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SYSTEM AND METHOD FOR REMOTE OBJECT SENSING

RELATED APPLICATION INFORMATION
[0001] This application claims priority to provisional application serial number 62/082,716

filed on November 21, 2014, incorporated herein by reference.

BACKGROUND

Technical Field
[0002] The present invention relates to remote object sensing, and more particularly,
systems and methods for remote object sensing by measuring the changes in the spatially

inhomogeneous state of polarization of a spatially polarization-inhomogeneous light beam.

Description of the Related Art
[0003] There are several known processing systems and methods for remote object
sensing. For example, Light Detection and Ranging (LIDAR) may be utilized to determine
topographic information about an object. LIDAR involves the measuring of the travel time
of a beam of light to and from an object. However, LIDAR limits the feature resolution to
the spot size of the light beam which results in reduced resolution as the distance to the object
increases.
[0004]  Optical Angular Momentum (OAM) spectroscopy has also been utilized for remote
object sensing. In OAM spectroscopy, a beam of light is directed on the object of interest
and the OAM spectrum that results from the subsequent light-matter interaction is measured.
While OAM spectroscopy provides increased resolution as compared to LIDAR, OAM
spectroscopy requires very fine and complex control of liquid crystal on silicon spatial light
modulators at the transmitter and/or receiver side in order to generate and measure the optical

OAM spectrum. Furthermore, OAM spectra are difficult to accurately measure based on a
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high sensitivity to device misalignment and crosstalk. Therefore, a system and method for
remote object sensing that provides accurate high-resolution, real-time feature detection

would be highly advantageous.

SUMMARY

[0005] A method for remote object sensing which includes the steps of generating a
spatially polarization-inhomogeneous light beam and directing the beam on a remote object.
The method further includes the step of receiving an output light beam comprising the
spatially polarization-inhomogeneous light beam after the light beam contacts the remote
object by a polarimetry receiver. The electric field of the output light beam is measured and
the changes in the spatially inhomogeneous state of polarization of the output light beam is
determined. The spatial features of the remote object may be determined by the changes in
the spatially inhomogeneous state of polarization of the output light beam.

[0006] A system for remote object sensing which includes a spatial polarization-
inhomogeneous light beam generating unit that is configured to generate a spatial
polarization-inhomogeneous light beam and direct the light beam on a remote object. The
system further includes a polarimetry receiver that is configured to receive an output light
beam comprising the spatially polarization-inhomogeneous light beam after the light beam
contacts the remote object. The polarimetry receiver includes a processor, memory and an
interface. The memory is configured to store a computation module which computes an
electric field of the output light beam and determines changes in the spatially inhomogeneous
state of polarization of the output light beam. The spatial features of the remote object may
be determined by the changes in the spatially inhomogeneous state of polarization of the

output light beam.
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[0007] These and other features and advantages will become apparent from the following
detailed description of illustrative embodiments thereof, which is to be read in connection

with the accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0008] The disclosure will provide details in the following description of preferred
embodiments with reference to the following figures wherein:

[0009] TIG. 1 is a block/flow diagram illustratively depicting a system for remote object
sensing;

[0010] FIG. 2 is a block/flow diagram illustratively depicting another embodiment of the
system for remote object sensing in accordance with the present principles;

[0011] FIG. 3 is an illustrative example of imaging generated by the polarimetry receiver
in accordance with the present principles;

[0012] FIG. 4 is an illustrative example of Stokes parameters computed by the polarimetry
receiver in accordance with the present principles;

[0013] FIG. 5 is an illustrative example of a full electric field reconstruction generated by
the polarimetry receiver in accordance with the present principles;

[0014] FIG. 6 is a vector mode spectrum determined by the polarimetry receiver in
accordance with the present principles;

[0015] FIG. 7 is a flow diagram showing a method for remote object sensing in accordance
with the present principles;

[0016] FIG. 8 is a flow diagram showing a method for generating a spatial polarization-
homogeneous light beam in accordance with a preferred embodiment; and

[0017] FIG. 9 is a flow diagram showing a method for receiving the output light beam by a

polarimetry receiver in accordance with a preferred embodiment.
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0018] In accordance with the present principles, systems and methods are provided for
remote object sensing by detecting features of the remote object based on the changes in the
spatially inhomogeneous state of polarization of a spatially polarization-inhomogeneous light
beam which is directed on the remote object and received by a polarimetry receiver
thereafter. The changes in the spatially polarization-inhomogeneous light beam are a result
of spatial features of the remote object. The polarimetry receiver is configured to measure
the spatially inhomogeneous state of polarization of the spatially inhomogeneous electric
field of the light beam output from the remote object and compute the changes in the spatially
inhomogeneous state of polarization to determine spatial features of the remote object. The
system obtains high-resolution, real-time information concerning important spatial features of
the remote object.

[0019] Embodiments described herein may be entirely hardware, entirely software or may
include both hardware and software elements which includes but is not limited to firmware,
resident software, microcode, etc.

[0020] Embodiments may include a computer program product accessible from a
computer-usable or computer-readable medium providing program code for use by or in
connection with a computer or any instruction execution system. A computer-usable or
computer readable medium may include any apparatus that stores, communicates, propagates,
or transports the program for use by or in connection with the instruction execution system,
apparatus, or device. The medium can be magnetic, optical, electronic, electromagnetic,
infrared, or semiconductor system (or apparatus or device) or a propagation medium. The
medium may include a computer-readable storage medium such as a semiconductor or solid
state memory, magnetic tape, a removable computer diskette, a random access memory

(RAM), a read-only memory (ROM), a rigid magnetic disk and an optical disk, etc.
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[0021] A data processing system suitable for storing and/or executing program code may
include at least one processor coupled directly or indirectly to memory elements through a
system bus. The memory elements can include local memory employed during actual
execution of the program code, bulk storage, and cache memories which provide temporary
storage of at least some program code to reduce the number of times code is retrieved from
bulk storage during execution. Input/output or I[/O devices (including but not limited to
keyboards, displays, pointing devices, etc.) may be coupled to the system either directly or
through intervening I/O controllers.

[0022] Network adapters may also be coupled to the system to enable the data processing
system to become coupled to other data processing systems or remote printers or storage
devices through intervening private or public networks. Modems, cable modems and
Ethernet cards are just a few of the currently available types of network adapters.

[0023] Referring now to the drawings in which like numerals represent the same or similar
elements and initially to FIG. 1, a block/flow diagram depicting a system 100 for optical
detection of a remote object 106, is illustratively shown in accordance with one embodiment
of the present principles. The system 100 may include a spatial polarization-inhomogeneous
light beam generating unit 102 which is configured to generate a spatial polarization-
inhomogeneous light beam 104 and direct the light beam on a remote object 106. A “spatial
polarization-inhomogeneous beam”, also referred to as a “vectorial” beam, is a beam of light
having a state of polarization that is different at each spatial point of the beam transversely,
e.g., not along its propagation direction.

[0024]  Asshown in FIG. 2, in one embodiment, the inhomogeneous light beam generating
unit 102 may include a laser beam generator 108. The laser beam generator 108 may be
various known devices which are configured to generate light beams having spatially

polarization-homogenous light. The inhomogeneous light beam generating unit 102 may
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further include an optical fiber 110, such as a single mode optical fiber, that is configured to
guide the spatially polarization-homogenous light beam from the laser beam generator 108.
In a preferred embodiment, the inhomogeneous light beam generating unit 102 may include a
lens 112 that is configured to receive the light beam from the optical fiber 110 and collimate
the light beam.

[0025] The inhomogeneous light beam generating unit 102 may further include a g-plate
114. A g-plate 114 is a birefringent liquid crystal plate having a patterned transverse optical
axis. The g-plate 114 is configured to transform the light beam received from the lens 112
into spatially polarization-inhomogeneous light 104. The g-plate is configured to produce a
specific inhomogeneous state of polarization for the light beam which is dependent on the
pattern of the g-plate.

[0026] Asshown in FIG. 2, the inhomogeneous light beam generating unit 102 directs the
spatially polarization-inhomogeneous light 104 to travel from the g-plate 114 through a first
free-space channel 111 and contact the remote object 106. The light-matter interaction
between the spatially polarization-inhomogeneous light beam 104 and the remote object 106
alters the spatial polarization content of the light beam 107 that is output from the remote
object. These changes in the spatial polarization of the light beam are characteristic of the
features of the remote object 106 and may be used to determine the features of the remote
object.

[0027] The system 100 may further include a polarimetry receiver 116. The polarimetry
receiver 116 may include one or more processors 130 and memory 132 for storing programs
and applications. The polarimetry receiver 116 may further include a display 144 which
permits a user to view images and interact with the system 100. The polarimetry receiver 116
may further include an interface 146 which may feature a keyboard, mouse, a joystick, a

haptic device, or any other peripheral or control to permit user feedback from and interaction
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with the system 100. While the processor 130, memory 132, display, 144 and interface 146
are specifically shown as being components of the polarimetry receiver 116, in other
embodiments, one or more of these components may be positioned in other portions of the
system 100 and have connections means well known in the art, such as a communications
bus, to connect to the polarimetry receiver 116.

[0028]  The polarimetry receiver 116 is configured to receive the spatially polarization-
inhomogeneous light beam 107 output from the remote object 106 and obtain measurements
concerning the spatially inhomogeneous electric field of the output light beam. The
polarimetry receiver 116 is further configured to determine the changes in the spatially
inhomogeneous state of polarization of the spatially polarization-inhomogeneous light beam.
[0029]  As shown in FIG. 2, the output light beam 107 from the remote object 106 travels
through a second free-space channel 115. While the second free-space channel 115 is
illustratively shown in the embodiment of FIG. 2 as being a separate channel from the first
free-space channel 111, in some embodiments, the output light beam 107 may be reflected
from the remote object 106 back through the first free-space channel to the polarimetry
receiver 116.

[0030] In the embodiment shown in FIG. 2, the polarimetry receiver 116 may include a
polarizer 118, such as a linear polarizer. The polarimetry receiver 116 may also include a
quarter wave plate 120 which may be configured to alter the polarization state of the light
beam travelling through it by converting the linearly polarized light into circularly polarized
light.

[0031] The polarimetry receiver 115 may further include imaging optics 122 and a charge-
coupled device (CCD) camera 124. The imaging optics are configured to receive the light

beam from the quarter wave plate 120 and to output the beam on the charge-coupled device
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camera 124 for imaging. For example, in one embodiment, the imaging optics 122 are
configured to image a 4f system onto a CCD camera 124.

[0032] FIG. 3 provides illustrative examples of the images 126 generated by the CCD
camera 124. In FIG. 3, Iy, lus, Iso, and I;35 represent the intensities of an arbitrary vector light
field, E (r, ¢»), obtained when the polarizer 118 is rotated 0, 45, 90, and 135 degrees with
respect to a reference Cartesian coordinate system.

[0033] The polarimetry receiver 115 is configured to measure the spatially inhomogeneous
electric field in order to obtain a measurement-based reconstruction of the full electric field of
the output light beam 107. In one embodiment, the polarimetry receiver 115 may be
configured to measure the spatially inhomogeneous electric field by using Stokes
polarimetry. In this embodiment, the polarimetry receiver may determine the spatially
inhomogeneous electric field by rotating the polarizer 118 with respect to a reference
Cartesian coordinate system to obtain four intensity values.

[0034] Asshown in FIG. 3, the resulting intensities obtained when the polarizer 118 is
rotated 0, 45, 90 and 135 degrees are imaged using the imaging optics 122 onto the CCD
camera 124 with stronger intensity proportional to lighter pixel outputs. While not shown in
FIG. 3, the right and left circular polarization content of the electric field may also be
measured using the quarter wave plate 120, imaging optics 122 and CCD camera 124. While
the embodiments shown in FIGS. 2-3 may utilize Stokes polarimetry to measure the spatially
inhomogeneous electric field, in other embodiments, the system 100 may be configured to
utilize other procedures known in the art to measure the electric field of the output light beam
107.

[0035] The polarimetry receiver 116 may include a computation module 128 that is
configured to compute measurements of the spatially inhomogeneous electric field. For

example, in the embodiment where the spatially inhomogeneous electric field is measured by
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using Stokes polarimetry, the computation module 128 may be configured to compute Stokes
parameters 129 from the CCD camera images 126.

[0036] FIG. 4 shows examples of Stokes parameters 129 computed from the images in
FIG. 3. In one embodiment, the computation module 128 may utilize Equations 1-4 shown
below to determine the Stokes parameters.

Equation 1

So(r, @) = Lo(r, P) + oo (T, @)

Equation 2

S1(r, @) = 1Io(r, ) — Ioo(r, P)

Equation 3

So(r, @) = Lis(r, @) — Iiz5(r, @)

Equation 4

S3(r, @) = Ipcp(r, @) — L1cp (T, @)

wherein [y(r, ), Lis(r, d), Ioo(r, §), I35 (1, @) are the intensities of an arbitrary vector light
field, E (r, ¢), obtained when analyzed using the polarizer 118 rotated 0, 45, 90, and 135
degrees with respect to a reference Cartesian coordinate system, and Ir-p (7, @), I, cp (7, )
are the intensities of E (r, ¢p) obtained when analyzing its right and left circular polarization
content, respectively, using a quarter wave plate.

[0037] The computation module 128 may also be configured to determine the angle of
orientation, and ellipticity of the state of polarization of the electric field. In one
embodiment, the computation module 128 may utilize Equations 5-6 to determine these

values.

Equation 5

SZ (T, ¢)))

_ 1 -1
V(@) =5 tan (51 )
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Equation 6

53(7', ¢)))
SO(r' ¢)

1
X(T, ¢)) = ESin_l (

wherein Y (r, ¢) and y(r, @) are the angle of orientation and the ellipticity of the state of
polarization, respectively, at every spatial point (7, ¢).

[0038] In one embodiment, the polarimetry receiver 116 is configured to generate a
reconstruction 134 of the full electric field using the polarimetry results. FIG. 5 shows a full
electric field reconstruction 134 generated by the polarimetry receiver 116 using the
polarimetry results.

[0039] In a preferred embodiment, the computation module 128 may also be configured to
determine the changes in the spatially inhomogeneous state of polarization of the spatially
polarization-inhomogeneous light beam. For example, in one embodiment, the polarimetry
receiver 116 is configured to determine the changes in the state of polarization of the spatially
inhomogeneous light beam by measuring the vector mode spectrum of an arbitrary light field.
Vector modes are spatial modes of light that carry spatially inhomogeneous state of
polarization. The vector mode spectrum is the superposition of the vector modes. The
polarimetry receiver 116 may be configured to determine the vector mode spectrum by
measuring the optical power in each vector mode of the spectrum.

[0040] The polarimetry receiver 116 may be configured to calculate the vector mode power
coefficients in each mode which results in complete vector mode decomposition. For

example, the power of each vector mode, may be computed by Equation 7 shown below.

Equation 7

1 21T
= f E(r,¢) - Vp, (¢)deb
0

|ce, )| =

10
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[0041] The set of vector mode power coefficients |C€,y (r)|2 corresponding to the vector

field E (r, ¢) is the vector mode spectrum. The vector mode spectrum may be measured by
determining the power of each vector mode in the spectrum.

[0042] In one embodiment, the polarimetry receiver 116 is configured to utilize the overlap
integral of equation 7 to calculate the power coefficients in each mode and determine the
vector mode spectrum. The vector mode decomposition provides a complete measurement of
the vector mode spectrum corresponding to the remote object 106.

[0043] TIG. 6 shows a vector mode spectrum 136 for a fully radially-polarized beam
obtained by the polarimetry results.

[0044] Based on the determined vector mode spectrum 136, the system 100 is configured
to measure the changes in the state of polarization of the spatially polarization-
inhomogeneous light beam. For example, in one embodiment, the vector mode spectrum of a
light beam may be pre-determined, such as based on the specific characteristics of the g-plate
114 that the light beam passes therethrough. The vector mode spectrum of the light beam
that has passed through the g-plate 114 but has not yet contacted the remote object may also
be determined by a polarimetry receiver, varying the parameters of the light beam generating
unit 102 or by other means known in the art. The vector mode spectrum of the light beam
that has passed through the g-plate 115 may be stored in the memory 132.

[0045] The polarimetry receiver 116 is configured to determine the differences between the
computed measurements of the spatially inhomogeneous electric field of the output light
beam 107 and the vector mode spectrum of the light beam that has passed through the g-plate
(but has not yet contacted the remote object 106) and the differences are indicative of features
of the remote object 106, such as structural edges and corners of the remote object 106. This
results in the detection of the features of the remote object 106 by the system 100 in real-

time.

11
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[0046] While the detection of the spatially inhomogeneous state of polarization of a
spatially polarization-inhomogeneous light beam is illustratively described specifically with
respect to the determination of the vector mode spectrum, the spatially inhomogeneous state
of polarization of the spatially polarization-inhomogeneous light beam and the changes in the
state of polarization may be determined by measuring other characteristics or features of the
light beam or by other means known in the art.

[0047]  Asshown in FIG. 7, the present invention is also directed to methods for remote
object sensing as previously described. The method may be performed by any combination
of hardware and/or software.

[0048] Referring to FIG. 7, a method 150 for remote object sensing is illustratively shown
in accordance with the present principles. In block 160, a spatial polarization-
inhomogeneous light beam is generated and directed on the remote object.

[0049]  Asshown in FIG. 8, the generation of the spatial polarization-inhomogeneous light
beam may include the steps of generating 162 a spatially polarization-homogeneous light
beam. The spatially polarization-homogeneous light beam may then be guided 164 through
an optical fiber. The light beam may then be received 166 by a lens which collimates the
light beam. The collimated light beam may then be received 168 by a g-plate which
transforms the light beam into a spatially polarization-inhomogeneous light.

[0050] The spatially polarization-inhomogeneous light beam then interacts with the remote
object and the output light beam is received 170 by the polarimetry receiver as described in
detail with respect to the system 100 of the present invention. As shown in FIG. 9, the step of
receiving the output light beam by a polarimetry receiver may include receiving 172 the
output light beam from the remote object by a polarizer. The light beam from the polarizer

may then be received 174 by a quarter wave plate. The light beam may then be passed 176

12
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through imaging optics. After being received by the imaging optics, the light beam is imaged
178 on a charge-coupled device camera.

[0051]  The output light beam is then measured 180 to obtain a reconstruction of the full
electric field of the output light beam. As described in detail with respect to the system 100,
this may be achieved by Stokes polarimetry or by other means known in the art.

[0052] Inblock 190, the changes in the spatially-inhomogeneous state of polarization of
the output light beam is determined. For example, the changes in the spatially-
inhomogeneous state of polarization of the output light beam may be determined by
measuring the vector mode power coefficients in each mode in order to determine the vector
mode spectrum and comparing the measured vector mode spectrum with the vector mode
spectrum of the light beam after it has passed through the g-plate. In one embodiment, the
overlap integral of Equation 7 is utilized to determine the calculated power coefficients.
Based on the determined changes in the spatially-inhomogeneous state of polarization of the
output light beam, features concerning the remote object are detected.

[0053] While the above configuration and steps are illustratively depicted according to one
embodiment of the present principles, it is contemplated that other sorts of configurations and
steps may also be employed according to the present principles. While various components
have been illustratively described as separate components, the components may be formed in
a variety of integrated hardware or software configurations.

[0054] The foregoing is to be understood as being in every respect illustrative and
exemplary, but not restrictive, and the scope of the invention disclosed herein is not to be
determined from the Detailed Description, but rather from the claims as interpreted according
to the full breadth permitted by the patent laws. It is to be understood that the embodiments
shown and described herein are only illustrative of the principles of the present invention and

that those skilled in the art may implement various modifications without departing from the

13
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scope and spirit of the invention. Those skilled in the art could implement various other
feature combinations without departing from the scope and spirit of the invention. Having
thus described aspects of the invention, with the details and particularity required by the

patent laws, what is claimed and desired protected by Letters Patent is set forth in the

appended claims.

14
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WHAT IS CLAIMED IS:

1. A method for remote object sensing comprising the steps of:

generating a spatially polarization-inhomogeneous light beam and directing the beam
on a remote object;

receiving an output light beam comprising the spatially polarization-inhomogeneous
light beam after the light beam contacts the remote object by a polarimetry receiver;

measuring an electric field of the output light beam; and

determining changes in a spatially inhomogeneous state of polarization of the output

light beam to determine spatial features of the remote object.

2. The method as recited in claim 1, wherein Stokes polarimetry is utilized to

measure the electric field of the output light beam.

3. The method as recited in claim 1, wherein generating a spatially polarization-
inhomogeneous light beam includes the steps of:

generating a spatially polarization-homogeneous light beam;

guiding the spatially polarization-homogeneous light beam through an optical fiber;

receiving the spatially polarization-homogeneous light beam by a lens to collimate the
light beam; and

receiving a collimated light beam by a g-plate which transforms the light beam into a

spatially polarization-inhomogeneous light beam.

4. The method as recited in claim 1, wherein receiving an output light beam

includes the steps of:

15
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receiving the output light beam by a polarizer;
receiving the output light beam by a quarter wave plate;
passing the output light beam through imaging optics; and

imaging the light beam on a charge-coupled device camera.

5. The method as recited in claim 2, further comprising the step of computing

Stokes parameters from the imaging generated by the charge-coupled device camera.

6. The method as recited in claim 1, comprising the further step of measuring the

angle of orientation and the ellipticity of the state of polarization of the output light beam.

7. The method as recited in claim 1, wherein the changes in the spatially
inhomogeneous state of polarization of the output light beam are determined by determining
a vector mode spectrum of the output light beam and comparing the vector mode spectrum of
the output light beam with a vector mode spectrum of a light beam prior to contacting the

remote object.

8. The method as recited in claim 1, comprising the further step of generating a

reconstruction of a full electric field of the output light beam.

9. The method as recited in claim 7, wherein vector mode power coefficients are

computed in order to determine the vector mode spectrum of the output light beam.

10. A system for remote object sensing comprising,

16
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a spatial polarization-inhomogeneous light beam generating unit that is configured to
generate a spatial polarization-inhomogeneous light beam and direct the light beam on a
remote object; and

a polarimetry receiver that is configured to receive an output light beam comprising
the spatially polarization-inhomogeneous light beam after the light beam contacts the remote
object, said polarimetry receiver including:

a processor, memory and an interface, wherein said memory is configured to store a
computation module which computes an electric field of the output light beam and
determines changes in a spatially inhomogeneous state of polarization of the output light

beam to determine spatial features of the remote object.

11. The system as recited in claim 10, wherein the spatial polarization-
inhomogeneous light beam generating unit comprises:

a laser beam generator configured to generate light beams having spatially
polarization-homogeneous light;

an optical fiber that receives the light beam from the laser beam generator;

a lens that receives the light beam from the optical fiber and collimates the light
beam; and

a q-plate which receives the light beam from the lens and transforms the light beam

into a spatially polarization-inhomogeneous light beam.

12. The system as recited in claim 10, wherein the polarimetry receiver includes:
a polarizer;
a quarter wave plate;

imaging optics; and

17
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a charge-coupled device camera.

13. The system as recited in claim 12, wherein the polarizer is a linear polarizer.

14. The system as recited in claim 10, wherein the polarimetry receiver is
configured to compute the electric field of the output light beam by utilizing Stokes

polarimetry.

15. The system as recited in claim 10, wherein the polarimetry receiver is
configured to measure the angle of orientation and the ellipticity of the state of polarization of

the output light beam.

16. The system as recited in claim 10, wherein the computation module is
configured to determine changes in the spatially inhomogeneous state of polarization of the
output light beam by determining a vector mode spectrum of the output light beam and
comparing the vector mode spectrum of the output light beam with a vector mode spectrum
of a light beam prior to contacting the remote object.

17. The system as recited in claim 10, wherein the polarimetry receiver is

configured to generate a reconstruction of a full electric field of the output light beam.

18. The system as recited in claim 16, wherein the polarimetry receiver is

configured to compute vector mode power coefficients in order to determine the vector mode

spectrum of the output light beam.
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