adjusted scan pattern
200' may be larger, smaller, or approximately the same size
as the initial scan pattern 200. Additionally, the adjusted scan
pattern 200" may be shifted up or down with respect to the
initial scan pattern 200.

[0149] In particular embodiments, a lidar system 100 may
include a processor configured to adjust a © -axis scan
profile 500 based at least in part on a driving condition of a
vehicle 520 in which the lidar system 100 is operating. In
particular embodiments, a driving condition that triggers
adjustment of a ® -axis scan profile may include detection
of a target 130 within the adjustable field of regard of the
lidar system 100. As an example, a lidar system 100 in a
vehicle 520 may operate with a scan pattern 200 based on
FIG. 21. After a target 130 is detected, the scan pattern 200
may be adjusted to that of FIG. 22 (where at least part of the
target 130 is located between scan lines 4101 and 410J) or
FIG. 23 (where at least part of the target 130 is located
between scan lines 410K and 410L). As another example, a
lidar system 100 may operate using scan pattern 200 illus-
trated in FIG. 25, and after a target 130 is detected, the
maximum and minimum angles may be adjusted to produce
the adjusted scan pattern 200'. The adjusted scan pattern 200'
may have a higher scan-line density or a higher frame rate
than the initial scan pattern 200. Scanning a target 130 with
an adjusted scan pattern 200' may allow the lidar system 100
to provide information about the target 130 that has an
increased spatial resolution (e.g., a higher density of scan
lines 410) or an increased temporal resolution (e.g., a higher
frame rate).

[0150] In particular embodiments, a driving condition that
triggers adjustment of a © -axis scan profile 500 may
include a grade of a road on which the vehicle 520 is
operating or a change in the grade of a road on which the
vehicle 520 is operating. The grade of a road represents the
slope of a road and may be referred to as a gradient, incline,
pitch, rise, or slope. As an example, if the road ahead begins
to slope upward (e.g., there is an uphill section ahead), then
the lidar system 100 may apply a corresponding upward
angular offset A® to shift the scan pattern upward (e.g., as
illustrated in FIG. 24). As another example, if the road ahead
begins to slope downward (e.g., there is a downhill section
ahead), then the lidar system 100 may apply a downward
angular offset to shift the scan pattern downward).

[0151] FIG. 26 illustrates an example scan pattern 200
with 16 scan lines (scan line 410-1 through scan line
410-16). In particular embodiments, a scan pattern 200 may
be a non-interlaced scan pattern 200, where the scan lines
410 are scanned sequentially. A sequential scan of a series of
scan lines 410 may refer to the scan lines 410 being scanned
in order of their respective spatial position. For example,
scanner 120 may be configured to scan a series of scan lines
410 in order from left to right or from top to bottom. As
another example, a non-interlaced scan pattern 200 may
include three adjacent scan lines 410 (e.g., in order of their
spatial position, a first scan line, a second scan line, and a
third scan line), where the second scan line is scanned after
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the first scan line, and the third scan line is scanned after the
second scan line. Scan pattern 200 illustrated in FIG. 26 may
be a non-interlaced scan pattern 200 where a scan begins
with scan line 410-1 and ends with scan line 410-16. In FIG.
26, the scan lines may be scanned in order from scan line
410-1 to scan line 410-16 to form a full-resolution scan of
a FOR or FOR' For example, scan line 410-1 may be
scanned first, followed by scan line 410-2, then scan line
410-3, and so on until scan line 410-16 is scanned. In
particular embodiments, a non-interlaced scan pattern 200
(which may be referred to as a sequential scan pattern) may
include any suitable number of scan lines 410, such as for
example, approximately 5, 10, 20, 50, 100, 200, or 500 scan
lines 410. In particular embodiments, a non-interlaced scan
pattern 200 may cover all or part of a fixed field of regard
or may cover all or part of an adjustable field of regard.

[0152] FIGS. 27-28 each illustrate one part of an example
2-fold interlaced scan pattern. In particular embodiments, an
interlaced scan pattern may include two or more parts (e.g.,
scan patterns 200A and 200B), and each part may be referred
to as a sub-scan, a sub-cycle, a partial scan, a low-resolution
scan, a high-frequency scan, or a high frame-rate scan. The
two sub-scans illustrated in FIGS. 27-28 (scan pattern 200A
and scan pattern 200B) together may represent an interlaced
scan pattern that corresponds to the full-resolution scan
pattern 200 illustrated in FIG. 26. Scan pattern 200A in FIG.
27 includes the odd-numbered scan lines (scan lines 410-1,
410-3, 410-5, 410-7, 410-9, 410-11, 410-13, and 410-15)
from scan pattern 200 in FIG. 26. Scan pattern 200B in FIG.
28 includes the even-numbered scan lines (scan lines 410-2,
410-4, 410-6, 410-8, 410-10, 410-12, 410-14, and 410-16)
from scan pattern 200 in FIG. 26.

[0153] In FIG. 27, the dashed lines represent the even-
numbered scan lines from scan pattern 200B. For example,
the dashed line between adjacent scan lines 410-1 and 410-3
in FIG. 27 represents scan line 410-2 in FIG. 28. Similarly,
in FIG. 28, the dashed lines represent the odd-numbered
scan lines from scan pattern 200A. For example, the dashed
line between adjacent scan lines 410-2 and 420-4 in FIG. 28
represents scan line 410-3 in FIG. 27. Each dashed line in
FIGS. 27 and 28 represents a scan line that is part of an
interlaced scan pattern but is not scanned in that particular
sub-scan. The dashed lines in FIG. 27 represent scan lines
that are not scanned in scan pattern 200A but are scanned in
scan pattern 200B. Similarly, the dashed lines in FIG. 28
represent scan lines that are not scanned in scan pattern
200B but are scanned in scan pattern 200A.

[0154] FIGS. 29-32 each illustrate one part of an example
4-fold interlaced scan pattern. The four sub-scans (scan
patterns 200-1, 200-2, 200-3, and 200-4) together may
represent an interlaced scan pattern that corresponds to the
full-resolution scan pattern 200 illustrated in FIG. 26. Each
sub-scan in FIGS. 29-32 starts with a particular scan line
from scan pattern 200 in FIG. 26 and includes every
succeeding fourth scan line. Scan pattern 200-1 in FIG. 29
(which may start with scan line 410-1 or 410-13) includes
scan lines 410-1, 410-5, 410-9, and 410-13 from scan pattern
200 in FIG. 26. Scan pattern 200-2 in FIG. 30 (which may
start with scan line 410-2 or 410-14) includes scan lines
410-2, 410-6, 410-10, and 410-14 from scan pattern 200 in
FIG. 26. Scan pattern 200-3 in FIG. 31 includes scan lines
410-3, 410-7, 410-11, and 410-15 from scan pattern 200 in
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FIG. 26. Scan pattern 200-4 in FIG. 32 includes scan lines
410-4, 410-8, 410-12, and 410-16 from scan pattern 200 in
FIG. 26.

[0155] In FIGS. 29-32, each pair of adjacent scan lines in
a particular sub-scan is separated by three scan lines (rep-
resented by dashed lines) from other sub-scans. Each dashed
line in FIGS. 29-32 represents a scan line that is part of an
interlaced scan pattern but is not scanned in that particular
sub-scan. The dashed lines in FIG. 29 represent scan lines
that are not scanned in scan pattern 200-1 but are scanned in
scan patterns 200-2, 200-3, and 200-4. For example, the
three dashed lines between adjacent scan lines 410-1 and
410-5 represent scan line 410-2 in FIG. 30, scan line 410-3
in FIG. 31, and scan line 410-4 in FIG. 32. As another
example, in FIG. 32, the three dashed lines between adjacent
scan lines 410-12 and 410-16 represent scan line 410-13 in
FIG. 29, scan line 410-14 in FIG. 30, and scan line 410-15
in FIG. 31.

[0156] In particular embodiments, an interlaced scan pat-
tern may refer to a scan pattern where the scan lines 410 are
scanned in a non-sequential order (e.g., the scan lines are
scanned in an order that differs from a spatial arrangement
of'the scan lines). An interlaced scan pattern may be referred
to as a non-sequential scan pattern or an interleaved scan
pattern. In particular embodiments, an interlaced scan pat-
tern may include two or more sub-scans, where each sub-
scan of the interlaced scan pattern represents a subset or a
part of a full-resolution scan. Each sub-scan includes scan
lines 410 that are interlaced with (e.g., located adjacent to or
between) scan lines 410 of the other sub-scans. While the
scan lines of an interlaced scan pattern may be scanned in a
non-sequential manner, the scan lines of each sub-scan may
be scanned sequentially according to the spatial arrangement
of'the scan lines in that sub-scan. For example, the scan lines
of sub-scan 200-1 illustrated in FIG. 29 may be scanned in
the following order: 410-1, 410-5, 410-9, 410-13.

[0157] In particular embodiments, the sub-scans of an
interlaced scan pattern may be scanned in a particular order
(e.g., scan pattern 200B may be scanned after scan pattern
200A is scanned), and each sub-scan may be used to
generate a partial-resolution point cloud. Additionally, the
pixels 210 or point clouds from each of the sub-scans may
be combined together to produce a full-resolution point
cloud. The partial-resolution point clouds may have a lower
resolution than the full-resolution point cloud, but a series of
partial-resolution point clouds may be produced at a higher
frame rate than the full-resolution point cloud.

[0158] In FIGS. 27-28, scan patterns 200A and 200B
together may represent an interlaced scan pattern that cor-
responds to the full-resolution scan pattern 200 illustrated in
FIG. 26. When scan patterns 200A and 200B are scanned in
series, each scan of scan pattern 200A and 200B may be used
to generate a corresponding partial-resolution point cloud.
Additionally, successive scans of scan patterns 200A and
200B may be combined together to form a full-resolution
point cloud corresponding to scan pattern 200 in FIG. 26.
Similarly, scan patterns 200-1, 200-2, 200-3, and 200-4
together may represent an interlaced scan pattern that cor-
responds to scan pattern 200 illustrated in FIG. 26. The scan
patterns 200-1, 200-2, 200-3, and 200-4 may be scanned
sequentially to produce a series of partial-resolution point
clouds, where each partial-resolution point cloud corre-
sponds to one of the sub-scans. Additionally, the pixels 210
or point clouds obtained from each of the four sub-scans
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200-1, 200-2, 200-3, and 200-4 may be combined together
to form a full-resolution point cloud corresponding to scan
pattern 200 in FIG. 26.

[0159] In particular embodiments, an interlaced scan pat-
tern may include any suitable number of sub-scans, such as
for example, 2, 3, 5, 10, 20, or 50 sub-scans. FIGS. 27-28
represent an interlaced scan pattern that includes 2 sub-
scans, and FIGS. 29-32 represent an interlaced scan pattern
that includes 4 sub-scans. In particular embodiments, the
sub-scans of an interlaced scan pattern may be scanned in
any suitable sequence or order. For example, the four
sub-scans illustrated in FIGS. 29-32 may be scanned in the
following order: 200-1, 200-2, 200-3, 200-4. As another
example, the four sub-scans may be scanned in the following
order: 200-1, 200-3, 200-2, 200-4. In particular embodi-
ments, an interlaced scan pattern may be scanned repeatedly
using a particular sequence. For example, the four sub-scans
in FIGS. 29-32 may be repeatedly scanned using the same
sequence (e.g., 200-1, 200-2, 200-3, 200-4). In particular
embodiments, an interlaced scan pattern may be scanned
repeatedly using two or more particular sequences. For
example, the four sub-scans in FIGS. 29-32 may scanned
first with one sequence (e.g., 200-1, 200-2, 200-3, 200-4)
and then with a different sequence (e.g., 200-4, 200-3, 200-2,
200-1). In particular embodiments, scanning the sub-scans
of an interlaced scan pattern in sequence may refer to
scanning the sub-scans such that a succeeding sub-scan
begins only after a preceding sub-scan is completed.

[0160] In particular embodiments, an interlaced scan pat-
tern may include any suitable number of scan lines 410
distributed between any suitable number of sub-scans. As an
example, an interlaced scan pattern may include 64 scan
lines 410 distributed between two sub-scans (e.g., each
sub-scan may include 32 scan lines) or distributed between
four sub-scans (e.g., each sub-scan may include 16 scan
lines). FIGS. 27-28 represent an interlaced scan pattern with
16 scan lines distributed between two sub-scans (sub-scans
200A and 200B), and FIGS. 29-32 represent an interlaced
scan pattern with 16 scan lines distributed between four
sub-scans (sub-scans 200-1, 200-2, 200-3, and 200-4). In
particular embodiments, the scan lines 410 of an interlaced
scan pattern may be distributed substantially evenly between
the associated sub-scans. As an example, for an interlaced
scan pattern with 64 scan lines 410 and four sub-scans, each
sub-scan may include 15-17 scan lines 410. In particular
embodiments, the scan lines 410 of an interlaced scan
pattern may be distributed in a non-uniform manner between
the associated sub-scans. As an example, for an interlaced
scan pattern with 64 scan lines and four sub-scans, a first
sub-scan may include approximately 32 scan lines, a second
sub-scan may include approximately 16 scan lines, and the
remaining two sub-scans may each include approximately 8
scan lines.

[0161] In particular embodiments, each sub-scan of an
interlaced scan pattern may be scanned in the same direc-
tion. As an example, each of the four sub-scans illustrated in
FIGS. 29-32 may be scanned along the ®, scan axis in a
top-to-bottom direction (e.g., as illustrated by scan profile
500 in FIG. 16). The scan lines of sub-scan 200-1 may be
scanned in order 410-1, 410-5, 410-9, 410-13. Then, the
scan lines of sub-scan 200-2 may be scanned in order 410-2,
410-6, 410-10, 410-14. In particular embodiments, sequen-
tial sub-scans of an interlaced scan pattern may be scanned
in opposite directions (e.g., as illustrated by the dual-
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direction scan profile 500 in FIG. 20). As an example,
sub-scans 200-1 and 200-3 may be scanned along the ©,
scan axis in a top-to-bottom direction, and sub-scans 200-2
and 200-4 may be scanned in a bottom-to-top direction. The
scan lines of sub-scan 200-1 may be scanned in a top-down
order (e.g., 410-1, 410-5, 410-9, 410-13), and then, the scan
lines of sub-scan 200-2 may be scanned in a bottom-up order
(e.g., 410-14, 410-10, 410-6, 410-2).

[0162] In particular embodiments, a lidar system 100 may
include a light source 110 configured to emit pulses of light
and a scanner 120 configured to scan at least a portion of the
emitted pulses of light along an interlaced scan pattern. The
scanner 120 may include an X-scan mirror (e.g., mirror
300-1 in FIG. 3 or 4) and a y-scan mirror (e.g., mirror 300-2
in FIG. 3 or 4). The x-scan mirror may be configured to scan
pulses of light substantially parallel to a ®_ scan axis to
produce multiple scan lines 410 of the interlaced scan
pattern, where each scan line 410 is oriented substantially
parallel to the ®,_ scan axis. The y-scan mirror may be
configured to distribute the scan lines 410 along a ©,, scan
axis that is substantially orthogonal to scan axis ©,. In
particular embodiments, the scan lines 410 (which may
include a first scan line, a second scan line, and a third scan
line) may be distributed in an interlaced manner. As an
example, the second scan line may be disposed between the
first and third scan lines, and the second scan line may be
scanned after the first and third scan lines are scanned. In the
example of FIGS. 27-28, scan line 410-2 of sub-scan 200B
is located between the adjacent scan lines 410-1 and 410-3
of sub-scan 200A, and scan line 410-2 may be scanned after
scan lines 410-1 and 410-3 are scanned. For example, a
scanner 120 may be configured to scan across scan pattern
200A (which includes scan lines 410-1 and 410-3) prior to
scanning across scan pattern 200B (which includes scan line
410-2).

[0163] In particular embodiments, an interlaced scan pat-
tern may include two sub-scans having multiple even scan
lines and multiple odd scan lines, respectively. The even and
odd scan lines may be distributed in an interlaced manner
where: (1) each pair of adjacent even scan lines is separated
by an odd scan line; (2) each pair of adjacent odd scan lines
is separated by an even scan line; and (3) the even scan lines
are scanned after the odd scan lines are scanned. The
interlaced scan pattern represented by FIGS. 27-28 includes
the odd-numbered scan lines of sub-scan 200A and the
even-numbered scan lines of sub-scan 200B. The scan lines
of sub-scans 200A and 200B are interlaced so that adjacent
odd-numbered scan lines are separated by an even-num-
bered scan line, and adjacent even-numbered scan lines are
separated by an odd-numbered scan line. For example, the
adjacent odd-numbered scan lines 410-9 and 410-11 of
sub-scan 200A are separated by a dashed line which repre-
sents the even-numbered scan line 410-10 of sub-scan 200B.
Similarly, the adjacent even-numbered scan lines 410-14
and 410-16 of sub-scan 200B are separated by a dashed line
which represents the odd-numbered scan line 410-15 of
sub-scan 200A.

[0164] In particular embodiments, a scanner 120 of a lidar
system 100 may be configured to alternately scan sub-scan
200A and sub-scan 200B. For example, the scanner 120 may
first scan the odd scan lines of sub-scan 200A, and then, the
scanner 120 may scan the even scan lines of sub-scan 200B
(or vice versa). Additionally, the scanner may continue the
scanning sequence by repeatedly scanning the odd scan lines
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followed by the even scan lines. In particular embodiments,
the odd scan lines of an interlaced scan pattern may be used
to produce a first partial-resolution point cloud, and the even
scan lines may be used to produce a second partial-resolu-
tion point cloud. Additionally, the first and second partial-
resolution point clouds (or the pixels 210 associated with
each of the point clouds) may be combined to produce a
full-resolution point cloud. For example, the odd scan lines
of sub-scan 200A in FIG. 27 may be used to produce a first
partial-resolution point cloud, and the even scan lines of
sub-scan 200B in FIG. 28 may be used to produce a second
partial-resolution point cloud. The two partial-resolution
point clouds (or the pixels 210 associated with each of the
point clouds) may be combined together to produce a
full-resolution point cloud corresponding to scan pattern 200
in FIG. 26. For an interlaced scan pattern with two sub-
scans, each partial-resolution point cloud may have approxi-
mately one-half as many pixels 210 as the full-resolution
point cloud. As an example, each scan line in FIGS. 27-28
may include approximately 1,000 pixels, and each partial-
resolution point cloud may include approximately 8,000
pixels 210. The full-resolution point cloud (which corre-
sponds to scan pattern 200 in FIG. 26) may include approxi-
mately 16,000 pixels.

[0165] In particular embodiments, an interlaced scan pat-
tern that includes n sub-scans (where n is an integer greater
than or equal to 2) may be referred to as an n-fold interlaced
scan pattern. Each sub-scan of an n-fold interlaced scan
pattern may include two or more scan lines 410, and then
sub-scans may be scanned in any suitable sequential manner.
FIGS. 27-28 represent a 2-fold interlaced scan pattern (e.g.,
n=2) that includes two sub-scans (sub-scans 200A and
200B). Each sub-scan includes eight scan lines 410, and the
sub-scans may be scanned in a sequential manner (e.g.,
sub-scan 200A is scanned prior to sub-scan 200B, or vice
versa). FIGS. 29-32 represent a 4-fold interlaced scan pat-
tern (e.g., n=4) that includes four sub-scans (sub-scans
200-1, 200-2, 200-3, and 200-4). Each sub-scan includes
four scan lines 410, and the sub-scans may be scanned in any
suitable sequential order. As an example, the sub-scans may
be scanned in order 200-1, 200-2, 200-3, 200-4, and the
scanning sequence may continue by repeatedly scanning the
four sub-scans in order.

[0166] In particular embodiments, for an n-fold interlaced
scan pattern (which includes n sub-scans), adjacent scan
lines of a particular sub-scan may be separated from one
another by (n-1) intermediate scan lines of the other sub-
scans. The other sub-scans may include the (n—1) sub-scans
which are different from the particular sub-scan, and the
(n-1) intermediate scan lines located between the adjacent
scan lines of the particular sub-scan may include one scan
line from each of the other (n-1) sub-scans. For example, for
a 3-fold interlaced scan pattern (which includes three sub-
scans), adjacent scan lines of each sub-scan may be sepa-
rated by two intermediate scan lines from the other two
sub-scans. In particular embodiments, a pair of scan lines
410 in a particular sub-scan may be referred to as being
adjacent if there are no other scan lines from that particular
sub-scan located between the pair. In particular embodi-
ments, an intermediate scan line 410 may refer to a scan line
associated with another sub-scan that is located between
adjacent scan lines 410 of a particular sub-scan. A pair of
adjacent scan lines 410 may have one or more intermediate
scan lines 410 from other sub-scans located between the
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pair. Sub-scan 200-1 in FIG. 29 includes three pairs of
adjacent scan lines: scan lines 410-1 and 410-5; scan lines
410-5 and 410-9; and scan lines 410-9 and 410-13. Each pair
of adjacent scan lines in sub-scan 200-1 has three interme-
diate scan lines.

[0167] InFIGS. 27-28, which represent a 2-fold interlaced
scan pattern, adjacent odd-numbered scan lines in sub-scan
200A are separated by one intermediate scan line of sub-
scan 200B. Similarly, each pair of adjacent even-numbered
scan lines in sub-scan 200B is separated by one intermediate
scan line of sub-scan 200A. In FIGS. 29-32, which represent
a 4-fold interlaced scan pattern, adjacent scan lines are
separated from one another by 3 intermediate scan lines of
other sub-scans. For example, scan lines 410-1 and 410-5 of
sub-scan 200-1 are separated by 3 intermediate scan lines
(represented by the three dashed lines between scan lines
410-1 and 410-5 in FIG. 29). Additionally, the three inter-
mediate scan lines include one scan line from each of the
other 3 sub-scans: scan line 410-2 from sub-scan 200-2; scan
line 410-3 from sub-scan 200-3; and scan line 410-4 from
sub-scan 200-4. As another example, scan lines 410-7 and
410-11 of sub-scan 200-3 are separated by 3 intermediate
scan lines from each of the other 3 sub-scans: scan line
410-8 from sub-scan 200-4; scan line 410-9 from sub-scan
200-1; and scan line 410-10 from sub-scan 200-2.

[0168] In particular embodiments, an n-fold interlaced
scan pattern may include a total of N scan lines 410, and
each sub-scan of the n-fold interlaced scan pattern may
include approximately N/n scan lines 410. As an example, a
3-fold interlaced scan pattern may include a total of 64 scan
lines 410, and the scan lines 410 may be allocated to each
of the three sub-scans in a substantially uniform manner so
that each sub-scan includes approximately 21-22 scan lines
410. As another example, for a 4-fold interlaced scan pattern
with a total of 100 scan lines 410, each sub-scan may include
approximately 25 scan lines 410. FIGS. 29-32 represent a
4-fold interlaced scan pattern with a total of 16 scan lines,
and each sub-scan includes four scan lines 410.

[0169] In particular embodiments, an n-fold interlaced
scan pattern may be scanned in a time period AT (where AT
may be approximately equal to scan time T, discussed
above). As an example, a scanner 120 may scan across an
interlaced scan pattern every 100 ms, corresponding to a 10
Hz frame rate. For each scan of an interlaced scan pattern,
a corresponding full-resolution point cloud may be pro-
duced, and a series of full-resolution point clouds (associ-
ated with repeated scans of the interlaced scan pattern) may
be produced at a frequency of approximately 1/AT. As an
example, a scanner 120 may scan across an interlaced scan
pattern in a 100-ms time period, and full-resolution point
clouds corresponding to each scan of the interlaced scan
patterns may be produced at a frequency (or, frame rate) of
approximately 10 Hz. In particular embodiments, for an
n-fold interlaced scan pattern that is scanned in a time period
AT, partial-resolution point clouds based on each of the n
sub-scans of the interlaced scan pattern may be produced at
a frequency of approximately n/AT. As an example, for a
4-fold interlaced scan pattern that is scanned in a 100-ms
time period, partial-resolution point clouds based on each of
the four sub-scans may be produced approximately every 25
ms, corresponding to a frequency of approximately 40 Hz.
In particular embodiments, for an n-fold interlaced scan
pattern, partial-resolution point clouds may be produced at
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a frame rate that is approximately n times higher than the
frame rate of the corresponding full-resolution point clouds.

[0170] In particular embodiments, a scanner 120 may be
configured to scan pulses of light emitted by light source 110
along a non-interlaced scan pattern as well as along an
interlaced scan pattern. As an example, a scanner 120 may
be configured to scan along a non-interlaced scan pattern
represented by scan pattern 200 in FIG. 26. Additionally, the
scanner 120 may be configured to scan along an interlaced
scan pattern represented by sub-scans 200-1, 200-2, 200-3,
and 200-4 illustrated in FIGS. 29-32. In particular embodi-
ments, an interlaced scan pattern may provide a higher frame
rate than a non-interlaced scan pattern. As an example, a
non-interlaced scan pattern may produce full-resolution
point clouds at a frame rate of 1/AT, and a corresponding
n-fold interlaced scan pattern may produce partial-resolution
point clouds at a frame rate that is approximately n-times
higher (e.g., n/AT). An interlaced scan pattern represented
by the four sub-scans in FIGS. 29-32 may produce point
clouds at a frame rate that is approximately four times higher
than a non-interlaced scan pattern based on FIG. 26. The
partial-resolution point clouds produced by an interlaced
scan pattern may have lower resolution (e.g., a lower num-
ber of pixels 210 or a lower density of pixels 210) than the
full-resolution point clouds produced by a non-interlaced
scan pattern, but the partial-resolution point clouds may
allow a lidar system 100 to monitor or track objects at a
higher frame rate. Additionally, a set of n successive partial-
resolution point clouds may be combined to produce a
full-resolution point cloud having approximately the same
resolution and frame rate as a full-resolution point cloud
produced using a non-interlaced scan pattern.

[0171] In particular embodiments, a scanner 120 in a lidar
system 100 may be configured to switch from scanning
along a non-interlaced scan pattern to scanning along an
interlaced scan pattern (or vice versa). As an example, lidar
system 100 may be coupled to or may include a processor
(e.g., controller 150) configured to send an instruction that
results in the scanner 120 switching from scanning along a
non-interlaced scan pattern to scanning along an interlaced
scan pattern. In particular embodiments, switching from a
non-interlaced scan pattern to an interlaced scan pattern (or
vice versa) may be based at least in part on a driving
condition of a vehicle in which lidar system 100 is operating.
As an example, a driving condition may include determining
that a target 130 is within a particular threshold distance of
the vehicle or lidar system 100. The target 130 may be a
bicycle located within 50 meters of the vehicle, and the lidar
system may switch to scanning with an n-fold interlaced
scan pattern so that information about the bicycle (e.g.,
location, direction, or speed) may be provided at a n-times
higher rate. As another example, a driving condition may
include determining that a target 130 has a speed with
respect to the lidar system 100 that is above a particular
threshold speed. The target 130 may be a vehicle moving at
greater than 50 miles per hour with respect to the lidar
system 100, and scanning with an interlaced scan pattern
may provide information about the vehicle (e.g., location,
direction, or speed) at a higher rate than a non-interlaced
scan pattern.

[0172] FIG. 33 illustrates an example method 1000 for
scanning along an interlaced scan pattern. The method may
begin at step 1010, where pulses of light may be emitted by
a light source 110 of a lidar system 100. As an example, light
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source 110 may be a pulsed laser that emits pulses with a
0.5-5 ns duration and a wavelength of 1400-1600 nm. At
step 1020, at least a portion of the emitted pulses of light
may be scanned along an interlaced scan pattern. The pulses
may be scanned substantially parallel to scan axis @, to
produce multiple scan lines 410 of the interlaced scan
pattern, where each scan line 410 is oriented substantially
parallel to scan axis ©,, and the scan lines 410 may be
distributed along scan axis ©,, in an interlaced manner. For
example, the scan lines 410 may include a first scan line, a
second scan line, and a third scan line. The second scan line
may be an intermediate scan line disposed between the first
and third scan lines, and the second scan line may be
scanned after the first and third scan lines are scanned. At
step 1030, at least a portion of the pulses of light scattered
by a target 130 may be detected, at which point the method
may end. As an example, pulses of light scattered by a target
130 may be detected by an APD that is part of a receiver 140.

[0173] FIG. 34 illustrates an example computer system
600. In particular embodiments, one or more computer
systems 600 may perform one or more steps of one or more
methods described or illustrated herein. In particular
embodiments, one or more computer systems 600 may
provide functionality described or illustrated herein. In par-
ticular embodiments, software running on one or more
computer systems 600 may perform one or more steps of one
or more methods described or illustrated herein or may
provide functionality described or illustrated herein. Particu-
lar embodiments may include one or more portions of one or
more computer systems 600. In particular embodiments, a
computer system may be referred to as a computing device,
a computing system, a computer, a general-purpose com-
puter, or a data-processing apparatus. Herein, reference to a
computer system may encompass one or more computer
systems, where appropriate.

[0174] Computer system 600 may take any suitable physi-
cal form. As an example, computer system 600 may be an
embedded computer system, a system-on-chip (SOC), a
single-board computer system (SBC), a desktop computer
system, a laptop or notebook computer system, a mainframe,
a mesh of computer systems, a server, a tablet computer
system, or any suitable combination of two or more of these.
As another example, all or part of computer system 600 may
be combined with, coupled to, or integrated into a variety of
devices, including, but not limited to, a camera, camcorder,
personal digital assistant (PDA), mobile telephone, smart-
phone, electronic reading device (e.g., an e-reader), game
console, smart watch, clock, calculator, television monitor,
flat-panel display, computer monitor, vehicle display (e.g.,
odometer display or dashboard display), vehicle navigation
system, lidar system, ADAS, autonomous vehicle, autono-
mous-vehicle driving system, cockpit control, camera view
display (e.g., display of a rear-view camera in a vehicle),
eyewear, or head-mounted display. Where appropriate, com-
puter system 600 may include one or more computer sys-
tems 600; be unitary or distributed; span multiple locations;
span multiple machines; span multiple data centers; or reside
in a cloud, which may include one or more cloud compo-
nents in one or more networks. Where appropriate, one or
more computer systems 600 may perform without substan-
tial spatial or temporal limitation one or more steps of one
or more methods described or illustrated herein. As an
example, one or more computer systems 600 may perform
in real time or in batch mode one or more steps of one or
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more methods described or illustrated herein. One or more
computer systems 600 may perform at different times or at
different locations one or more steps of one or more methods
described or illustrated herein, where appropriate.

[0175] As illustrated in the example of FIG. 34, computer
system 600 may include a processor 610, memory 620,
storage 630, an input/output (I/O) interface 640, a commu-
nication interface 650, or a bus 660. Computer system 600
may include any suitable number of any suitable compo-
nents in any suitable arrangement.

[0176] In particular embodiments, processor 610 may
include hardware for executing instructions, such as those
making up a computer program. As an example, to execute
instructions, processor 610 may retrieve (or fetch) the
instructions from an internal register, an internal cache,
memory 620, or storage 630; decode and execute them; and
then write one or more results to an internal register, an
internal cache, memory 620, or storage 630. In particular
embodiments, processor 610 may include one or more
internal caches for data, instructions, or addresses. Processor
610 may include any suitable number of any suitable inter-
nal caches, where appropriate. As an example, processor 610
may include one or more instruction caches, one or more
data caches, or one or more translation lookaside buffers
(TLBs). Instructions in the instruction caches may be copies
of instructions in memory 620 or storage 630, and the
instruction caches may speed up retrieval of those instruc-
tions by processor 610. Data in the data caches may be
copies of data in memory 620 or storage 630 for instructions
executing at processor 610 to operate on; the results of
previous instructions executed at processor 610 for access
by subsequent instructions executing at processor 610 or for
writing to memory 620 or storage 630; or other suitable data.
The data caches may speed up read or write operations by
processor 610. The TL.Bs may speed up virtual-address
translation for processor 610. In particular embodiments,
processor 610 may include one or more internal registers for
data, instructions, or addresses. Processor 610 may include
any suitable number of any suitable internal registers, where
appropriate. Where appropriate, processor 610 may include
one or more arithmetic logic units (ALUs); may be a
multi-core processor; or may include one or more processors
610.

[0177] In particular embodiments, memory 620 may
include main memory for storing instructions for processor
610 to execute or data for processor 610 to operate on. As
an example, computer system 600 may load instructions
from storage 630 or another source (such as, for example,
another computer system 600) to memory 620. Processor
610 may then load the instructions from memory 620 to an
internal register or internal cache. To execute the instruc-
tions, processor 610 may retrieve the instructions from the
internal register or internal cache and decode them. During
or after execution of the instructions, processor 610 may
write one or more results (which may be intermediate or
final results) to the internal register or internal cache. Pro-
cessor 610 may then write one or more of those results to
memory 620. One or more memory buses (which may each
include an address bus and a data bus) may couple processor
610 to memory 620. Bus 660 may include one or more
memory buses. In particular embodiments, one or more
memory management units (MMUSs) may reside between
processor 610 and memory 620 and facilitate accesses to
memory 620 requested by processor 610. In particular
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embodiments, memory 620 may include random access
memory (RAM). This RAM may be volatile memory, where
appropriate. Where appropriate, this RAM may be dynamic
RAM (DRAM) or static RAM (SRAM). Memory 620 may
include one or more memories 620, where appropriate.

[0178] In particular embodiments, storage 630 may
include mass storage for data or instructions. As an example,
storage 630 may include a hard disk drive (HDD), a floppy
disk drive, flash memory, an optical disc, a magneto-optical
disc, magnetic tape, or a Universal Serial Bus (USB) drive
or a combination of two or more of these. Storage 630 may
include removable or non-removable (or fixed) media,
where appropriate. Storage 630 may be internal or external
to computer system 600, where appropriate. In particular
embodiments, storage 630 may be non-volatile, solid-state
memory. In particular embodiments, storage 630 may
include read-only memory (ROM). Where appropriate, this
ROM may be mask ROM (MROM), programmable ROM
(PROM), erasable PROM (EPROM), electrically erasable
PROM (EEPROM), flash memory, or a combination of two
or more of these. Storage 630 may include one or more
storage control units facilitating communication between
processor 610 and storage 630, where appropriate. Where
appropriate, storage 630 may include one or more storages
630.

[0179] In particular embodiments, /O interface 640 may
include hardware, software, or both, providing one or more
interfaces for communication between computer system 600
and one or more /O devices. Computer system 600 may
include one or more of these 1/O devices, where appropriate.
One or more of these /O devices may enable communica-
tion between a person and computer system 600. As an
example, an I/O device may include a keyboard, keypad,
microphone, monitor, mouse, printer, scanner, speaker, cam-
era, stylus, tablet, touch screen, trackball, another suitable
1/0O device, or any suitable combination of two or more of
these. An /O device may include one or more sensors.
Where appropriate, I/O interface 640 may include one or
more device or software drivers enabling processor 610 to
drive one or more of these I/O devices. I/O interface 640
may include one or more I/O interfaces 640, where appro-
priate.

[0180] In particular embodiments, communication inter-
face 650 may include hardware, software, or both providing
one or more interfaces for communication (such as, for
example, packet-based communication) between computer
system 600 and one or more other computer systems 600 or
one or more networks. As an example, communication
interface 650 may include a network interface controller
(NIC) or network adapter for communicating with an Eth-
ernet or other wire-based network or a wireless NIC
(WNIC); a wireless adapter for communicating with a
wireless network, such as a WI-FI network; or an optical
transmitter (e.g., a laser or a light-emitting diode) or an
optical receiver (e.g., a photodetector) for communicating
using fiber-optic communication or free-space optical com-
munication. Computer system 600 may communicate with
an ad hoc network, a personal area network (PAN), an
in-vehicle network (IVN), a local area network (LAN), a
wide area network (WAN), a metropolitan area network
(MAN), or one or more portions of the Internet or a
combination of two or more of these. One or more portions
of one or more of these networks may be wired or wireless.
As an example, computer system 600 may communicate
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with a wireless PAN (WPAN) (such as, for example, a
BLUETOOTH WPAN), a WI-FI network, a Worldwide
Interoperability for Microwave Access (WiMAX) network,
a cellular telephone network (such as, for example, a Global
System for Mobile Communications (GSM) network), or
other suitable wireless network or a combination of two or
more of these. As another example, computer system 600
may communicate using fiber-optic communication based
on 100 Gigabit Ethernet (100 GbE), 10 Gigabit Ethernet (10
GbE), or Synchronous Optical Networking (SONET). Com-
puter system 600 may include any suitable communication
interface 650 for any of these networks, where appropriate.
Communication interface 650 may include one or more
communication interfaces 650, where appropriate.

[0181] In particular embodiments, bus 660 may include
hardware, software, or both coupling components of com-
puter system 600 to each other. As an example, bus 660 may
include an Accelerated Graphics Port (AGP) or other graph-
ics bus, a controller area network (CAN) bus, an Enhanced
Industry Standard Architecture (EISA) bus, a front-side bus
(FSB),a HYPERTRANSPORT (HT) interconnect, an Indus-
try Standard Architecture (ISA) bus, an INFINIBAND inter-
connect, a low-pin-count (LPC) bus, a memory bus, a Micro
Channel Architecture (MCA) bus, a Peripheral Component
Interconnect (PCI) bus, a PCI-Express (PCle) bus, a serial
advanced technology attachment (SATA) bus, a Video Elec-
tronics Standards Association local bus (VLB), or another
suitable bus or a combination of two or more of these. Bus
660 may include one or more buses 660, where appropriate.

[0182] In particular embodiments, various modules, cir-
cuits, systems, methods, or algorithm steps described in
connection with the implementations disclosed herein may
be implemented as electronic hardware, computer software,
or any suitable combination of hardware and software. In
particular embodiments, computer software (which may be
referred to as software, computer-executable code, computer
code, a computer program, computer instructions, or instruc-
tions) may be used to perform various functions described or
illustrated herein, and computer software may be configured
to be executed by or to control the operation of computer
system 600. As an example, computer software may include
instructions configured to be executed by processor 610. In
particular embodiments, owing to the interchangeability of
hardware and software, the various illustrative logical
blocks, modules, circuits, or algorithm steps have been
described generally in terms of functionality. Whether such
functionality is implemented in hardware, software, or a
combination of hardware and software may depend upon the
particular application or design constraints imposed on the
overall system.

[0183] In particular embodiments, a computing device
may be used to implement various modules, circuits, sys-
tems, methods, or algorithm steps disclosed herein. As an
example, all or part of a module, circuit, system, method, or
algorithm disclosed herein may be implemented or per-
formed by a general-purpose single- or multi-chip processor,
a digital signal processor (DSP), an ASIC, a FPGA, any
other suitable programmable-logic device, discrete gate or
transistor logic, discrete hardware components, or any suit-
able combination thereof. A general-purpose processor may
be a microprocessor, or, any conventional processor, con-
troller, microcontroller, or state machine. A processor may
also be implemented as a combination of computing
devices, e.g., a combination of a DSP and a microprocessor,
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a plurality of microprocessors, one or more microprocessors
in conjunction with a DSP core, or any other such configu-
ration.

[0184] In particular embodiments, one or more implemen-
tations of the subject matter described herein may be imple-
mented as one or more computer programs (e.g., one or
more modules of computer-program instructions encoded or
stored on a computer-readable non-transitory storage
medium). As an example, the steps of a method or algorithm
disclosed herein may be implemented in a processor-execut-
able software module which may reside on a computer-
readable non-transitory storage medium. In particular
embodiments, a computer-readable non-transitory storage
medium may include any suitable storage medium that may
be used to store or transfer computer software and that may
be accessed by a computer system. Herein, a computer-
readable non-transitory storage medium or media may
include one or more semiconductor-based or other inte-
grated circuits (ICs) (such, as for example, field-program-
mable gate arrays (FPGAs) or application-specific ICs
(ASICs)), hard disk drives (HDDs), hybrid hard drives
(HHD:s), optical discs (e.g., compact discs (CDs), CD-ROM,
digital versatile discs (DVDs), blue-ray discs, or laser discs),
optical disc drives (ODDs), magneto-optical discs, magneto-
optical drives, floppy diskettes, floppy disk drives (FDDs),
magnetic tapes, flash memories, solid-state drives (SSDs),
RAM, RAM-drives, ROM, SECURE DIGITAL cards or
drives, any other suitable computer-readable non-transitory
storage media, or any suitable combination of two or more
of these, where appropriate. A computer-readable non-tran-
sitory storage medium may be volatile, non-volatile, or a
combination of volatile and non-volatile, where appropriate.

[0185] In particular embodiments, certain features
described herein in the context of separate implementations
may also be combined and implemented in a single imple-
mentation. Conversely, various features that are described in
the context of a single implementation may also be imple-
mented in multiple implementations separately or in any
suitable sub-combination. Moreover, although features may
be described above as acting in certain combinations and
even initially claimed as such, one or more features from a
claimed combination may in some cases be excised from the
combination, and the claimed combination may be directed
to a sub-combination or variation of a sub-combination.

[0186] While operations may be depicted in the drawings
as occurring in a particular order, this should not be under-
stood as requiring that such operations be performed in the
particular order shown or in sequential order, or that all
operations be performed. Further, the drawings may sche-
matically depict one more example processes or methods in
the form of a flow diagram or a sequence diagram. However,
other operations that are not depicted may be incorporated in
the example processes or methods that are schematically
illustrated. For example, one or more additional operations
may be performed before, after, simultaneously with, or
between any of the illustrated operations. Moreover, one or
more operations depicted in a diagram may be repeated,
where appropriate. Additionally, operations depicted in a
diagram may be performed in any suitable order. Further-
more, although particular components, devices, or systems
are described herein as carrying out particular operations,
any suitable combination of any suitable components,
devices, or systems may be used to carry out any suitable
operation or combination of operations. In certain circum-
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stances, multitasking or parallel processing operations may
be performed. Moreover, the separation of various system
components in the implementations described herein should
not be understood as requiring such separation in all imple-
mentations, and it should be understood that the described
program components and systems may be integrated
together in a single software product or packaged into
multiple software products.

[0187] Various embodiments have been described in con-
nection with the accompanying drawings. However, it
should be understood that the figures may not necessarily be
drawn to scale. As an example, distances or angles depicted
in the figures are illustrative and may not necessarily bear an
exact relationship to actual dimensions or layout of the
devices illustrated.

[0188] The scope of this disclosure encompasses all
changes, substitutions, variations, alterations, and modifica-
tions to the example embodiments described or illustrated
herein that a person having ordinary skill in the art would
comprehend. The scope of this disclosure is not limited to
the example embodiments described or illustrated herein.
Moreover, although this disclosure describes or illustrates
respective embodiments herein as including particular com-
ponents, elements, functions, operations, or steps, any of
these embodiments may include any combination or permu-
tation of any of the components, elements, functions, opera-
tions, or steps described or illustrated anywhere herein that
a person having ordinary skill in the art would comprehend.
[0189] The term “or” as used herein is to be interpreted as
an inclusive or meaning any one or any combination, unless
expressly indicated otherwise or indicated otherwise by
context. Therefore, herein, the expression “A or B” means
“A, B, or both A and B.” As another example, herein, “A, B
or C” means at least one of the following: A; B; C; A and B;
Aand C; B and C; A, B and C. An exception to this definition
will occur if a combination of elements, devices, steps, or
operations is in some way inherently mutually exclusive.
[0190] As used herein, words of approximation such as,
without limitation, “approximately, “substantially,” or
“about” refer to a condition that when so modified is
understood to not necessarily be absolute or perfect but
would be considered close enough to those of ordinary skill
in the art to warrant designating the condition as being
present. The extent to which the description may vary will
depend on how great a change can be instituted and still have
one of ordinary skill in the art recognize the modified feature
as having the required characteristics or capabilities of the
unmodified feature. In general, but subject to the preceding
discussion, a numerical value herein that is modified by a
word of approximation such as “approximately” may vary
from the stated value by +0.5%, £1%, +2%, +3%, +4%,
+5%, £10%, £12%, or £15%.

[0191] As used herein, the terms “first,” “second,” “third,”
etc. may be used as labels for nouns that they precede, and
these terms may not necessarily imply a particular ordering
(e.g., a particular spatial, temporal, or logical ordering). As
an example, a system may be described as determining a
“first result” and a “second result,” and the terms “first”” and
“second” may not necessarily imply that the first result is
determined before the second result.

[0192] As used herein, the terms “based on” and “based at
least in part on” may be used to describe or present one or
more factors that affect a determination, and these terms may
not exclude additional factors that may affect a determina-
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tion. A determination may be based solely on those factors
which are presented or may be based at least in part on those
factors. The phrase “determine A based on B” indicates that
B is a factor that affects the determination of A. In some
instances, other factors may also contribute to the determi-
nation of A. In other instances, A may be determined based
solely on B.
What is claimed is:
1. A lidar system comprising:
a light source configured to emit pulses of light;
a scanner configured to scan at least a portion of the
emitted pulses of light along a scan pattern contained
within an adjustable field of regard, wherein the scan-
ner comprises:
a first scanning mirror configured to scan the portion of
the emitted pulses of light substantially parallel to a
first scan axis to produce a plurality of scan lines of
the scan pattern; and
a second scanning mirror configured to distribute the
scan lines along a second scan axis, wherein the scan
lines are distributed within the adjustable field of
regard according to an adjustable second-axis scan
profile that comprises a minimum scan angle along
the second scan axis, a maximum scan angle along
the second scan axis, and a scan-line distribution,
wherein:
the scan lines are located between the minimum scan
angle and the maximum scan angle; and

the scan-line distribution represents a distribution of
scan lines between the minimum and maximum
scan angles and corresponds to one or more posi-
tions or one or more scanning speeds of the second
scanning mirror;

a receiver configured to detect at least a portion of the
scanned pulses of light scattered by a target located a
distance from the lidar system; and

a processor configured to adjust the second-axis scan
profile comprising adjusting the minimum scan angle,
maximum scan angle, or scan-line distribution.

2. The lidar system of claim 1, wherein the second-axis
scan profile is a dual-direction scan profile comprising a
forward-scan profile followed by a reverse-scan profile,
wherein:

during the forward-scan profile, the second scanning
mirror is configured to distribute the scan lines from the
maximum scan angle to the minimum scan angle; and

during the reverse-scan profile, the second scanning mir-
ror is configured to distribute the scan lines from the
minimum scan angle to the maximum scan angle.

3. The lidar system of claim 2, wherein the scan pattern
is an interlaced scan pattern wherein the scan lines of the
forward-scan profile are interlaced with the scan lines of the
reverse-scan profile, wherein:

the forward-scan profile comprises two adjacent scan
lines; and

the reverse-scan profile comprises one scan line disposed
between the two adjacent scan lines of the forward-scan
profile.

4. The lidar system of claim 2, wherein the scan pattern
is an interlaced scan pattern wherein the scan lines of the
forward-scan profile are interlaced with the scan lines of the
reverse-scan profile, wherein one scan line of the reverse-
scan profile is located between each pair of adjacent scan
lines of the forward-scan profile.
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5. The lidar system of claim 1, wherein each scan line has
a particular incline angle with respect to the first scan axis.

6. The lidar system of claim 5, wherein when the second
scanning mirror distributes the scan lines along the second
scan axis by scanning from the maximum scan angle to the
minimum scan angle, each scan line is angled toward the
minimum scan angle by the particular incline angle.

7. The lidar system of claim 5, wherein the incline angle
d is expressed as d=arc tan(w,/w, ), wherein o, is an angular
scan speed along the first scan axis, and o, is an angular scan
speed along the second scan axis.

8. The lidar system of claim 1, wherein the one or more
scanning speeds of the second scanning mirror comprise a
substantially constant scanning speed, and the correspond-
ing scan-line distribution comprises scan lines that are
spaced apart substantially uniformly along the second scan
axis.

9. The lidar system of claim 1, wherein the one or more
scanning speeds of the second scanning mirror comprise a
lower scanning speed and a higher scanning speed, and the
corresponding scan-line distribution comprises:

a higher density of scan lines corresponding to the lower

scanning speed; and

a lower density of scan lines corresponding to the higher

scanning speed.

10. The lidar system of claim 1, wherein the one or more
positions of the second scanning mirror comprise a begin-
ning position and an ending position, wherein:

the beginning position of the second scanning mirror

corresponds to a scan line located at the maximum scan
angle; and

the ending position of the second scanning mirror corre-

sponds to a scan line located at the minimum scan
angle.

11. The lidar system of claim 1, wherein adjusting the
second-axis scan profile comprises adjusting the minimum
and maximum scan angles to reduce an angular range of the
adjustable field of regard along the second scan axis so that
the lidar system scans a particular region of interest with an
increased density of scan lines or the lidar system scans the
particular region of interest with an increased frame rate.

12. The lidar system of claim 1, wherein adjusting the
second-axis scan profile comprises adding an angular-offset
value to each of the minimum and maximum scan angles to
shift the adjustable field of regard along the second scan axis
by the angular-offset value.

13. The lidar system of claim 1, wherein adjusting the
second-axis scan profile comprises adjusting the scan-line
distribution to produce an increased density of scan lines for
a particular region of interest.

14. The lidar system of claim 1, wherein the processor is
configured to adjust the second-axis scan profile after the
lidar system captures a first frame, wherein the adjusted
second-axis scan profile is applied to a second frame that is
captured after the first frame.

15. The lidar system of claim 1, wherein:

the processor is configured to adjust the second-axis scan

profile in response to detecting the pulses of light
scattered by the target; and

the second-axis scan profile is adjusted to provide a scan

of the target that has a higher resolution or a higher
frame rate than a previous scan.

16. The lidar system of claim 1, wherein the processor is
configured to adjust the second-axis scan profile based at

Sep. 15, 2022

least in part on a driving condition of a vehicle in which the
lidar system is operating, wherein the driving condition
comprises a grade of a road on which the vehicle is operating
or a change in the grade of the road on which the vehicle is
operating.

17. The lidar system of claim 16, wherein the grade of the
road comprises an upward slope ahead of the vehicle, and
the angular-offset value is configured to shift the adjustable
field of regard upward.

18. The lidar system of claim 16, wherein the grade of the
road comprises a downward slope ahead of the vehicle, and
the angular-offset value is configured to shift the adjustable
field of regard downward.

19. The lidar system of claim 1, wherein:

the first scanning mirror is driven repeatedly in a back-
and-forth motion by a galvanometer scanner; and

each scan line corresponds to a single forward or back-
ward motion of the galvanometer scanner.

20. The lidar system of claim 1, wherein the first scanning
mirror is a polygon mirror comprising two or more reflective
surfaces, wherein:

the polygon mirror is configured to continuously rotate in

one direction about a rotation axis of the polygon
mirror; and

the portion of the emitted pulses of light are reflected

sequentially from the reflective surfaces as the polygon
mirror is rotated, resulting in the portion of the emitted
pulses of light being scanned substantially parallel to
the first scan axis to produce the plurality of scan lines,
wherein each scan line corresponds to a reflection from
one of the reflective surfaces.

21. The lidar system of claim 1, wherein each scan line
extends from one edge of the adjustable field of regard to an
opposite edge of the adjustable field of regard.

22. The lidar system of claim 1, wherein:

the first scan axis is substantially horizontal;

the second scan axis is substantially vertical; and

the adjustable minimum scan angle and the adjustable

maximum scan angle each corresponds to an elevation
angle.

23. The lidar system of claim 1, wherein:

the first scan axis is substantially vertical;

the second scan axis is substantially horizontal; and

the adjustable minimum scan angle and the adjustable

maximum scan angle each corresponds to an azimuth
angle.

24. The lidar system of claim 1, wherein the second scan
axis is substantially orthogonal to the first scan axis.

25. The lidar system of claim 1, wherein the processor is
further configured to determine the distance from the lidar
system to the target based at least in part on a round-trip time
of flight for an emitted pulse of light to travel from the lidar
system to the target and back to the lidar system.

26. The lidar system of claim 1, wherein:

the light source has an operating wavelength between

approximately 1400 nm and approximately 1600 nm;
and

the lidar system operates in an eye-safe manner.
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