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(57) ABSTRACT

An apparatus for characterization of one or more light
sources, has an image sensor array that defines an image
plane having an imaging area. An aperture spaced apart from
the image plane defines the field of view that includes, for
each of the one or more light sources, a corresponding
incident light path that lies along a central ray beginning at
the corresponding light source, extending through a center
of the aperture, and terminating at the image plane. A
diffraction grating forms, on the image sensor array, for each
corresponding light source, a light pattern having at least a
zeroth diffraction order and a first diffraction order, wherein
the zeroth diffraction order is a geometrical projection of the
aperture along the central ray. A control logic processor
identifies a wavelength range and angular direction within
the field of view for at least one of the light sources.
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LENSLESS IMAGER FOR LASER
DETECTION

[0001] The present application claims the benefit of U.S.
Provisional application Ser. No. 63/080,149, provisionally
filed on Sep. 18, 2020 entitled “LENSLESS IMAGER FOR
LASER DETECTION” in the names of Marek Kowarz et
al., incorporated herein by reference in its entirety.

FIELD

[0002] The present disclosure generally relates to wide
field-of-view laser detection apparatus and more particularly
to a laser detection device that employs diffraction to deter-
mine laser source location, intensity, and wavelength.

BACKGROUND

[0003] There is increasing awareness in the importance of
laser detection and warning systems in military applications,
as well as in commercial flight, and industrial fields. Laser
light energy can be directed toward personnel and equip-
ment in laser attacks, posing increasing risk to infantry and
to air and vehicle crews. Modern battlefield technology,
using techniques such as laser range finding, missile guid-
ance, and directed energy weapons, also threaten the safety
of equipment and personnel.

[0004] Rapid detection of the source and characteristics of
laser light is critical in supporting response and mitigation to
ensure the safety of personnel at risk for laser exposures.
While laser detection systems have been developed for
mounting on helicopters and ground combat vehicles, their
relative cost and factors of size, weight, and power (SWaP)
render existing solutions unacceptable for personnel protec-
tion in any type of wearable system. Thus, to date, there is
no commercially available system for portable, personal
laser threat detection.

SUMMARY

[0005] The Applicants address the problem of wearable
laser detection. With this object, the Applicants describe
apparatus for laser detection that is smaller, lighter, and at
lower cost than existing solutions, that is capable of high
levels of accuracy, and that overcomes many of the short-
comings of other proposed solutions, as outlined previously
in the background section.
[0006] The Applicants’ solution provides a wide field-of-
view (FOV) laser detection device that employs diffraction
optics to effectively and quickly distinguish laser light from
broadband light sources, including bright sunlight, head-
lights and LED sources, such as flashlights. Advantageously,
the Applicants’ system does not require conventional refrac-
tive optical systems that employ large wide field-of-view
curved lenses or that use curved reflector surfaces for light
shaping and redirection; instead, planar optical surfaces are
used for light transmission and protection of internal imag-
ing components. The Applicants’ device employs sensors
and light-handling components that can be fabricated at
wafer scale with semiconductor and related microfabrication
processes and equipment.
[0007] From an aspect of the present disclosure, there is
provided an apparatus for characterization of one or more
light sources over a field of view, comprising:

[0008] (a) an image sensor array that defines an image

plane having an imaging area;
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[0009] (b) an aperture spaced apart from the image plane
and disposed to define the field of view that includes, for
each of the one or more light sources, a corresponding
incident light path that lies along a central ray beginning at
the corresponding light source, extending through a center
of the aperture, and terminating at the image plane, and
wherein the aperture has a light-transmitting area smaller
than the imaging area;

[0010] (c) a diffraction grating disposed in each of the
incident light paths and configured to form, on the
image sensor array, for each corresponding light
source, a light pattern having at least a zeroth diffrac-
tion order and a first diffraction order of light from the
light source, wherein the zeroth diffraction order is a
geometrical projection of the aperture along the central
ray; and

[0011] (d) a control logic processor in communication
with the image sensor array and configured to provide
a signal that identifies at least a wavelength range and
an angular direction within the field of view for at least
one of the light sources according to the corresponding
light pattern.

DRAWINGS

[0012] FIG. 1A is a schematic diagram that shows geom-
etry of a lensless imaging device for laser detection.
[0013] FIG. 1B is a schematic diagram that shows the
imaging device of FIG. 1A in an environment having
multiple light sources of different types, along with scene
content.

[0014] FIG. 1C is a simplified diagram showing aspects of
various types of light incident on the image plane of the
imaging device of FIG. 1A.

[0015] FIGS. 2A and 2B are simplified schematic dia-
grams, from a side view, showing diffraction of on-axis and
off-axis laser light, respectively.

[0016] FIGS. 3A and 3B are simplified schematic dia-
grams showing diffraction of on-axis and off-axis sunlight,
respectively.

[0017] FIG. 4 is a simplified schematic diagram that
shows diffraction effects wherein both a laser source and the
Sun are within the field of view.

[0018] FIG. 5 compares structure of a portion of a 1D
diffraction grating with a portion of a 2D diffraction grating.
[0019] FIGS. 6A and 6B are simplified schematic dia-
grams, from the image plane, showing diffraction of on-axis
and off-axis laser light, for 1D and 2D diffraction gratings,
respectively.

[0020] FIGS. 7A and 7B are simplified schematic dia-
grams, from the image plane, showing diffraction of on-axis
and off-axis sunlight, for 1D and 2D diffraction gratings,
respectively.

[0021] FIG. 7C is an image acquired from diffraction of
sunlight through an aperture with a 2D diffraction grating.
[0022] FIG. 8Ais a schematic diagram that shows, from a
side view, components of a lensless image sensor for laser
detection.

[0023] FIG. 8B is a schematic diagram that shows, from a
side view, components of a micro-fabricated lensless image
sensor for laser detection.

[0024] FIG. 9 is a schematic block diagram showing
internal component structure for a lensless laser detection
system.
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[0025] FIG. 10A shows example specifications for an
image sensor according to an embodiment.

[0026] FIG. 10B is a graph showing position of order
signals vs. angle for detection of a 500 nm light source.
[0027] FIG. 10C is a graph showing position of order
signals vs. angle for detection of a 900 nm light source.
[0028] FIG. 11 is a block diagram showing a processing
sequence for laser detection.

[0029] FIG. 12 shows examples of image sensor detection
for various types of light sources.

[0030] FIG. 13 shows an alternate pattern for an aperture.
[0031] FIG. 14 is a perspective view showing a helmet-
worn embodiment.

[0032] FIG. 15 shows perspective and top views of a
configuration suitable for vehicular or stationary mounting,
using multiple detection apparatus.

[0033] FIG. 16 shows steps in an exemplary algorithm for
characterizing a light source.

DESCRIPTION

[0034] The following is a detailed description of the
preferred embodiments of the disclosure, reference being
made to the drawings in which the same reference numerals
identify the same elements of structure in each of the several
figures.

[0035] Where they are used, the terms “first”, “second”,
and so on, do not necessarily denote any ordinal, sequential,
or priority relation, but are simply used to more clearly
distinguish one element or set of elements from another,
unless specified otherwise.

[0036] In the context of the present disclosure, the term
“coupled” is intended to indicate a mechanical association,
connection, relation, or linking, between two or more com-
ponents, such that the disposition of one component affects
the spatial disposition of a component to which it is coupled.
For mechanical coupling, two components need not be in
direct contact, but can be linked through one or more
intermediary components.

[0037] In the context of the present disclosure, the phrase
“point light source”, more succinctly termed “point source”
refers to a source of light that can be modeled as an ideal
point in object space having a single location and minimal
spatial extent. Furthermore, a point source as used herein
may emit light in all directions, as is the case for the sun, or
may emit highly collimated light, as can be obtained from a
laser, or may emit light in only a certain range of angles.
[0038] Embodiments of the present disclosure address the
problem of laser detection and other characterization of light
sources, obtaining information on angular position, wave-
length, and other characteristics of the light, using methods
that employ diffraction and lensless imaging. The Appli-
cants’ device acquires and processes image data using a
simple optical system, using components having planar
surfaces, to determine laser position, intensity, and wave-
length over a wide field of view (FOV), such as 30 degrees,
50 degrees, or even greater than 120 degrees, for example.
[0039] In order to more fully appreciate the approach and
scope of the Applicants’ apparatus, it is useful to consider
the simplified architecture of the Applicants’ solution and
the behavior of light transmitted through a small aperture
with a diffraction grating.

[0040] In the context of the present disclosure and for the
sake of consistency, the 07 order light is counted as a
diffraction order, rather than considered ‘non-diffracted”
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light. Thus, for example, the 0% order and +1' order light
count as two diffraction orders.

[0041] FIG. 1A is a schematic diagram that shows, in
simplified form, geometry of a lensless detection apparatus
20 for laser detection, for lasers pointed toward the device.
Geometry of an aperture A and an image sensor 10, ener-
gizable to generate an image, define a field of view that
includes, for each of one or more light sources, a corre-
sponding light path that extends along a central ray begin-
ning from the location of the light source, through the center
of'the aperture A, and to an image plane 1. This geometry can
be used to determine the direction of the light source relative
to the imaging apparatus. The imaging apparatus has a
diffraction grating, at or very near the aperture, for receiving
incident light passed through a small aperture A. The light-
transmitting area of aperture A, cross-sectional with respect
to the light path, is smaller, and typically much smaller, than
the imaging area of image sensor 10. The zero-order light
transmits through the grating and is received at an image
sensor 10 on image plane I, spaced apart from the aperture
A. The zeroth diffraction order light on image plane I is a
geometrical projection of aperture A along the central ray
from the light source. The intensity distribution of the zeroth
diffraction order light on image plane I is determined by
factors such as type of light source and distance.

[0042] The incidence position of the transmitted laser light
has particular x-y coordinates; these coordinates indicate the
elevational and azimuthal angles of the laser light source
relative to image plane I of the lensless detection apparatus
20. Reference axis N is normal to image plane I and passes
through the center of the small aperture A.

[0043] The distance from aperture A to image sensor array
10 can be less than twice the diagonal of the image sensor
array.

[0044] FIG. 1B is a schematic diagram that shows detec-
tion apparatus 20 of FIG. 1A in an environment having
multiple light sources of different types and located at
different angles, directed toward, or in the FOV of, the
device, along with scene content. Light sources at different
azimuth and elevation relative to the apparatus have corre-
sponding x-y coordinates in image plane 1. The presence of
other, non-laser light sources, particularly sources of bright
light, complicates the task of identifying and characterizing
laser light sources. However, using the geometry described,
detection apparatus 20 can generate a distinct spatial/spec-
tral signature image providing ability to discriminate various
types of light from laser sources. Spatial characteristics of
interest for the generated light pattern that is received by
detection apparatus 20 can include shape, position, concen-
tric rings, and average pixel value of a pattern feature, for
example. Thus, laser sources, which have very narrow
spectral content and are treated, in practice, as essentially
monochromatic, with the bulk of the emitted light energy at
a single wavelength, can be distinguished from other broad-
band sources including the polychromatic Sun, LED, incan-
descent, halogen, or other sources that have broader spectral
content than lasers. Laser sources having multiple wave-
lengths can also be distinguished using detection apparatus
20.

[0045] FIG. 1C shows an exemplary distribution of light at
the image sensor 10 for the simplified detection apparatus 20
where there are multiple light sources shown in FIG. 1B. As
described with reference to FIG. 1B, the x-y dimensions of
the 0 order and +/-1 order diffracted light relate directly to
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the elevation and azimuth angle of the light source. (It can
be noted that the x-direction of the light sources is inverted
relative to FIG. 1B.) Spectral distribution is characteristic of
each type of light source, generally as follows:

[0046] (i) Light from the Sun is diffracted near aperture
A to provide 07 diffraction order light and, at least, the
diffraction orders -1 and +1. The 0% order light is
spatially concentrated. Because the sunlight is highly
polychromatic, diffraction orders -1 and +1 exhibit
significant spectral dispersion, forming a “smeared” or
highly elongated image of the aperture A, which can be
described as “spectral smearing”.

[0047] (ii) The 0” diffraction order LED light at the
image plane in FIG. 1C is also concentrated and forms
a clear image of the aperture. The LED light energy is
over a narrower wavelength band than is sunlight, so
that -1 and +1 diffraction orders exhibit relatively
moderate spectral dispersion.

[0048] (iii) For laser light, with its narrow wavelength
band, -1 and +1 diffraction orders do not exhibit
spectral dispersion and are spatially concentrated,
resembling the 07 order image in terms of light distri-
bution at the image plane.

Various spectral characteristics of a light source can be
detected including wavelength range, one or or more peak
wavelengths, and other spectral features allowing differen-
tiation of many types of light sources.

[0049] In embodiments described herein, the location of
the laser is determined by the corresponding position of the
central 0” diffraction order on the imaging array, formed as
a geometric projection of aperture A onto the image plane
along the central ray direction. The path of the central ray
from the light source may be altered by the presence of
windows, mirrors and other optical components, even com-
ponents with some curvature. The geometric projection of
aperture A can have significant blurring or lack of definition
along the outer edges, but takes its shape and overall outline
from the aperture shape, as the term implies. The light
distribution within the 07 diffraction order may also contain
intensity oscillations caused by diffraction. The distance
between the 07 order light and the resulting images of
aperture A from the +/-1* orders corresponds to the laser’s
wavelength. Specifically, the angular separation between
diffraction orders is given by the grating equation and
depends on factors including wavelength, the pitch of the
grating, and the incident angle with respect to the normal
axis.

[0050] FIGS. 2A and 2B are simplified schematic dia-
grams, from a side view, showing effects of diffraction at the
aperture A for on-axis and off-axis laser light, respectively,
for a simplified detection apparatus 20, which can be pro-
vided as a single packaged unit. Components of detection
apparatus 20 can include a protective window, an aperture A
against the optional window, a diffraction grating G at or
very near aperture A, and an image sensor 10 at image plane
1. Only planar optics are used; no lenses are needed.

[0051] In the embodiment of FIGS. 2A through 4, the
diffraction grating G is disposed very near or formed within
or along the aperture A. Distance d shown in FIGS. 2A
through 4 relates to the relative displacement of image
sensor 10 from aperture A and diffraction grating G. In
practice, reducing distance d increases the FOV of detection
apparatus 20 but decreases the spatial separation of diffrac-
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tion orders on image sensor 10. The aperture A and diffrac-
tion grating G can be formed on the same substrate.
[0052] Referring to FIG. 2A, where the laser light source
is on-axis, with incident angle at a normal to the incident
surface of sensor 10, the respective -1 diffraction order and
the +1 order light distributions are equally spaced from the
image of the aperture A generated by the 07 order light. As
the laser light source moves further off-axis, as in FIG. 2B,
locations of diffraction orders and spatial distances between
0 and +/-1°" orders change correspondingly.

[0053] In similar manner, FIGS. 3A and 3B are simplified
schematic diagrams showing diffraction of on-axis and
off-axis sunlight, respectively. Where the sunlight is on axis,
as in FIG. 3A, the respective -1 order and the +1 order light
distributions are equally spaced from the 0” order light. As
the angle of the sun moves away from normal, the diffraction
orders shift position accordingly. In the example of FIG. 3B,
the —1* order is shifted so far to the left to be no longer
detected by image sensor 10. Shorter wavelengths are dif-
fracted by a smaller amount than longer wavelengths. There-
fore, the corresponding short-wavelength portions of -1 and
+1 orders are closer to the 0” order than the corresponding
long-wavelength orders.

[0054] FIG. 4 is a simplified schematic diagram of detec-
tion apparatus 20 that shows diffraction effects wherein both
a laser source and the sun are within the field of view and
each of the light inputs is at an off-axis angle. As multiple
light sources can be expected in many environments where
laser detection is needed, the particular diffractive signature
of the light received on image sensor 10 at the image plane
I can be used to distinguish light sources and to identify their
relative wavelengths and positions.

[0055] In order to more accurately characterize light
sources and to distinguish or isolate the laser light source for
further analysis, embodiments of the present disclosure can
use diffraction gratings of various types. One familiar type
of diffraction grating is a 1D amplitude grating G1, repre-
sented in FIG. 5. The light-blocking grating features for 1D
amplitude grating G1 are linear and parallel, extending
along one direction. Inter-line spacing can be optimized to
cover a particular range of wavelengths, including well-
defined laser wavelengths of interest. The diffraction effi-
ciency of a 1D amplitude grating G1 is relatively insensitive
to wavelength, making it useful over a range of wavelengths
and thus generating a distinctive diffraction “signature” for
numerous laser types. For example, an ideal 1D amplitude
diffraction grating similar to the type shown in FIG. 5 could
have a diffraction efficiency of 10.1% into each of the +1 and
-1 diffraction orders and 25% into the zero order, indepen-
dent of wavelength. A phase grating could alternately be
used for laser detection; however, phase gratings are gen-
erally much more sensitive to wavelength. Thus, a phase
grating may be more useful in an application where laser
light within a specific wavelength range must be detected.
[0056] For enhanced detection capability, a 2D diffraction
grating can be used. FIG. 5 compares structure of a portion
of a 1D diffraction grating G1 with a portion of a 2D
diffraction grating G2. The 2D grating G2 structure in FIG.
5 has two sets of diffraction features, aligned orthogonally to
each other. For example, an ideal 2D amplitude diffraction
grating (G2 similar to the type in FIG. 5 could have a
diffraction efficiency of 2.53% into each of the four primary
first diffraction orders, (+1,0), (-1,0), (0,+1) and (0,-1), and
6.25% into the zero order, independent of wavelength.
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Although low efficiency is a concern for many types of
systems, it can be an advantage when attempting to detect
very bright sources such as lasers where image sensors can
be saturated or even destroyed. Other types of 2D diffraction
structures may also be employed, for example a grating with
unit cells on a hexagonal grid.

[0057] FIGS. 6A through 7B provide comparison of 1D
and 2D grating results of light pattern distribution on the
image sensor, in simplified schematic form. Orders corre-
sponding to the 1D grating G1 are single digits; orders
corresponding to the 2D grating G2 include two coordinate
digits. As shown at the left in FIGS. 6A and 6B, for on- and
off-axis laser sources, respectively, the conventional 1D
grating G1 generates diffraction orders disposed along a
single line. For comparison, light pattern results for the 2D
grating G2 consist of a 2-dimensional distribution of dif-
fraction orders as shown at the right in FIGS. 6A and 6B.
The grid of diffraction orders for 2D gratings in FIGS. 6A
and 6B is representative and may be more complex in
practice, for example with hexagonal gratings and/or large
off-axis angles. Higher orders of diffraction, such as +2 and
-2 diffraction orders, may be present as well but are not
shown in FIGS. 6A and 6B.

[0058] The schematic diagrams of FIGS. 7A and 7B show
the diffraction signature of on- and off-axis sunlight, respec-
tively. FIG. 7C shows an example of sensed light for
sunlight on or near the device axis for a 2D grating G2 (FIG.
5). A mapping showing corresponding diffracted orders is
given at the right in FIG. 7C. The elongation of the non-zero
diffraction orders is a result of spectral dispersion, as noted
previously. In the FIG. 7C example, the four cross diffrac-
tion orders, (+1, +1), (+1, -1), (-1, +1) and (-1,-1), are
noticeably less bright than the four primary non-zero dif-
fraction orders, (+1, 0), (0, +1), (-1, 0) and (0, -1); the
zeroth order (0,0) is brightest.

[0059] Using the method described with reference to
FIGS. 2A-7C, the source of a laser can be accurately
determined according to the position of the central 0%
diffraction order on the image sensor. The distance of the 0%
order light to the +/-1st diffraction orders, combined with
position, can indicate the laser’s wavelength.

[0060] Furthermore, the optical power density of light
from the laser can be estimated from the brightness of the 0%
order, as measured by the image sensor and adjusted for
system parameters such as exposure time, measured wave-
length and (transmission) efficiency into the 0” order.
[0061] The Applicants have adapted principles of light
diffraction, in one or two dimensions, to provide a lensless
laser detection system that allows compact packaging and
imaging, at relatively low cost. This allows the apparatus of
the present disclosure to be scaled to appropriate size for
personnel or equipment that require laser detection.

[0062] The side view schematic of FIG. 8A shows, in
exploded view form, an arrangement of components of a
lensless laser detection apparatus 30. Image sensor 10 can be
enclosed in a ceramic package. Alternately, the complete
image sensing unit can be formed as a chip-scale device,
which has inherent advantages for spacing and alignment,
for example. A planar window W can provide protection
from dirt, smoke, or contaminants. A light-stop 46 provides
aperture A for incident light. A diffraction grating G can be
sandwiched closely between the light stop and the window.
An optional filter 48 can help to block certain wavelengths
from the detection path or can be used to prevent saturation
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of image sensor 10 in the presence of intense laser energy.
For example, filter 48 can be a neutral density (ND) filter.
The aperture can be formed to be contiguous with the
diffraction grating, such as using a layer of chrome or other
suitable material for providing diffraction features as well as
defining the aperture.

[0063] FIG. 8B is a schematic diagram that shows, from a
side view, components of a micro-fabricated lensless laser
detection apparatus 30. Microfabrication, using techniques
such as semiconductor or MEMS (MicroElectroMechanical
Systems) fabrication processes and equipment, can be used
to integrate some components, such as the aperture, diffrac-
tion grating, and protective window, for example. Using
microfabrication methods allows fabrication of a low-cost
lensless laser detection apparatus 30, inherently sealed and
capable of being deployed as a wearable or built-in unit.
Although FIG. 8B shows a microfabricated substrate with
aperture A and grating G on the bottom side of the substrate,
other embodiments can have the aperture and grating on the
opposite side.

[0064] A microfabricated substrate could consist of a thin
metal layer, such as chrome or aluminum, deposited on a
glass or quartz substrate. The metal layer would be litho-
graphically patterned to form an aperture with grating fea-
tures inside. Outside of the aperture region, the metal layer
would be sufficiently opaque to block bright laser light from
reaching image sensor 10.

[0065] FIG. 9 is a schematic block diagram showing
internal component structure for an exemplary lensless laser
detection apparatus 30, according to an embodiment. A
control logic processor 32, supported by a real-time clock
34, provides logic and control signals for apparatus 30
components and can generate output signals indicative of
light source type, angular position, and other characteristics
that can be determined from analysis of the detected light
pattern. Control logic processor 32 can use stored program
instructions to perform its various functions for analyzing
the diffraction patterns formed on the image sensor, includ-
ing comparing shape, position, and intensity distributions of
different orders of light. A memory 42 stores image data and
other data for processing and transmission. A power source
40 can be a storage battery or other device, including a
rechargeable battery. Signal communications can be pro-
vided using a communications interface 38 such as a USB
port to some other processor, or using a wireless transmitter
36, such as a Bluetooth or other WiFi communications
device. One or more alert devices 44 can be provided, such
as to provide a visible, audible, or tactile indication related
to laser detection.

[0066] Control logic processor 32 can be programmed to
generate signals indicative of detected features of the light
sources, including at least the wavelength or wavelength
range and angular direction, for example, along with other
characteristics, such as type of light source, whether laser or
non-laser such as LED, sunlight, or incandescent light, and
relative intensity, for example.

[0067] FIG. 10A shows an example of specifications for a
lensless laser detection apparatus 30 according to an
embodiment of the present disclosure. It can be noted that a
sizable FOV can be obtained using the device structure
shown in FIG. 8A and 8B. Values given are (widthxheight)
or Horizontal (H)xVertical (V), based on standard orienta-
tion for the detection apparatus 30.
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[0068] Image sensor 10 can be any of a number of suitable
imaging arrays. For example, CMOS image sensors such as
the Sony IMX178 CMOS sensor with back-illuminated
pixels can be used for wavelengths between 400 and 1000
nm. Back illumination is advantageous for achieving wide
field of view for the lensless laser detector because it
minimizes obscuration by wires on the sensor die; unin-
tended effects such as a reduction in effective field of view
can be the result of obstructed light paths and light at high
angles.

[0069] Some exemplary devices based on the SONY
IMX178 camera can include the UI-3881LE-M-GL camera
board from Image Development System (IDS), Obersulm,
Germany, advantaged for its lower power consumption, and
DMM 37UX178-ML monochrome board image sensor from
The Imaging Source (Charlotte, N.C.).

[0070] FIGS. 10B and 10C show plots of the calculated
position of diffraction orders on an image sensor of a laser
detection system 10 that has the same specifications as in
FIG. 10A. FIGS. 10B and 10C relate to laser wavelengths of
500 nm and 900 nm, respectively. The incident angle for
these figures varies in a plane perpendicular to the grating
lines. As expected, the 0% order position is independent of
wavelength but varies monotonically with angle, enabling
the determination of the angular direction of incident light.
The position of the two first diffraction orders is calculated
using the grating equation. These plots illustrate the funda-
mental physical principles used to determine laser position
and wavelength. Practical automated implementation in a
laser detection system 10 requires a robust image analysis
algorithm.

[0071] To detect lasers at longer wavelengths where con-
ventional silicon-based image sensors are not sufficiently
sensitive, other image sensor technologies can be employed,
as is known to those skilled in the art. For example, laser
wavelengths in the shortwave infrared (SWIR) range
between 900 and 1700 nm (or even longer) can be detected
using InGaAs based image sensors as image sensor 10.
[0072] Alternatively, for lower cost and lighter weight
SWIR detection of laser light in the wavelength range
900-1600 nm, the image sensor can use a standard imaging
array designed for visible light and modified with suitable
up-conversion phosphors, using techniques familiar to those
skilled in the IR imaging arts. For example, the up-conver-
sion material can be coated directly onto a portion of a
visible image sensor, such as the Sony IMX178, or could be
coated onto another substrate in very close proximity to the
image sensor. With the effective use of up-conversion tech-
niques, a lower-cost imaging array can be adapted to detect
a broader range of laser wavelengths in visible and IR
ranges.

[0073] FIG. 11 is a block diagram showing a processing
sequence for laser detection from acquired images from
apparatus 30, according to an embodiment. Due to the wide
FOV of the device, which can be 30 degrees or higher, and
the resulting highly varied scene content, it can be useful to
perform a spatially variant background removal in a back-
ground removal step S1100. Background removal can help
to eliminate clutter in preparation for feature detection,
removing substantial amounts of scene content while retain-
ing details from incident light. The removal step can take
into account both the spatial frequency and relative intensity
of the background. A detection step S1110 detects light
sources from the processed image data that remains. Detec-
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tion step S1110 can use point source detection, applying
low-complexity techniques including edge detection and
matched filtering to identify potential point sources through-
out the scene. For example, a parameterized matched filter
that adapts to the expected shape of a point source in each
orthogonal direction may be used. Relative intensity of
adjacent, orthogonal point sources can be compared to
determine the location of the non-diffracted, zero order
corresponding to each point source.

[0074] Continuing with the FIG. 11 process, an identifi-
cation step S1120 identifies one or more laser sources within
the image content. Laser classification algorithms can assess
spatial features such as the relative edge response of the
diffraction orders to determine if the point source is a laser.
High-frequency image content from Fresnel diffraction can
be detected utilizing an FFT (Fast Fourier Transform), which
can provide additional confidence in laser source detection.
A response step S1130 determines laser type, wavelength,
intensity, and relative position and provides some type of
indication to the wearer or other concerned individuals and,
in some applications, to others who are in signal commu-
nication with detection apparatus 30 or with individuals or
objects associated with apparatus 30. In most applications,
the user of detection apparatus 30 is alerted instantly upon
detection of a laser signal and can be provided with infor-
mation on protective or evasive measures, such as wearing
protective eyewear for example. Alternatively, laser detec-
tion can trigger an automated protective measure such as
deployment of a light shield over a sensitive piece of
equipment.

[0075] FIG. 12 shows examples of image sensor detection
for various types of light sources against a real-world
landscape scene. At (a) in FIG. 12, imaging results are
shown for detection of a 450 nm laser using a device having
a 1D grating configuration. As with schematic examples
given in FIGS. 6 A-7B, the zeroth order light is at the center
of the distributed pattern, with —1 and +1 orders to either
side for 1D grating examples. At (b) in FIG. 12, results are
shown for detection of a 638 nm laser using a device having
a 1D grating configuration. At (c¢) in FIG. 12, results are
shown for detection of a 450 nm laser using a device having
a 2D grating configuration. Again, the zeroth order light
energy is at the center of the pattern. At (d) in FIG. 12,
results are shown for detection of a 638 nm laser using a
device having a 2D grating configuration.

[0076] It can be observed from comparison of FIG. 12
images (a) and (b), and similarly by comparing (c) and (d),
that spacing between orders in the light distribution varies
according to laser wavelength, with larger spacing corre-
sponding to longer wavelength. It can also be observed that
background content for the actual image scene can be
readily detected and suppressed and that light distribution
patterns can be enhanced for improved accuracy in source
and wavelength detection.

[0077] FIG. 12 part (e) shows the light pattern obtained
from a polychromatic white LED. The first order light is
considerably smeared in appearance, as compared against
the laser light. FIG. 12 part (f) shows the image content
when both a 638 nm laser and a polychromatic white LED
are in the field of view.

[0078] From the 2-D grating images of FIG. 12 parts (c)
through (f) it can be appreciated that the 2-D grating can
provide more accurate detection than the 1-D grating and
can help to reduce or eliminate “false positive” readings.
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[0079] The Applicants have found that the laser signature
is unique and clearly distinguishable from sunlight and from
LED emission. For example, the laser power density for
figures shown herein is on the order of magnitude of 100
uW/cm?. Laser orders appear in sharp contrast, and Fresnel
diffraction effects (concentric rings) are clearly visible in
diffraction orders of laser sources. By comparison, sunlight
and LED source image content can be readily distinguished
from laser image content by their relatively smeared dif-
fraction orders due to their relatively broad wavelength
spectrum compared with the laser. Even relatively narrow-
band LED sources can be distinguished from lasers by both
relative intensity of the orders and appearance of the dif-
fraction orders.

[0080] Use of'the basic principles and structures described
with reference to FIGS. 1A through 10C allow a micro-
fabricated device to be capable of identifying the source
position, wavelength, and relative intensity of a laser and to
distinguish laser light from other natural and man-made
sources. The flexibility and robustness of the Applicants’
approach allows a number of embodiments. For example,
the detection apparatus can have multiple apertures with
corresponding gratings optimized for different wavelength
ranges. The apertures may have different dimensions and the
gratings may have different grating periods. Aperture shape
can be modified in order to support more accurate identifi-
cation, such as using the alternative aperture A shape shown
in FIG. 13.

Wearable Laser Detection Apparatus

[0081] Embodiments of the present disclosure can be
wearable, allowing their use in military and commercial
applications. By way of example, FIG. 14 shows a helmet-
mounted embodiment, with two or more detection apparatus
30 arranged to detect incident laser light from different
angles. Various types of fixturing methods can be used to
provide and maintain proper spacing for the needed cover-
age range, such as 360 degrees or, with a sufficient number
and arrangement of detection apparatus 30, 27 steradian.
[0082] FIG. 15 shows perspective and top views of a
configuration suitable for vehicular or stationary mounting,
using multiple detection apparatus 30. The arrangement
shown in FIG. 15, using four apparatus 30, each having an
FOV of 120 degrees, is capable of providing detection over
a total field of more than 2w steradian.

Laser Detection Logic

[0083] FIG. 16 shows an example sequence that illustrates
one embodiment of a laser detection algorithm. The initial
laser detection can leverage a convolution kernel designed to
detect the image of the aperture on image sensor 10. Image
(a) in FIG. 16 shows source image data obtained from the
sensor. Image (b) in FIG. 16 shows the result of convolution
with a kernel designed for detecting the aperture image. The
kernel shape can be a circle, assuming a circular aperture,
and the shape can be invariant when applied over the entire
image plane. Alternatively, the shape can be circular near
x=0 and y=0 of the image plane and elliptical near the edges,
in some embodiments, matching the image of the aperture.
The kernel elements can be parameterized to vary, based on
position in the image plane, to match the expected shape of
the aperture projected onto the center of the current pixel.
The filter can be positive within the circle or ellipse, and
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negative outside the circle or ellipse, such that the sum of all
filter elements is zero. The matched filter can be applied to
the source image. The resultant image can be thresholded to
produce a binary detection image, which includes binary
maps of all zero orders, as well as +/-1st orders, and,
potentially laser and non-laser sources which must be iden-
tified. Image (c) in FIG. 16 shows that basic morphological
processing, such as an erosion then dilation, can be used to
eliminate candidates or prune artifacts to reduce the number
of false alarms. Then, a connected-component algorithm, as
shown at image (d) in FIG. 16, can be applied to identify
connected segments in the detection image. Possible zero-
order candidates are marked by an “X” in FIG. 16 image (e).
The centroid of each segment is calculated, and passed to a
discrimination algorithm.

[0084] The discrimination algorithm can look at each
segment to determine if it is a zero-order laser location. The
expected size and shape of the area can be used to quickly
screen candidates, which must have appropriate width and
height expected for the pixel position. Then, the expected
distance to +/-1 diffraction orders can be searched; if at least
one +/-1 order exists, then this candidate is identified as a
zero order. The presence of more than one +/-1 orders can
add further confidence in zero order identification. The
shape of the +/-1 orders can be evaluated, potentially by the
ratio of length to width in the detect image, and also by the
relative edge response, in order to determine whether or not
the zero-order candidate is a laser. All of the obtained
metrics can be combined to generate a single confidence
metric that can indicate likelihood that a candidate is a laser
source.

[0085] In FIG. 16 image (f), a laser zero order location is
identified, marked by an “X”. The distance between the
centroids of the zero order and first order can be measured,
and used to calculate the wavelength of the laser. The
coordinates of the centroid of the zero order can be used to
determine the source direction of the laser beam. This source
direction relates directly to the geometric relationships of
apparatus 30 components.

[0086] The algorithm described previously is one example
embodiment. Adaptations for robustness and computational
requirements may be necessary. For example, detection
algorithm complexity can vary depending on the expected
SNR of the laser energy for specific applications.

[0087] If laser illumination intensity is low relative to a
bright sky background, a more complex detection algorithm,
such as a Harris circle detector, may be required. The
invention has been described in detail with particular refer-
ence to a presently preferred embodiment, but it will be
understood that variations and modifications can be effected
within the spirit and scope of the disclosure. The presently
disclosed embodiments are therefore considered in all
respects to be illustrative and not restrictive. The scope of
the invention is indicated by any appended claims, and all
changes that come within the meaning and range of equiva-
lents thereof are intended to be embraced therein.

1. An apparatus for characterization of one or more light

sources over a field of view, comprising:

(a) an image sensor array that defines an image plane
having an imaging area;

(b) an aperture spaced apart from the image plane and
disposed to define the field of view that includes, for
each of the one or more light sources, a corresponding
incident light path that lies along a central ray begin-
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ning at the corresponding light source, extending
through a center of the aperture, and terminating at the
image plane, and wherein the aperture has a light-
transmitting area smaller than the imaging area;

(c) a diffraction grating disposed in each of the incident
light paths and configured to form, on the image sensor
array, for each corresponding light source, a light
pattern having at least a zeroth diffraction order and a
first diffraction order of light from the light source,
wherein the zeroth diffraction order is a geometrical
projection of the aperture along the central ray; and

(d) a control logic processor in communication with the
image sensor array and configured to provide a signal
that identifies at least a wavelength range and an
angular direction within the field of view for at least
one of the light sources according to the corresponding
light pattern.

2. The apparatus of claim 1 wherein the control logic
processor is programmed with instructions to compare the
intensity distribution of the zeroth diffraction order and the
first diffraction order.

3. The apparatus of claim 1 wherein the control logic
processor is further configured to identify a light source type
according to the light pattern.

4. The apparatus of claim 1 wherein the diffraction grating
is disposed between the aperture and the image sensor array.

5. The apparatus of claim 1 wherein the processor is
further configured to distinguish a laser from other types of
light sources.

6. The apparatus of claim 1 wherein the diffraction grating
is a 2D diffraction grating that produces diffraction orders
distributed in two dimensions.

7. The apparatus of claim 1 wherein the diffraction grating
is an amplitude grating.

8. The apparatus of claim 1 wherein the distance from the
aperture to the image sensor array is less than two times a
diagonal of the image sensor array.

9. The apparatus of claim 1 wherein the aperture is a first
aperture and the diffraction grating is a first diffraction
grating and the incident light path is a first incident light path
and further comprising a second aperture and a second
diffraction grating disposed along a second incident light
path that extends through the second aperture.

10. The apparatus of claim 1 wherein the aperture and the
diffraction grating are on a common substrate.

11. A laser beam detection apparatus comprising:

(a) an image sensor having an array of light sensing pixels
arranged over an area and energizable to generate a 2D
image of a field of view;

(b) an aperture, smaller in light-transmitting area than the
image sensor array area and disposed to define, for one
or more pixels in the array, a corresponding light path
that extends from said pixel through a center of the
aperture, and to a position in the field of view having
a corresponding azimuth and elevation angle;
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(c) a diffraction grating disposed in the light path and
configured to form, on the image sensor array, for a
laser directing light along the light path, a diffraction
pattern having at least a zero diffraction order that is a
geometric projection of the aperture, and a first diffrac-
tion order; and

(d) a control logic processor in signal communication
with the image sensor and configured to identify laser
light according to the corresponding diffraction pattern.

12. The laser beam detection apparatus of claim 11,
wherein the light-transmitting area of the aperture is less
than 10 percent of the area of the image sensor array.

13. The laser beam detection apparatus of claim 11,
wherein the control logic processor is further configured to
report angular direction and wavelength of a laser source
along the light path.

14. The laser beam detection apparatus of claim 11,
further comprising an up-conversion phosphor in the light
path.

15. The laser beam detection apparatus of claim 11,
wherein, for one or more positions in the field of view, the
diffraction grating is configured to provide diffraction orders
distributed in two dimensions from the laser light beam.

16. The laser detection apparatus of claim 11, wherein the
field of view is at least 30 degrees.

17. A method for characterization of a light source over a
field of view, comprising:

(a) disposing an image sensor array at an image plane;

(b) spacing an aperture apart from the image plane and
disposed to define the field of view that contains the
light source, wherein a light-transmitting area of the
aperture is less than 10% of'the area of the image sensor
array;

(c) disposing a diffraction grating to form, on the image
sensor array, a light pattern having at least a zeroth and
a first diffraction order of light from a light path
extending along a central ray from the light source,
through the aperture, and to the image sensor array,

wherein the zeroth diffraction order light is a geometric
projection of the aperture along the central ray;

(d) identifying the shape and position of the light pattern
formed on the image sensor array and associating the
light pattern with the corresponding light source; and

(e) generating a signal indicative of light source spectral
characteristics and angular direction according to the
shape and position of the identified light pattern.

18. The method of claim 17 further comprising determin-
ing if the shape of a non-zero diffraction order in the light
pattern is similar to the shape of the zeroth diffraction order.

19. The method of claim 17 wherein the aperture is
disposed at a distance from the image sensor array less than
two times a diagonal of the image sensor array.

20. The method of claim 17 further comprising determin-
ing the presence of a laser light source according to the
identified pattern.



