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of a plurality of discrete receive steering angles to a unique 
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LIDAR SYSTEMS BASED ON TUNABLE FIG . 7C illustrates a side view of the example layout of 
OPTICAL METASURFACES the two - dimensional array receiver of the solid - state trans 

ceiver system , according to one embodiment . 
RELATED APPLICATION FIG . 8A illustrates an optical path of an example trans 

5 mitter of a solid - state transceiver system , according to one 
This application claims priority to and benefits under 35 embodiment . 

U.S.C. $ 119 to U.S. Provisional Patent Application No. FIG . 8B illustrates one - dimensional azimuth scanning of 
62 / 934,916 , filed on Nov. 13 , 2019 , titled “ Optical Meta transmitted optical radiation , according to one embodiment . 
surface Devices and Configurations , " which application is FIG . 8C illustrates a side view of the one - dimensional 
hereby incorporated by reference in its entirety . 10 azimuth scanning , according to one embodiment . 

FIG . 8D illustrates a top - down view of the one - dimen 
TECHNICAL FIELD sional azimuth scanning , according to one embodiment . 

FIG . 8E illustrates the asymmetrical diffractive curvature 
This disclosure relates to optical resonators , including of the optical radiation at negative steering angles for the 

liquid crystal metasurfaces . More generally , this disclosure 15 transmitter , according to one embodiment . 
FIG . 8F illustrates azimuth scanning via a solid - state relates to tunable antenna systems for transmitting and transceiver system with a transmitter at a positive steering receiving optical radiation , including lidar systems . angle , according to one embodiment . 
FIG . 8G illustrates azimuth scanning via a solid - state BRIEF DESCRIPTION OF THE DRAWINGS 20 transceiver system with a transmitter and a two - dimensional 

array receiver at a negative steering angle , according to one FIG . 1 illustrates an example block diagram of a tunable embodiment . liquid crystal metasurface ( LCM ) of the solid - state optical FIG . 8H illustrates azimuth scanning via the solid - state transceiver system of FIG . 1A , according to one embodi transceiver system of . with a transmitter at a negative 
ment . 25 steering angle , according to one embodiment . 
FIG . 2A illustrates an example block diagram of a top FIG . 9A illustrates a top - down view of an example layout 

view of the optical paths of an example transmitter subsys- of a solid - state transceiver system with a transmitter with 
tem and an example steering receiver subsystem , according incident optical radiation parallel to rails of a tunable LCM , 
to one embodiment . according to one embodiment . 

FIG . 2B illustrates an example block diagram of a side 30 FIG . 9B illustrates the symmetrical diffractive curvature 
view of the optical paths of the example transmitter subsys- of the optical radiation for the transmitter of the solid - state 
tem and the example steering receiver subsystem of FIG . transceiver system , according to one embodiment . 
2A . FIG . 9C illustrates a side view of the example layout of 
FIG . 2C illustrates an example block diagram of the the two - dimensional array receiver of the solid - state trans 

instantaneous field of view and the entire field of view of a 35 ceiver system with a curvature - correcting multi - element 
solid - state transceiver system utilizing the example trans lens , according to one embodiment . 
mitter subsystem and the example steering receiver subsys FIG . 9D illustrates azimuth scanning via the solid - state 
tem of FIG . 2A . transceiver system with a transmitter at a negative steering 

FIG . 2D illustrates azimuth scanning via a solid - state angle , according to one embodiment . 
FIG . 9E illustrates azimuth scanning via the solid - state transceiver , according to one embodiment . transceiver system with a transmitter at a positive steering FIG . 2E illustrates an example timeline of the discrete angle , according to one embodiment . steering , collecting , and readout processes for the azimuth FIG . 10A illustrates a graph of the transmit angle of a scanning by the solid - state transceiver of FIG . 2D , according mechanical scanning lidar system with respect to time , 

to one embodiment . 45 according to one embodiment . 
FIG . 3 illustrates an embodiment of a solid - state trans FIG . 10B illustrates a graph of the transmit angle of a ceiver system to implement one - dimensional transmit and solid - state transceiver system utilizing a one - dimensionally 

receive scanning , according to one embodiment . steerable LCM , according to one embodiment . 
FIG . 4A illustrates another embodiment of a solid - state 

transceiver system with a two - dimensional array of receive 50 DETAILED DESCRIPTION 
elements for detection , according to one embodiment . 
FIG . 4B illustrates another embodiment of a solid - state An optical transceiver system , such as a solid - state light 

transceiver system with a two - dimensional array of receive detection and ranging ( lidar ) system , may include a trans 
elements , according to one embodiment . mitter subsystem ( the “ transmitter ” ) and a receiver subsys 
FIG . 5 illustrates a graph of optical divergence of optical 55 tem ( the “ receiver ” ) . The transmitter may include a tunable , 

radiation of a given linewidth with respect to diffraction optical metasurface to selectively transmit incident optical 
angle , according to one embodiment . radiation at transmit steering angles between a first steering 
FIG . 6 illustrates an example of an optical feedback angle and a second steering angle . For example , the optical 

element to narrow the linewidth of the optical radiation metasurface may be an optically reflective metasurface , such 
source , according to one embodiment . 60 as a tunable , liquid crystal metasurface ( LCM ) with an array 
FIG . 7A illustrates a top - down view of an example layout of optical resonant antennas arranged at sub - wavelength 

of a solid - state transceiver system with a transmitter with intervals on a reflective surface . The LCM may include 
incident optical radiation perpendicular to rails of a tunable liquid crystal positioned in optical field regions of each 
LCM , according to one embodiment . optical resonant antenna in the array . Many of the embodi 
FIG . 7B illustrates a side view of the example layout of 65 ments described herein assume an LCM configured for 

the transmitter of the solid - state transceiver system , accord- one - dimensional steering in which the optical resonant 
ing to one embodiment . antennas are elongated and extend from an optically reflec 

40 



US 11,092,675 B2 
3 4 

tive surface . The optical resonant antennas may be substan- 0.01 and 5 degrees ( e.g. , 0.5 degrees ) in the scanning axis . 
tially parallel to one another . Many of the embodiments The receiver may steer the receive scan line along an 
described herein may be adapted or otherwise configured for azimuth between the first steering angle and the second 
use with an LCM capable of two - dimensional steering . steering angle ( e.g. , between negative 60 degrees and posi 
A voltage controller may control the transmit steering 5 tive 60 degrees ) corresponding to the transmit steering 

angle of the LCM by selectively applying voltage differen- angle . 
tial bias patterns to the liquid crystal within the optical field In other embodiments , the receiver may comprise a two 
regions of at least some of the optical resonant antennas . In dimensional array of detector elements . The detector ele 
various embodiments , the transmitter subsystem may gen- ments may be arranged in rows and columns . One or more 
erate transmit scan lines of optical radiation with a fixed 10 columns may operate to form a receive scan line of detector 
elevational beam height between 15 and 120 degrees ( e.g. , elements . Accordingly , the collective set of columns of 
30 degrees ) and a relatively narrow beam linewidth between detector elements may form a set of discrete receive scan 
0.01 and 5 degrees ( e.g. , 0.5 degrees ) in the scanning axis . lines , where each discrete receive scan line may correspond 
The transmitter may steer the transmit scan line along an to a discrete receive steering angle . Receiver optics may 
azimuth between a first steering angle and a second steering 15 direct optical radiation incident at each of the discrete 
angle ( e.g. , between negative 60 degrees and positive 60 receive steering angles to a unique subset of the discrete 
degrees ) . In some embodiments , the elevational beam diver- receive scan lines . 
gence may be fixed values based on the configuration of A controller may tune the transmit optical metasurface to 
optical elements , the laser bandwidth , and / or the optical transmit a transmit scan line of optical radiation at a first 
metasurface configuration . As used herein , the non - steering 20 transmit steering angle ( e.g. , 15 degrees ) with a relatively 
axis is referred to as the elevation , while the steering axis is narrow linewidth and fixed elevational beam height . The 
referred to as the azimuth . The system can be rotated 90 transmit scan line may rebound ( i.e. , reflect ) off a distant 
degrees in some applications to steer along the elevation object . The receiver optics may direct optical radiation 
with the azimuth as the non - steering axis . incident at a 15 - degree receive steering angle to one of a set 

The transmitter may include a laser assembly with one or 25 of discrete receive scan lines comprising one or more 
more lasers to transmit optical radiation to the optical columns of detector elements . Accordingly , to detect the 
metasurface . The laser assembly may comprise , for rebounded ( i.e. , reflected ) optical radiation from the transmit 
example , one or more lasers to transmit optical radiation at scan line , the controller may cause the receiver to detect 
one or more operating wavelengths . An operating wave- reflections of the optical radiation via the subset columns 
length , as used and described herein , may be a single 30 corresponding to the receive scan line that maps to ( e.g. , is 
wavelength of optical radiation or a narrow band of wave- the same as , corresponds to , or matches ) the transmit scan 
lengths . According to various embodiments described line . 
herein , a laser assembly may generate optical radiation In a specific lidar system embodiment , a tunable , optically 
having a wavelength or range of wavelengths between reflective metasurface selectively reflects ( or , in some 
approximately 700 nanometers and 2000 nanometers . Spe- 35 embodiments , refracts ) incident optical radiation as transmit 
cific examples of operating wavelengths suitable for lidar scan lines at transmit steering angles between a first steering 
include operating wavelengths of 850 nanometers , 905 angle and a second steering angle . A laser assembly trans 
nanometers , 940 nanometers , and 1550 nanometers . The mits optical radiation to the tunable , optically reflective 
laser assembly may comprise one or more edge - emitting metasurface . A receiver comprising a two - dimensional array 
laser diodes , vertical - cavity surface - emitting lasers , fiber 40 of detector elements forms a set of receive scan lines , where 
optical laser devices , frequency - modulated continuous- each receive scan line comprises one or more columns of 
wave laser devices , and diode - pumped solid - state lasers . detector elements . The vertical resolution of the receiver 

In some examples , the laser assembly may comprise one corresponds to the number of rows of detector elements in 
or more lasers that transmit optical radiation at an initial the two - dimensional array of detector elements . 
bandwidth in an unlocked state and a narrower , post - initial- 45 In one specific example , a transmit scan line has an 
ization bandwidth in a locked state . A feedback element , elevational beam height of 120 degrees and is scanned 
such as a volume Bragg grating , may be positioned between between negative 60 degrees and positive 60 degrees . The 
the laser assembly and the optical metasurface . The feed- two - dimensional array of detector elements may have 600 
back element may reflect some of the optical radiation at a columns of detector elements and 600 rows of detector 
wavelength within the initial bandwidth back into the laser 50 elements ( 360,000 detector elements in total ) . Receiver 
( s ) of the laser assembly to cause the laser ( s ) to transition optics may map each column of detector elements to a 
from the unlocked state to the locked state . The feedback unique receive steering angle , such that the horizontal reso 

be part of an optical assembly that includes one lution in the azimuth steering angle is approximately 0.2 
or more lenses ( e.g. , a convex lens , a concave lens , a prism , degrees ( 120/600 ) , and the vertical resolution is approxi 
a biconvex lens , a plano - convex lens , a positive meniscus , a 55 mately 0.2 degrees ( 120/600 ) . 
negative meniscus , a plano - concave lens , a biconcave lens , In various embodiments , a controller may cause a laser 
etc. ) . In some examples , an optical assembly may addition- assembly to emit optical radiation ( e.g. , as pulsed optical 
ally or alternatively include a holographic metamaterial lens radiation or as a continuous wave , such as via a frequency 
and / or a waveguide . modulated continuous - wave laser source ) to the tunable , 

In some embodiments , the receiver may include another 60 optically reflective metasurface . The controller may tune 
tunable , optical metasurface to steerably receive scan lines ( e.g. , via a voltage controller ) the optically reflective meta 
corresponding to transmit scan lines of optical radiation . The surface to reflect the pulse of optical radiation as transmit 
receive optical metasurface may generate a receive scan line scan lines at various transmit steering angles . In some 
corresponding to the transmit scan line . For instance , the instances , the controller may sweep the transmit scan line 
receive scan line of optical radiation may have an eleva- 65 from a first transmit steering angle to a second transmit 
tional beam height between 15 and 120 degrees ( e.g. , 30 steering angle ( e.g. , negative 45 degrees to positive 45 
degrees ) and a relatively narrow beam linewidth between degrees , or some other range of azimuth angles ) . The 

element may 
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controller may cause the receiver to steer a receive scan line signal - to - noise ( SNR ) of received optical radiation . The 
( in the case of a steerable receiver ) to correspond to the optical assembly may include a feedback element , such as a 
transmit steering angle . Alternatively , the controller may volume Bragg grating element , to lock the lasers of the laser 
cause the receiver to detect reflections of the pulsed optical assembly ( e.g. , via injection seeding , reverse - reflection 
radiation via receive scan lines of detector elements ( in the 5 seeding , and / or the like ) . 
case of a two - dimensional array of detector elements ) . For Lockable lasers may generate optical radiation having a example , the controller may detect reflections of the pulsed linewidth between 2 and 10 nanometers in an unlocked state . optical radiation via different sets of columns of detector For example , a 905 - nanometer laser assembly may generate elements corresponding to unique receive scan lines corre optical radiation in an unlocked state with a linewidth of sponding to the transmit scan lines for each different trans 
mit scan angle . 10 approximately 5 nanometers , such that the optical radiation 

incident on the LCM is between 903.5 nanometers and 906.5 Transmit scan lines are transmitted from the optically 
reflective metasurface to a remote object at the transmit nanometers . A volume Bragg grating element and / or another 
steering angle . Optical radiation is reflected by the remote feedback element may lock the laser assembly with 905 
object back to the system and received by the detector nanometer optical radiation . Once locked , the 905 - nanome 
elements at a corresponding receive steering angle . Each 15 ter laser assembly may generate optical radiation with a 
detector element may comprise a photodiode , an avalanche linewidth of approximately 0.5 nanometers , such that the 
photodiode ( APD ) , a single - photon avalanche diode optical radiation incident on the LCM is between 904.75 
( SPAD ) , and / or another type of photon detection element . nanometers and 905.25 nanometers . The narrower line width 
The controller may determine ( e.g. , calculate or estimate ) a of the optical radiation incident on the LCM reduces the 
range to the remote object for each detector element for a 20 dispersivity at various transmit steering angles to increase 
given receive scan line . In some embodiments , a solid - state the possible resolution of the system and / or decrease the 
transceiver system may determine range ( s ) via a pulsed SNR at a given transmit and receive steering angle . 
direct time - of - flight detection approach . In other embodi- In some embodiments , the optical assembly may include 
ments , a solid - state transceiver system may determine any number of optical elements , such as lenses and prisms , 
range ( s ) via a continuous wave coherent heterodyne calcu- 25 to control the distribution of optical radiation on the LCM . 
lation approach or an indirect time - of - flight detection In some embodiments , the optical radiation from the laser 
approach . assembly is incident on the LCM in which such that the 

Each receive scan line comprises one or more columns of optical radiation is incident on the LCM parallel to the 
detector elements . The receiver optics map optical radiation elongated optical resonant antennas thereof . In this configu 
from each of a plurality of discrete receive steering angles to 30 ration , the transmit scan lines may be symmetrically curved 
a unique receive scan line . Accordingly , the horizontal at some transmit steering angles relative to other transmit 
resolution of the ranging corresponds to the number of steering angles . 
receive scan lines . The vertical resolution of the ranging In other embodiments , the optical radiation from the laser 
corresponds to the number of rows of detector elements . assembly is incident on the LCM perpendicular to the 
Any of the embodiments described herein may utilize a 35 elongated optical resonant antennas thereof . In this configu 

steerable LCM for generating steerable transmit scan lines . ration , the transmit scan lines may be asymmetrically curved 
The steerable LCM may include an optical assembly that at positive and negative steering angles relative to a steering 
includes a diffractive grating and / or a refractive cylindrical angle normal to the surface of the LCM . In some embodi 
lens positioned between the laser assembly and the LCM ments , optical elements between a laser assembly and the 
and / or between the LCM and remote objects . In some 40 transmit LCM may asymmetrically shape the optical radia 
embodiments , the optical assembly may evenly distribute tion that is incident on the LCM perpendicular to the 
the optical radiation from the laser assembly incident on the elongated optical resonant antennas such that that the trans 
LCM . In other embodiments , the optical assembly may mit scan lines steerably reflected by the LCM are symmetri 
distribute a center - weighted or edge - weighted distribution of cally curved at some transmit steering angles relative to 
optical radiation on the LCM . 45 other transmit steering angles . 

In some embodiments , the laser assembly may include a As described herein , an optically reflective LCM may 
plurality of edge - emitting laser diodes that emit light on include an optically reflective surface , such as a metal 
their long axis to inherently provide a distribution of optical surface selected to reflect optical radiation within a specific 
radiation along one axis of the LCM . The laser assembly bandwidth . A large number of elongated optical resonant 
may include one or more drivers to drive any number of 50 antennas may be positioned on the reflective surface . The 
lasers . The drivers may , for example , pulse the lasers with optical resonant antennas may have sub - wavelength features 
optical radiation having a target pulse width . For example , and be arranged with sub - wavelength spacing . For example , 
the lasers may pulse optical radiation with a pulse - width the individual optical resonant antennas and the spacings 
between 2 and 10 nanoseconds . therebetween may be less than one - half of a wavelength . 
As alluded to above and described in greater detail below , 55 In various embodiments , liquid crystal may be positioned 

beam steering by a transmit optical metasurface may be around the optical resonant antennas , as a layer on top of the 
inherently dispersive for a bandwidth of optical radiation . optical resonant antennas , and / or as part of the optical 
For example , an optical metasurface may be tuned to a resonant antennas . A digital or analog controller may selec 
steering angle of 45 degrees for a given wavelength of tively apply varying voltage differentials across the liquid 
optical radiation but exhibit slightly different steering angles 60 crystal within optical field regions of each of the optical 
for deviations from the given wavelength . In some imple- resonant antennas . The voltage controller may apply a 
mentations , a 5 - nanometer linewidth of optical radiation voltage differential bias pattern , such as a grating pattern 
may exhibit approximately 1 degree of divergence at a ( e.g. , a blazed grating pattern ) , to the metasurface to attain 
negative 60 - degree steering angle . Accordingly , a narrower a target beam steering angle . 
bandwidth of optical radiation may be desirable to decrease 65 A one - dimensional voltage bias pattern may be applied to 
the linewidth of the transmit scan line , increase the possible liquid crystal within the optical field regions of a one 
maximum resolution of the system , and / or decrease the dimensional array of optical resonant antennas to effectuate 
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one - dimensional beam steering . A two - dimensional voltage 50 subsets for a total of 50,000 metal rails . The tunable , 
bias pattern may be applied to liquid crystal within the optical metasurface may include 1,000 electrical contacts . 
optical field regions of a two - dimensional array of optical Each electrical contact may be connected to one rail within 
resonant antennas to effectuate two - dimensional beam steer- each subset . Thus , in the examples above , each of the 1,000 
ing and / or spatial beamforming . One - dimensional beam 5 electrical contacts would be connected to 50 different metal 
steering , two - dimensional beam steering , and spatial beam- rails one metal rail in each of the 50 subsets . 
forming are generally referred to herein as being encom- Liquid crystal deposited between the metal rails may be 
passed by the term “ beamforming ” or “ steering ” in context . secured via an optically transparent cover ( e.g. , glass ) . The 

The metasurface may have a default reflection angle or application of a voltage pattern to the 1,000 electrical 
reflection pattern based on the reflective properties of the 10 contacts via a voltage controller results in a voltage differ 
optically reflective surface , the unbiased optical resonant ential bias pattern being applied to the liquid crystal that 
antennas , and the unbiased liquid crystal . In various embodi- changes the local reflection phase thereof . A beam steering 
ments , biasing the liquid crystal changes the reflection phase controller selects a voltage pattern corresponding to a reflec 
of the optical radiation proximate to the associated optical tion phase pattern of a target beam steering angle . By 
resonant antennas . Each different voltage pattern across the 15 modifying the applied voltage , incident optical radiation can 
metasurface corresponds to a different reflection phase pat- be steered in one direction . Similar embodiments using 
tern . With a one - dimensional array of optical resonant columns or pillars instead of elongated metal rails may be 
antennas , each different reflection phase pattern corresponds used to allow for two - dimensional beam steering or spatial 
to a different steering angle in a single dimension . With a beamforming 
two - dimensional array of optical resonant antennas , each 20 It is appreciated that the metasurface technologies 
different reflection phase pattern may correspond to a dif- described herein may incorporate , enhance , or otherwise 
ferent two - dimensional beam steering angle . Alternatively , complement prior advancements in surface - scattering anten 
each different reflection pattern may be used to effectuate a nas , such as those described in U.S. Patent Publication No. 
unique spatial beam form . 2012/0194399 , which publication is hereby incorporated by 
A wide variety of shapes , sizes , materials , configurations , 25 reference in its entirety . Additional elements , applications , 

and the like may be utilized . Optical resonant antennas may , and features of surface - scattering antennas that feature a 
for example , be formed as metal rails extending from the reference wave or feed wave are described in U.S. Patent 
optically reflective surface . In some embodiments , a deposit Publication Nos . 2014/0266946 , 2015/0318618 , 2015 / 
of liquid crystal may fill part of each channel between 0318620 , 2015/0380828 , 2015/0162658 , and 2015 / 
adjacent optical resonant antennas . In other embodiments , 30 0372389 , each of which is hereby incorporated by reference 
the liquid crystal may be formed as a layer on top of the in its entirety . Specific descriptions of optical resonant 
optical resonant antennas that fills the channels therebe- antenna configurations and feature sizes are described in 
tween . U.S. patent application Ser . Nos . 16 / 357,288 , 15 / 900,676 , 
A voltage controller may apply a voltage pattern to the 15 / 900,683 , and 15 / 924,744 , each of which is hereby incor 

metal rails to bias the liquid crystal associated therewith to 35 porated by reference in its entirety to the extent they are not 
attain a target reflection phase pattern . In embodiments in inconsistent herewith . 
which the optically reflective surface is metal and the optical Many prior advancements in surface - scattering antennas 
resonant antennas are metal , a dielectric or another insulator have focused on relatively low frequencies ( e.g. , microwave 
may separate the optically reflective metal surface and the or other radio frequency bands ) . The presently described 
optical resonant antennas . The voltage controller may be 40 embodiments support optical bandwidths and are therefore 
connected to the metal rails via contacts around a perimeter suitable for lidar and other optical - based sensing systems . 
of the metasurface or via insulated thru - bores in the metal For example , the optical systems and methods described 
surface . herein operate in the sub - infrared , mid - infrared , high - infra 
Copper is an example of a metal suitable and cost- red , and / or visible - frequency ranges ( generally referred to 

effective for infrared bandwidths commonly used for lidar , 45 herein as “ optical ” ) . Given the feature sizes needed for 
such as 850 - nanometer , 905 - nanometer , or 1550 - nanometer subwavelength optical resonant antennas and antenna spac 
lidar systems . Copper may also be used for a variety of other ings , the described metasurfaces and / or arrays of detector 
operational wavelengths . Other metals ( e.g. , gold , silver , elements may be manufactured using microlithographic 
aluminum , etc. ) , various dielectrics , and metal - coated and / or nanolithographic processes , such as fabrication meth 
dielectrics are known to be highly reflective at various 50 ods commonly used to manufacture complementary metal 
wavelengths and may be utilized in alternative embodi- oxide - semiconductor ( CMOS ) integrated circuits . 
ments . It is appreciated that some materials , as known in the Many of the examples illustrated and described herein 
art , may be preferred for visible wavelengths , other mate- refer to optical metasurfaces and , more specifically , to 
rials may be more suitable for ultraviolet wavelengths , and optically reflective tunable metasurfaces . However , it is 
still other materials may be more suitable for infrared 55 appreciated that the presently described systems and meth 
wavelengths . ods are equally applicable to other types of metasurfaces , 

To provide a specific example , an optically reflective including reflective and transmissive metasurfaces config 
LCM may include a planar copper reflector covered with ured for use with optical radiation , microwave radiation , RF 
silicon dioxide . Between 10,000 and 1,000,000 copper rails radiation , and / or other specific bands of electromagnetic 
extend from the silicon dioxide - covered copper reflector . 60 radiation . Similarly , the presently described systems and 
The copper rails may be subdivided into subsets of copper methods may be used in conjunction with tunable ( e.g. , 
rails . Each subset of copper rails includes between 100 and reconfigurable ) metasurfaces and / or static metasurfaces . 
100,000 copper rails . The tunable metasurface may include Thus , the presently described systems and methods are 
a number of electrical contacts equal to the number of generally understood to encompass a wide variety of meta 
copper rails in each subset . 65 surface antenna systems , including RF antenna systems and 

For example , each subset of copper rails may include optical antenna systems , such as lidar systems . Variations 
1,000 rails , and the tunable optical metasurface may include and specific embodiments encompassed by the preceding 
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general description may incorporate tunable metasurface As previously noted , descriptions and variations described 
devices adapted for specific bands of electromagnetic radia- in terms of transmitters are equally applicable to receivers , 
tion . and vice versa . 
Some of the infrastructure that can be used with embodi- As generally described in conjunction with the figures 

ments disclosed herein is already available , such as general- 5 below , the solid - state optical transceiver system includes a 
purpose computers , computer programming tools and tech transmitter and a receiver . The transmitter may include a 
niques , digital storage media , and communication links . laser assembly and optical assembly to generate optical 
Many of the systems , subsystems , modules , components , radiation incident on a tunable , optically reflective metasur 
and the like that are described herein may be implemented face . A controller ( e.g. , microcontroller , processor , micro 
as hardware , firmware , and / or software . Various systems , 10 processor , control circuitry , control logic , etc. ) may tune the 
subsystems , modules , and components are described in optically reflective metasurface to transmit the optical radia 

tion as a transmit scan line at a transmit steering angle , as terms of the function ( s ) they perform because such a wide described herein . The receiver may be implemented as a variety of possible implementations exist . For example , it is steering receiver or as a staring receiver . Embodiments appreciated that many existing programming languages , 15 utilizing a steering receiver may include another tunable , 
hardware devices , frequency bands , circuits , software plat optically reflective metasurface to steerably receive optical 
forms , networking infrastructures , and / or data stores may be radiation as receive scan lines at receive steering angles 
utilized alone or in combination to implement a specific corresponding to the transmit steering angles . A steering 
control function . receive may also include various optical elements , such as 

It is also appreciated that two or more of the elements , 20 mirrors , lenses , filters , and the like . Embodiments utilizing 
devices , systems , subsystems , components , modules , etc. , a staring receiver do not utilize a tunable , optically reflective 
that are described herein may be combined as a single metasurface on the receiver side , but do include various 
element , device , system , subsystem , module , or component . optical lenses , mirrors , and / or filters . 
Moreover , many of the elements , devices , systems , subsys- FIG . 1 illustrates an example block diagram of a tunable 
tems , components , and modules may be duplicated or fur- 25 liquid crystal metasurface ( LCM ) 153 that can be used as 
ther divided into discrete elements , devices , systems , sub- part of the transmit subsystem of a solid - state optical trans 
systems , components , or modules to perform subtasks of ceiver system , according to various embodiments described 
those described herein . Any of the embodiments described herein . As illustrated , the tunable LCM 153 includes an 
herein may be combined with any combination of other optically reflective substrate 190 and a dielectric layer 195 . 
embodiments described herein . The various permutations 30 A plurality of elongated optical resonant antennas 191 may 
and combinations of embodiments are contemplated to the be arranged at sub - wavelength intervals on the optically 
extent that they do not contradict one another . reflective substrate 190. Liquid crystal 193 may be posi 
As used herein , a computing device , system , subsystem , tioned between the elongated optical resonant ar ennas 191 . 

module , or controller may include a processor , such as a A controller ( not illustrated ) may apply voltage differential 
microprocessor , a microcontroller , logic circuitry , or the 35 bias patterns to the liquid crystal within the optical field 
like . A processor may include one or more special - purpose regions of at least some of the elongated optical resonant 
processing devices , such as an application - specific inte- antennas 191 to modify the reflection phase of the tunable 
grated circuit ( ASIC ) , programmable array logic ( PAL ) , LCM 153 to adjust the steering angle of the transmit scan 
programmable logic array ( PLA ) , a programmable logic line 155 of optical radiation . In embodiments utilizing a 
device ( PLD ) , a field - programmable gate array ( FPGA ) , 40 steering receiver , the receiver subsystem may include a 
and / or another customizable and / or programmable device . tunable LCM 153 to steerably receive optical radiation 
The computing device may also include a machine - readable rebounded from distant objects . 
storage device , such as non - volatile memory , static RAM , FIG . 2A illustrates an example block diagram of a top 
dynamic RAM , ROM , CD - ROM , disk , tape , magnetic , view of the optical paths ( shown in dashed lines ) of an 
optical , flash memory , or another machine - readable storage 45 example transmitter subsystem 211 and an example steering 
medium . Various aspects of certain embodiments may be receiver subsystem 251 , according to one embodiment . As 
implemented or enhanced using hardware , software , firm- illustrated , the transmitter subsystem 211 may include a 
ware , or a combination thereof . laser assembly 210 to transmit optical radiation through 

The components of some of the disclosed embodiments collimating optics 220 to an LCM 230. The LCM 230 is 
are described and illustrated in the figures herein to provide 50 steered to discrete transmit steering angles , q , as a scan line 
specific examples . Many portions thereof could be arranged with an elevation beam height corresponding to a fixed 
and designed in a wide variety of different configurations . angle , e . The receiver subsystem 251 includes an NxM 
Furthermore , the features , structures , and operations asso- detector array 250 , where N and M are integer values . 
ciated with one embodiment may be applied to or combined Optical radiation rebounded from distant objects ( dashed 
with the features , structures , or operations described in 55 lines ) is received by the LCM 270 and steerably reflected to 
conjunction with another embodiment . In many instances , the receiver optical elements 260 , where the optical radiation 
well - known structures , materials , or operations are not is then focused onto the plane of the NxM detector array 
shown or described in detail to avoid obscuring aspects of 250 . 
this disclosure . The right to add any described embodiment FIG . 2B illustrates an example block diagram of a side 
or feature to any one of the figures and / or as a new figure is 60 view of the optical paths of the example transmitter subsys 
explicitly reserved . tem 211 and the example steering receiver subsystem 251 of 

The embodiments of the systems and methods provided FIG . 2A . Again , the laser assembly 210 transmits optical 
within this disclosure are not intended to limit the scope of radiation through collimating optics 220 for steerable trans 
the disclosure but are merely representative of possible mission by the LCM 230. In some embodiments , the colli 
embodiments . In addition , the steps of a method do not 65 mating optics 220 may be a part of a transmit optical element 
necessarily need to be executed in any specific order , or even assembly that includes one or more additional optical ele 
sequentially , nor do the steps need to be executed only once . ments . For example , a transmit optical element assembly 
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may include one or more collimating optical elements to to one embodiment . As illustrated , the LCM of the trans 
collimate the optical radiation along a steering axis of the mitter subsystem 211 may be steered to a first steering angle , 
transmit metasurface and / or one or more diverging optical 01. The laser assembly of the transmitter subsystem 211 
elements to fan the optical radiation perpendicular to the illuminates a first vertical scan line of the entire field of view 
steering axis of the transmit metasurface . 5 for a discrete amount of time while the LCM remains steered 
The transmitted optical radiation is steerably received by to the first steering angle , 01. The receiver subsystem 251 

the LCM 270 of the receiver and reflected through the receives rebounded optical radiation for a discrete amount of receiver optics 260 for reception by the detector array 250 . time and calculates time - of - flight information to determine In various embodiments , the receiver optical elements may 
include various lenses and / or mirrors . The receiver subsys- 10 the field of view that corresponds to the first steering angle , the distance to objects within the first illuminated column of 
tem 251 may include a bandpass filter tuned to pass optical 
radiation having the same wavelength ( s ) as the optical 01 : 

The LCM is then steered to a second steering angle , 92 . radiation transmitted by the laser assembly 210. The band 
pass filter may be positioned between the receiver optics 260 As illustrated , the receiver may read out information from 
and the LCM 270 , as illustrated . Alternatively , the bandpass 15 each receiver column while the transmitter LCM is being 
filter may be positioned between the detector array 250 and steered to a new steering angle . The laser assembly of the 
the receiver optical elements 260 or between the LCM 270 transmitter subsystem 211 illuminates a second vertical scan 
and the distant objects . In some embodiments , the bandpass line 289 of the entire field of view 295 for a discrete amount 
filter may be integrated as a layer of the LCM 270 . of time while the LCM remains steered to the second 
FIG . 2C illustrates an example block diagram of the 20 steering angle , 12. The receiver subsystem 251 receives 

instantaneous scan line 298 and the entire field of view 295 rebounded optical radiation for a discrete amount of time 
of solid - state transceiver system utilizing the example trans- and calculates time - of - flight information to determine the 
mitter subsystem 211 and the example steering receiver distance to objects within the second illuminated column of 
subsystem 251 of FIGS . 2A and 2B . As illustrated , the entire the field of view that corresponds to the second steering 
field of view 295 can be described in terms of an angle of 25 angle , 42. The LCM is then steered to a third steering angle , 
elevation , e . The resolution in the elevation direction ( ver- P3 . 
tical ) corresponds to the number of detector elements in the FIG . 3 illustrates an embodiment of a solid - state trans 
elevation dimension of the NxM detector array 250 ( FIG . ceiver system 300 to implement one - dimensional transmit 
2A ) . Each instantaneous scan line 298 captures a vertical and receive scanning . A transmitter includes a tunable , 
scan line spanning the entire elevation of the field of view . 30 optically reflective metasurface that transmits a transmit 
The resolution in the scanning direction ( horizontal ) corre- scan line 326 at a transmit steering angle along an azimuth 
sponds to the incremental scanning or steering resolution in 390 in the far - field represented by a grid 350. The transmit 
the p direction . Additional embodiments and variations of scan line 326 may have an elevational beam height between 
staring and steering receiver configurations are described 15 and 120 degrees along an elevation 395 of the grid 350 
herein , as well as receiver subsystems utilizing one - dimen- 35 and a relatively narrow beam linewidth between 0.01 and 5 
sional and two - dimensional arrays of detector elements . degrees . 
FIG . 2D illustrates azimuth scanning via a solid - state Optical radiation 327 reflected from objects in the far 

transceiver that includes a transmitter subsystem 210 and a field may be reflected back at a corresponding receive 
receiver subsystem 251 , according to one embodiment . A steering angle to be detected by detector elements as a 
first scan line 288 illuminates distant objects along a first , 40 steerable receive scan line . In the steerable receiver embodi 
one - dimensional scan line 288 ( dark shading ) of the entire ment ( i.e. , a steering receiver ) , a tunable , optically reflective 
field of view 295. At least some of the optical radiation is metasurface may steerably receive the reflected optical 
reflected or bounced back from distant objects within the radiation 327 and direct it to a one - dimensional array of 
first scan line 288 portion of the entire field of view 295 and detector elements 328 
received by the receiver subsystem 251. In the illustrated 45 FIG . 4A illustrates another embodiment of a solid - state 
embodiment , the receiver subsystem 251 utilizes a staring transceiver system 400 that utilizes a staring receiver archi 
receiver architecture . In other embodiments , the receiver tecture in which a two - dimensional array 485 of detector 
subsystem 251 may be configured as a steering receiver elements is used for detection instead of a tunable , optically 
instead , as described herein . The optical radiation received reflective metasurface ( as in FIG . 3 ) , according to one 
from objects illuminated by the first scan line 288 is focused 50 embodiment . The solid - state transceiver system 400 may 
to a column of detector elements . include a tunable , optical metasurface 451 to transmit a 
Time - of - flight calculations ( e.g. , indirect and / or direct transmit scan line 426 of optical radiation to objects in the 

time - of - flight calculations ) can be used to determine the far - field , represented by the grid 450. The transmit scan line 
distance to each object within the portion of the entire field 426 may have a fixed beam height along the elevation 495 
of view 295 that was illuminated by the first scan line 288. 55 and be one - dimensionally steered along the azimuth 490 . 
The time - of - flight calculations associated with the first scan The solid - state transceiver system 400 may include 
line illumination are received and mapped to a correspond- receiver optics 403 to direct received optical radiation from 
ing column of a time - of - flight imaging output . In embodi- each of a plurality of receive scan angles to a unique column 
ments in which the receiver subsystem 251 includes a of detector elements in the two - dimensional array 485 of the 
two - dimensional array of detector elements , one or more 60 detector elements . For example , the receiver optics 403 may 
columns of the detector element array may be used to direct optical radiation incident at a receive scan angle 
receive rebounded optical radiation from a corresponding corresponding to the illustrated transmit scan angle to the 
transmit scan line and to generate a corresponding column of shaded column 486 of detector elements in the two - dimen 
a time - of - flight imaging output . sional array 485. Thus , as the transmit scan line 426 is swept 
FIG . 2E illustrates an example timeline of the discrete 65 along the azimuth 490 , a receiver may sweep detection along 

steering , collecting , and readout processes for the azimuth the columns of the two - dimensional array 485. The receiver 
scanning by the solid - state transceiver of FIG . 2D , according optics 403 may , for example , include one or more lenses , 
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mirrors , or filters . For example , in some embodiments , a dispersivity at various transmit steering angles to increase 
bandpass filter may be included as part of the receiver optics , the possible resolution of the system and / or decrease the 
as described herein . SNR at a given steering angle . 
FIG . 4B illustrates another embodiment of a solid - state FIG . 7A illustrates a top - down view of an example layout 

transceiver system 401 that utilizes a staring receiver archi- 5 of a solid - state transceiver system 700 with a transmitter 750 
tecture in which a two - dimensional array 487 of detector in which incident optical radiation is received perpendicular 
elements is used for detection instead of a tunable , optically to the rails of a tunable LCM 781 , according to one 
reflective metasurface ( as in FIG . 3 ) , according to one embodiment . The specific example solid - state transceiver 
embodiment . The solid - state transceiver system 401 may system 700 has a width of approximately 10 millimeters and 
include a tunable , optical metasurface 451 to transmit a 10 a length of approximately 14 millimeters . The transmitter 
transmit scan line 426 of optical radiation to objects in the 750 includes a laser assembly 757 that includes one or more 
far - field , represented by the grid 450. The transmit scan line laser drivers and diode lasers to generate optical radiation . 
426 may have a fixed beam height along the elevation 495 The generated optical radiation is refracted by optical ele 
and be one - dimensionally steered along the azimuth 490 . ments , including a lens 759 , a volume Bragg grating element 

The solid - state transceiver system 401 may include 15 760 , and a prism 761 for collimation on the tunable LCM 
receiver optics 403 to direct received optical radiation from 781. As described herein , the volume Bragg grating element 
each of a plurality of receive scan angles to a plurality of 760 may lock the laser asse ssembly 757 to lock in a narrower 
columns of detector elements in the two - dimensional array linewidth to decrease the dispersivity of transmit scan lines . 
487 of the detector elements . For example , the receiver The receiver 780 may include receiver optics 786 ( e.g. , 
optics 403 may direct optical radiation incident at a receive 20 one or more lenses ) over a two - dimensional array 785 of 
scan angle corresponding to the illustrated transmit scan detector elements . Each column of detector elements in the 
angle to the shaded columns 488 of detector elements in the two - dimensional array 785 of detector elements may form a 
two - dimensional array 485. Thus , as the transmit scan line receive scan line . The receiver optics 786 may map optical 
426 is swept along the azimuth 490 , a receiver may sweep radiation received from each discrete receive scan angle to 
detection along sets of one or more columns of the two- 25 a unique receive scan line of detector elements ( i.e. , a single 
dimensional array 487 . column of detector elements ) . In some embodiments , mul 
FIG . 5 illustrates a graph 500 of optical divergence of tiple columns of detector elements may map to a single 

optical radiation of a given linewidth with respect to dif- receive scan line . In such embodiments , the receiver optics 
fraction angle , according to one embodiment . Beam steering 786 may map optical radiation received from each discrete 
by optical metasurfaces is inherently dispersive for a given 30 receive scan angle to a unique receive scan line of detector 
bandwidth of optical radiation . For example , an optical elements , where the unique receive scan line comprises 
metasurface may exhibit slightly different steering angles for multiple columns of detector elements . 
deviations from the given wavelength . As illustrated , a FIG . 7B illustrates a side view of the example layout of 
five - nanometer linewidth of optical radiation may exhibit the transmitter 750 of the solid - state transceiver system of 
approximately one degree of divergence at a negative 60 - de- 35 FIG . 7A , according to one embodiment . As illustrated , the 
gree steering angle . Accordingly , a narrower bandwidth of laser assembly 757 may include one or more drivers and 
optical radiation may decrease the linewidth of the transmit lasers to generate optical radiation ( illustrated as dashed 
scan line , increase the possible maximum resolution of the lines ) that passes through the lens 759 , the volume Bragg 
system , and / or decrease the signal - to - noise ratio ( SNR ) of grating element 760 , and prism 761 and is ultimately inci 
received optical radiation . The optical assembly may include 40 dent on a tunable LCM 781. The tunable LCM 781 may 
a feedback element , such as a volume Bragg grating ele- steerably reflect the optical radiation as a transmit scan line 
ment , to lock the lasers of the laser assembly ( e.g. , via at a selected transmit steering angle . In the illustrated 
injection seeding , reverse - reflection seeding , and / or the example , the optical radiation can be steered with a field 
like ) . of - view ( FOV ) of approximately 60 degrees through a 
FIG . 6 illustrates an example of an optical feedback 45 window 765. The example dimensions in the drawing may 

element 625 to narrow the linewidth of the optical radiation be utilized in some applications , but alternative dimensions 
source 610 , according to one embodiment . The optical and configurations may be utilized in different applications . 
radiation source 610 may comprise one or more lasers that FIG . 7C illustrates a side view of the example layout of 
are lockable to narrow a linewidth of the emitted optical the receiver of the solid - state transceiver system of FIG . 7A 
radiation . In an unlocked state , the optical radiation source 50 with a two - dimensional array 785 , according to one embodi 
610 may generate optical radiation having a linewidth ment . The optical radiation may enter an enclosure 768 via 
between 2 and 10 nanometers . For example , the optical a window 765. Receiver optics 786 may direct optical 
radiation source 610 may comprise a 905 - nanometer laser radiation from discrete receive steering angles to unique 
assembly to generate optical radiation in an unlocked state receive scan lines ( e.g. , columns of detector elements ) of the 
with a first linewidth 675 ( dashed line ) on graph 670 55 two - dimensional array . In the example embodiment , optical 
showing the magnitude of various wavelengths of the optical radiation 711 ( illustrated as a dotted line ) at a zero - degree 
radiation . steering angle is directed to a first receive scan line 721 of 
One or more lenses 615 and an optical feedback element detector elements . Optical radiation 712 ( illustrated as a 

625 ( e.g. , a volume Bragg grating element ) may lock the dashed line ) at a negative steering angle is directed to a 
optical radiation source 610 with 905 - nanometer optical 60 second receive scan line 722 of detector elements . Optical 
radiation . For instance , a volume Bragg grating element may radiation 713 ( illustrated as a dashed and dotted line ) at a 
return a narrow linewidth of optical radiation 626 back to the positive steering angle is directed to a third receive scan line 
optical radiation source 610. Once locked , the 905 - nanome- 723 of detector elements . 
ter optical radiation source 610 generates optical radiation FIG . 8A illustrates an optical path of an example trans 
with a narrower linewidth 677 ( solid line ) . As described 65 mitter of a solid - state transceiver system , according to one 
above , the narrower linewidth 677 of the optical radiation embodiment . A laser assembly 857 may generate optical 
from the locked optical radiation source 610 reduces the radiation incident on a tunable , optically reflective metasur 
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face 881 after passing through an optical assembly illus- respond to the transmit steering angle associated with the 
trated as including a plano - convex lens 859 , a volume Bragg diffraction curved transmit scan line 851 of the transmitted 
grating element 860 , and a prism 861. The optical radiation optical radiation 826 . 
may be incident on the optically reflective metasurface 881 FIG . 8G illustrates azimuth scanning via the solid - state 
perpendicular to elongated optical resonant antennas of the 5 transceiver system 800 of FIG . 8F with a transmitter at a 
optically reflective metasurface 881 . positive steering angle , according to one embodiment . At the 
FIG . 8B illustrates a graph 801 of one - dimensional azi positive steering angle , the transmitted optical radiation 826 

muth scanning of transmitted optical radiation , according to produces a substantially straight transmit scan line 852. FIG . 
8G also includes a zoomed - in view of the two - dimensional one embodiment . As illustrated , the transmit scan lines 811 10 array 885 of detector elements of the receiver of the solid are asymmetrically curved with respect to negative steering state transceiver system 800 . angles on the left half of the graph and positive steering Again , the receiver of the solid - state transceiver system angles on the right half of the graph due to conical diffrac may also include receiver optics ( see e.g. , FIGS . 4A , 4B , and tion from the tunable , optically reflective metasurface . 7C ) associated with the two - dimensional array 885 to direct FIG . 8C illustrates a side view graph 802 of the one 15 optical radiation from each receive steering angle to a dimensional azimuth scanning of FIG . 8B with scan lines receive scan line 891 ( which may include one or more 811 having an elevational height at an angle between lines columns of detector elements ) . The controller may detect 

821 and 822 , according to one embodiment . optical radiation reflected from the transmit scan line 852 via 
FIG . 8D illustrates a top - down view graph 803 of the the receive scan line 891. The other columns of detector 

one - dimensional azimuth scanning of FIG . 8B with transmit 20 elements may be inactive or disabled to avoid the noise of 
scan lines 811 steered between a first steering angle 831 and optical radiation incident from other receive steering angles 
a second steering angle 832 , according to one embodiment . that don't correspond to the transmit steering angle associ 
FIG . 8E illustrates the asymmetrical diffractive curvature ated with the substantially straight scan line 852 of the 

of the optical radiation transmit scan lines 811 at negative transmitted optical radiation 826 . 
steering angles for the transmitter of FIG . 8A due to conical 25 FIG . 8H illustrates azimuth scanning via the solid - state 
diffraction from the LCM , according to one embodiment . As transceiver system 800 of FIG . 8F with a transmitter at a 
described herein , in some embodiments the optical radiation negative steering angle , according to one embodiment . As 
from the laser assembly may pass through one or more previously described and illustrated in conjunction with 
optical elements to shape , distort , or deform the optical FIGS . 8F and 8G , the transmit scan lines exhibit asymmetri 
radiation for some steering angles to generate a symmetrical 30 cal curvature between positive and negative steering angles 
diffractive curvature instead . For example , the optical ele because the optical radiation is incident on the LCM per 

pendicular to the rails thereof . In the illustrated embodiment , ments may cause the transmit scan lines 811 at positive an optical element assembly 875 is positioned between the steering angles to mirror the transmit scan lines 811 at laser assembly and the transmitting LCM . The optical ele 
negative steering angles . In still other embodiments , the one 35 ment assembly 875 causes the transmitted optical radiation or more optical elements may shape , distort , or deform the at the positive steering angle to produce a curved transmit optical radiation to correct for the curvature such that all of scan line 853 that mirrors the curved transmit scan line 851 
the transmit can lines 811 are straight . of FIG . 8F at the negative steering angle . The curved 
FIG . 8F illustrates azimuth scanning via a solid - state transmit scan line 853 is shown on a flattened grid 850 on the 

transceiver system 800 with a transmitter at a negative 40 right side of FIG . 8H to clearly illustrate the curved transmit 
steering angle , according to one embodiment . At the nega- scan line 853. FIG . 8G also includes a zoomed - in view of the 
tive steering angle , the transmitted optical radiation 826 two - dimensional array 885 of detector elements of the 
produces a diffraction curved transmit scan line 851. The receiver of the solid - state transceiver system 800 . 
receiver of the solid - state transceiver system 800 may Receiver optics may direct optical radiation from each 
include a two - dimensional array 885 of detector elements . 45 receive steering angle to a unique receive scan line . How 
FIG . 8F also includes a zoomed - in view of the two - dimen- ever , because the transmit scan line 853 is curved , the 
sional array 885 of detector elements . The solid - state trans- controller may activate multiple receive scan lines 892 , 893 , 
ceiver system 800 may also include receiver optics ( see e.g. , and 894 to capture the optical radiation of the transmit scan 
FIGS . 4A , 4B , and 7C ) associated with the two - dimensional line 853 reflected from distant objects . 
array 885 to direct optical radiation from each receive 50 Since the multiple detector elements in the receive scan 
steering angle to receive scan lines 896 , 897 , and 898 ( i.e. , lines 896-898 and 892-894 do not correspond to the curva 
one or more columns of detector elements ) . ture of the transmit scan lines 851 and 853 in FIGS . 8F and 

The receiver optics may direct optical radiation from each 8G , the SNR of the detected optical radiation may be 
receive steering angle to a unique receive scan line . How- elevated as compared to the straight receive scan line 891 in 
ever , because the transmit scan line 851 is curved , the 55 FIG . 8G that corresponds to the straight transmit scan line 
controller may activate multiple receive scan lines 896 , 897 , 852 in FIG . 8F . Using the optical element assembly 875 
and 898 to capture the optical radiation of the transmit scan shown in FIG . 8H , the diffractive curvature of the optical 
line 851 reflected from distant objects . Because multiple radiation transmit scan lines become symmetrical between 
detector elements in the receive scan lines 896-898 do not positive and negative steering angles . In such embodiments , 
correspond to the curvature of the transmit scan line 852 , the 60 a curvature - correcting multi - element lens may be positioned 
SNR of the detected optical radiation may be elevated as above the receiver's two - dimensional array 885 to effec 
compared to a straight or non - curved receive scan line . tively straighten the optical radiation reflected by objects 
A controller may detect optical radiation reflected from illuminated by the curved transmit scan lines . In such 

the transmit scan line 851 via the receive scan lines 896,897 , embodiments , each transmit scan line may be mapped to a 
and 898. The other columns of detector elements may be 65 single receive scan line . Each receive scan line may com 
inactive or disabled to avoid the noise of optical radiation prise a single column of detector elements or multiple 
incident from other receive steering angles that don't cor- columns of detector elements . 
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FIG . 9A illustrates a top - down view of an example layout line 963 can capture the optical radiation of the transmit scan 
of a solid - state transceiver system 900 with a transmitter 950 line 953 reflected from distant objects . 
with incident optical radiation parallel to rails of a tunable FIG . 9E illustrates azimuth scanning via the solid - state 
LCM 981 , according to one embodiment . The specific transceiver system 900 with a transmitter at a positive 
example of the solid - state transceiver system 900 has a 5 steering angle , according to one embodiment . At the positive 
width of approximately 10 millimeters and a length of steering angle , the transmitted optical radiation 926 pro 
approximately 14 millimeters . The transmitter 950 includes duces a diffraction curved transmit scan line 954. In the 
a laser assembly 957 that includes one or more laser drivers zoomed - in view of the two - dimensional array 985 , a single 
and diode lasers to generate optical radiation . The generated receive scan line 964 receives the reflected optical radiation 
optical radiation is refracted by optical elements , including 10 from the curved transmit scan line 954 , but the optical 

radiation is curvature - corrected by receiver optics compris a lens 959 , a volume Bragg grating element 960 , and a prism ing one or more lenses . 961 for collimation on the tunable LCM 981. As described FIG . 10A illustrates a graph of the transmit angle of a herein , the volume Bragg grating element 960 may lock the mechanical scanning lidar system with respect to time , 
laser assembly 957 to lock in a narrower linewidth to 15 according to one embodiment . As illustrated , the transmit decrease the dispersivity of transmit scan lines . angle of the mechanical scanning lidar system moves con Areceiver subsystem 980 may include receiver optics 986 tinuously with respect to time . The transmit angle of the 
( e.g. , one or more lenses ) over a two - dimensional array 985 mechanical scanning lidar system also moves sequentially 
of detector elements . Each column of detector elements in from a first angle to a final angle and then repeats ( optionally 
the two - dimensional array 985 of detector elements may 20 in reverse ) . The amount of time the mechanical scanning 
form a receive scan line . The receiver optics 986 may map lidar system remains within a range of transmit angles is 
optical radiation received from each discrete receive scan static and based on the scanning speed of the mechanical 
angle to a unique receive scan line of detector elements ( e.g. , scanning lidar system . 
a single column of detector elements ) . In some embodi- FIG . 10B illustrates a graph of the transmit angle of a 
ments , multiple columns of detector elements may map to a 25 solid - state transceiver system utilizing a one - dimensionally 
single receive scan line . In such embodiments , the receiver steerable LCM , according to one embodiment . In contrast to 
optics 986 may map optical radiation received from each the embodiment described in FIG . 10A , the transmit angle of 
discrete receive scan angle to a unique receive scan line of the LCM - based solid - state transceiver system moves in 
detector elements , where the unique receive scan line com- discrete steps and maintains each steering angle for a fixed 
prises multiple columns of detector elements . 30 amount of time . Moreover , the LCM - based solid - state trans 

FIG . 9B illustrates the symmetrical diffractive curvature ceiver system can also transition instantly or nearly instantly 
of the optical radiation transmit scan lines 911 for the between non - sequential transmit steering angles without 
transmitter of the solid - state transceiver system of FIG . 9A having to steer to all the angles therebetween . The amount 
at positive and negative steering angles . The symmetric of time the LCM - based solid - state transceiver system 
curvature is a result of the optical radiation from the laser 35 remains at a specific transmit angle can be adjusted or 
assembly being incident on the LCM parallel to the rails modified for a particular application . 
thereof , as illustrated in FIG . 9A . As previously described in Various combinations of the embodiments and examples 
conjunction with FIG . 8H , the symmetric curvature can be described herein are possible , including those specifically 
alternatively achieved using correction optics positioned identified in the claims below , as well as in the following 
between the laser and the LCM . Since the diffractive cur- 40 aspects . 
vature of the optical radiation transmit scan lines 911 of the Aspect 1 : A system , comprising : a lockable laser assem 
transmitter are symmetrical , curvature - correcting multi - ele- bly to : transmit optical radiation at an initial bandwidth in an 
ment lenses may be used on the receiver to effectively unlocked state , and transmit optical radiation at a post 
straighten optical radiation reflected by objects illuminated initialization bandwidth in a locked state , wherein the post 
by the curved transmit scan lines 911 . 45 initialization bandwidth is narrower than the initial band 
FIG . 9C illustrates a side view of the example layout of width ; a transmit tunable optical metasurface to receive 

the receiver of FIG . 9A with a two - dimensional array 985 of optical radiation from the laser assembly and steerably 
detector elements . The receiver optics 986 may include beamform the optical radiation at a steering angle to a 
curvature - correcting multi - element lenses to correct the remote object ; a receiver with at least one detector element 
curved transmit scan lines so that each ( curved ) transmit 50 to receive reflected optical radiation at the steering angle 
scan line can be received by a single ( straight ) receive scan from the remote object ; and an optical assembly positioned 
line . between the laser assembly and the transmit tunable optical 
FIG . 9D illustrates azimuth scanning via the solid - state metasurface , wherein the optical assembly comprises : at 

transceiver system 900 with a transmitter at a negative least one optical lens element ; and a feedback element to 
steering angle , according to one embodiment . At the nega- 55 reflect some of the optical radiation at a wavelength within 
tive steering angle , the transmitted optical radiation 926 the initial bandwidth back into the laser to cause the laser to 
produces a diffraction curved transmit scan line 953. The transition from the unlocked state to the locked state . 
curved transmit scan line 953 is shown on a flattened grid Aspect 2 : The system of aspect 1 , wherein the lockable 
940 on the right side of FIG . 9D to clearly illustrate the laser assembly comprises at least one of an edge - emitting 
curved transmit scan line 953. FIG . 9D also includes a 60 laser diode , a vertical - cavity surface - emitting laser , a fiber 
zoomed - in view of the two - dimensional array 985 of detec- optic laser device , and a diode - pumped solid - state laser . 
tor elements of the receiver of the solid - state transceiver Aspect 3 : The system of aspect 1 , wherein the feedback 
system 900 . element comprises a volume Bragg grating element . 

Receiver optics may direct optical radiation from each Aspect 4 : The system of aspect 1 , wherein the receiver 
receive steering angle to a unique receive scan line . 65 comprises a receive tunable optical metasurface to receive 
Although the transmit scan line 953 is curved , the receiver reflected optical radiation from the remote object via receive 
optics correct the curvature such that a single receive scan beamforming at the steering angle , and wherein each of the 
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transmit and receive tunable optical metasurfaces comprises receiver optics to direct optical radiation received at each 
an array of optical resonant antennas arranged at sub- angle of incidence to the corresponding receive scan 
wavelength intervals on a reflective surface , and liquid line . 
crystal positioned in optical field regions of each optical 2. The system of claim 1 , further comprising a controller 
resonant antenna in the array . 

Aspect 5 : The system of aspect 1 , further comprising a tune the optical metasurface to transmit incident optical voltage controller to control the steering angles of the radiation at the first transmit steering angle ; and 
transmit and receive tunable optical metasurfaces by selec cause the receiver to detect reflections of the optical tively applying voltage differential bias patterns to the liquid radiation via a subset of the receive scan lines associ crystal of the respective arrays of optical resonant antennas 10 ated with receive angles of incidence corresponding to of each of the transmit and receive tunable optical metasur the first transmit steering angle . faces . 3. The system of claim 2 , wherein the controller is Aspect 6 : The system of aspect 1 , wherein the receiver 
comprises : a two - dimensional array of detector elements configured to subsequently tune the optical metasurface to 
forming a set of receive scan lines , wherein each receive 15 transmit incident optical radiation at a third steering angle 
scan line comprises at least one column of detector ele- between the first steering angle and the second steering 
ments ; and receiver optics to direct optical radiation incident angle that is non - sequential with respect to the first transmit 
at each of a plurality of discrete receive steering angles to steering angle ; and 
one of the receive scan lines . cause the receiver to detect reflections of the optical 

Aspect 7 : The system of aspect 6 , wherein the two- 20 radiation via a subset of the receive scan lines associ 
dimensional array of detector elements comprises a two- ated with the receive angles of incidence corresponding 
dimensional array of avalanche photodiodes ( APDs ) . to the third , non - sequential transmit steering angle . 

Aspect 8 : The system of aspect 6 , wherein the two- 4. The system of claim 1 , further comprising a laser 
dimensional array of detector elements comprises a two- assembly to generate the optical radiation incident on the 
dimensional array of single - photon avalanche diodes 25 optical metasurface . 
( SPADs ) . 5. The system of claim 4 , wherein the receiver optics 

Aspect 9 : The system of aspect 6 , wherein each column of comprise a bandpass filter to attenuate optical radiation at 
detector elements forms a single receive scan line . wavelengths not generated by the laser assembly . 

Aspect 10 : The system of aspect 1 , wherein the lockable 6. The system of claim 1 , wherein the optical metasurface laser assembly transmits optical radiation at an operating 30 comprises a liquid crystal metasurface ( LCM ) with an array wavelength of one of 850 nanometers , 905 nanometers , and of elongated optical resonant antennas arranged at sub 1550 nanometers . 
This disclosure has been made with reference wavelength intervals on a reflective surface and liquid various 

exemplary embodiments , including the best mode . How crystal positioned in optical field regions of each optical 
resonant antenna in the array . ever , those skilled in the art will recognize that changes and 35 

modifications may be made to the exemplary embodiments 7. The system of claim 6 , wherein the optical radiation is 
without departing from the scope of the present disclosure . incident on the LCM perpendicular to the elongated optical 
While the principles of this disclosure have been shown in resonant antennas . 

various embodiments , many modifications of structure , 8. The system of claim 7 , wherein the receiver optics 
arrangements , proportions , elements , materials , and compo- 40 adjust for asymmetrical curvature at various transmit steer 
nents may be adapted for a specific environment and / or ing angles . 
operating requirements without departing from the prin- 9. The system of claim 6 , further comprising a correction 
ciples and scope of this disclosure . These and other changes optical assembly to modify optical radiation incident on the 
or modifications are intended to be included within the scope LCM such that transmitted optical radiation exhibits sym 
of the present disclosure . 45 metrical curvature between negative and positive steering 

This disclosure is to be regarded in an illustrative rather angles . 
than a restrictive sense , and all such modifications are 10. The system of claim 9 , wherein the receiver optics 
intended to be included within the scope thereof . Likewise , adjust for the symmetrical curvature of the transmitted 
benefits , other advantages , and solutions to problems have optical radiation . 
been described above with regard to various embodiments . 50 11. The system of claim 6 , wherein the optical radiation 
However , benefits , advantages , solutions to problems , and is incident on the LCM parallel to the elongated optical 
any element ( s ) that may cause any benefit , advantage , or resonant antennas . 
solution to occur or become more pronounced are not to be 12. The system of claim 11 , wherein the receiver optics 
construed as a critical , required , or essential feature or adjust for symmetrical curvature of the transmitted optical 
element . This disclosure should , therefore , be determined to 55 radiation . 
encompass at least the following claims . 13. A solid - state light detection and ranging ( lidar ) sys 

tem , comprising : 
What is claimed is : a laser assembly to generate optical radiation ; 
1. An optical transceiver system , comprising : transmit optical element assembly to modify the optical 
a tunable , optical metasurface to selectively transmit 60 radiation generated by the laser assembly ; 

incident optical radiation from an optical radiation a tunable , optically reflective transmit metasurface to 
source at transmit steering angles between a first steer- selectively reflect the modified optical radiation as 
ing angle and a second steering angle ; transmit scan lines at a plurality of transmit steering 

a receiver comprising a two - dimensional array of detector angles ; 
elements forming a set of receive scan lines , wherein 65 an array of detector elements forming a set of receive scan 
each receive scan line corresponds to distinct angles of lines of detector elements to receive optical radiation 
incidence ; and transmitted by the transmit metasurface after being 
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reflected by distant objects , wherein each receive scan time - of - flight calculation , a direct time - of - flight calculation , 
line corresponds to distinct angles of incidence of and a coherent heterodyne calculation . 
received optical radiation ; 17. The system of claim 13 , wherein the controller is 

a receiver optical element assembly to focus the optical configured to : 
radiation reflected by the distant objects onto each 5 cause the laser assembly to generate sequential pulses of 
respective receive scan line of the array of detector optical radiation , 
elements based on the angle of incidence ; and cause the optically reflective metasurface to sequentially 

a controller to : transmit optical radiation as a sequence of transmit scan 
cause the laser assembly to generate optical radiation , lines at a corresponding sequence of transmit steering 
tune the transmit metasurface to transmit the optical 10 angles between the first steering angle and the second 

radiation as a first transmit scan line at a first transmit steering angle , 
steering angle , cause the array of detector elements to sequentially detect 

cause the array of detector elements to detect reflec reflections of the pulsed optical radiation via distinct 
receive scan lines of detector elements associated with tions of the optical radiation via a first receive scan 

line of detector elements associated with angles of 15 angles of incidence of received optical radiation from 
incidence of the receiver optical element assembly distant objects that correspond to the sequence of 
that correspond to the first transmit steering angle , transmit steering angles , and 
and determine range information of objects detected in each 

determine range information of an object detected in sequential receive scan line . 
the first receive scan line . 18. The system of claim 13 , wherein the array of detector 

14. The system of claim 13 , wherein the optically reflec elements comprises a two - dimensional array of columns and 
rows of detector elements and tive metasurface comprises a liquid crystal metasurface 

( LCM ) that includes an array of optical resonant antennas wherein the receiver optical element assembly directs 
arranged at sub - wavelength intervals on a reflective surface optical radiation at each angle of incidence to one or 
with liquid crystal positioned in optical field regions of each 25 more columns of the array of detector elements . 
optical resonant antenna in the 19. The system of claim 13 , wherein the transmit optical array . element assembly comprises : 15. The system of claim 14 , further comprising a voltage 
controller to control the transmit steering angle of the at least one collimating optical element to collimate the 
optically reflective metasurface by selectively applying volt optical radiation along a steering axis of the transmit 
age differential bias patterns to the liquid crystal within the 30 metasurface ; and 
optical field regions of at least some of the optical resonant at least one diverging optical element to fan the optical 

radiation perpendicular to the steering axis of the antennas . 
transmit metasurface . 16. The system of claim 13 , wherein the controller deter 

mines the range information using one of : an indirect 
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