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aiming beam to aliow the user te determine (he measured region of the ob-
ject. When the visible aiiming beam comprises the spectrometer measurement
beam, the spectrometer measurement beam comprises sufficient energy for
the user 1o see the measurement beam illuminating the object. When the vis-
ible aiming beam comprises a separate beam, the visible aiming beam com-
prises sufficient energy for the user to see a portion of the alming beam re-
flected from the object. The visible aiming beam and measurement beam can
be arranged 1o at least partially overlap on the sampie, such that the user has
an indication of the area of the sample being measured,
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SPECTROMETRY SYSTEM WITH VISIBLE AIMING BEAM

CROSS-REFERENCE
[6001] The present application claims the benefit of U.S. Provisional Application Ser. No.
62/112,553, filed on February 5, 2015, entitled “Spectrometry System with Visible Aiming Beam”
(attorney docket no. 45151-706.101), U.S. Provisional Application Ser. No. 62/154,585, filed on
April 29, 20135, entitied “Spectrometry System with Visible Aiming Beam” (attomey docket no.
45151-706.102), U.S. Provisional Application Ser. No. 62/161,728, filed on May 14, 2015, entitled
“Spectrometry System with Visible Aiming Beam™ (attorney docket no 45151-706.103), U.S.
Provisional Application Ser. No. 62/190,524, filed on July 9, 2015, entitled “Spectrometry System
with Visible Aiming Beam” (attorney docket no. 45151-706.104), 1.8, Provisional Application Ser,
No. 62/258,341, filed on November 20, 2013, entitled “Spectrometry System with Visible Aiming
Beam” {attorney docket no. 45151-706.105), and U.S. Provisional Application Ser. No. 62/277,558,
filed on January 12, 2016, entitled “Spectrometry System with Visible Anming Beam™ (attorney

docket no. 45151-706.106}, the entire disclosures of which are incorporated herein by reference.

INCORPORATION BY REFERENCE
[8002] All publications, patents, and patent applications mentioned in this specification are herein
incorporated by reference to the same extent as if cach individual publication, patent, or patent

application was specifically and individually indicated to be incorporated by reference.

BACKGROUND OF THE INVENTION
[8003] Spectrometers are used for many purposes. For example, spectrometers are used in the
detection of defects in indusirial processes, satellite imaging, and laboratory research. However,
these instrunents have typieally been too large and too costly for the consumer market.
[6004] Specuometers detect radistion from a sample and process the resulting signal fo obtain and
present information aboot the sample that includes spectral, physical and chemical wformation about
the sample. These imstruments generally include sowe tvpe of spectrally selective element to
separate wavelengths of radiation received from the sample, and a first-stage optic, such as a lens, to
focus or concentrate the radiation onto an imaging array.
{80657 The prior spectrometers can be less than ideal in at least some respects. Prior spectrometers
having high resolution can be larger than ideal for use in many portable applications. Although prior

|
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spectrometers with decreased size have been proposed, the prior spectrometers having decreased size
and optical path length can have less than ideal resolution, sensitivity and less accuracy than would
be ideal. Also, the cost of prior spectrometers can be greater than would be ideal. The prior
spectrometers can be somewhat bulky, difficult to tansport and the optics can require more
alignment than would be ideal in at least some instances.

[0006] Further, data integration of prior spectrometers with measured objects can be less than ideal
in at least some instances. For example, although prior spectrometers can provide a spectrum of a
measured object, the spectrum may be of littie significance fo at least some users. It would be helpful
if a spectrun of a measured object could be associated with attributes of the measured object that are
useful to a user. For example, although prior spectrometers may be able to measure sugar, it would
be helpful if a spectrometer could be used to determine the sweetness of an chject such as an apple.
Many other examples exist where spectral data alone does not adequately convey relevant attributes
of an object, and it would be helpful to provide artributes of an object to a user in response to
measured spectral data.

[0007] Prior spectrometer methods and apparatus may have less than ideal aiming characteristics.
Prior illumination apparatus for spectrometers may have less specificity and accuracy than would be
ideal. Further the prior spectrometer ithnmination devices may output more light energy than would
be ideal. Also, in some situations it can be difficult for a user to know what area of an object 13
heing measured.

[G008] In light of the above, an improved spectrometer and interpretation of spectral data that
overcomes af least some of the above mentioned deficiencies of the prior spectrometers would be
beneficial. Ideally, such a spectrometer would be compact, easy to aim, integrated with a consumer
device such as a cellular telephone, sufficiently rugged and low in cost to be practical for end-user
spectroscopic measurements of items, and convenient to use. Further, it would be helpful to provide
data comprising attributes of measured objects related to the spectral data of the objects to many

people.

SUMMARY OF THE INVENTION
{0009] The present disclosure provides improved spectrometer methods and apparatus. A
spectrometer may be used to determine one or more spectra of an object, and the one or more spectra
may be associated with one or more attributes of the object that are relevant to the user. While the
spectrometer can take many forms, in many instances the spectrometer comprises a hand held

spectrometer with wavelength multiplexing in which a plurality of wavelengths are used
3

o
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illuminate the object and measure the one or more spectra. The handheld spectrometer can be
configured with a visible aiming beam to allow the user to determine the measured region of the
object. The visible aiming beam may comprise the spectrometer measurement beam, or a separate
beam. When the visible aiming beam comprises the spectrometer measurement bear, the
spectrometer measurement bearn comprises sufficient energy for the user {o see the measurement
bearn illuminating the object. When the visible aiming beam comprises a separate beam, the visible
aiming beam comprises sufficient energy for the user to see a portion of the aiming beam reflected
from the object. The visible atining beam and measurement beam can be arranged to at least
partially overlap on the sample, such that the user has an indication of the area of the sample being
measured. The spectrometer may comprise a field of view, and the measurement beam illominating
the sample may occupy only a portion of the field of view of the spectrometer, such that the region
of the sample measured is defined with the measurement beam. The measurement beam may
overlap with the visible aiming beam such that the visible aiming beam identifies the measurement
area of the sample for the user. This identification of the area of the sample to be measured can help
the user aim the hand held spectrometer and provide improved measurement accuracy with
decreased artifacts. The measurement beam can be coupled fo the aiming beam in one or more of
many ways with one or more of many configurations, such as a coaxial configuration in which the
measurement bean and aiming beam extend coaxially together along a shared optical axis.

{0187 The spectral data of the abject can be used to determine one or more attributes of the object.
In many instances, the spectromerer is coupled to a database of spectral informarion that can be used
to determine the attributes of the ohject. The spectrometer system may comprise a hand held
communication device coupled to a spectrometer, in which the user can input and receive data
related to the measured chject with the hand held communication device. The configurations
disclosed herein allow many users to share object data with many people, in order to provide many
people with actionable intelhgence in response to spectral data.

{60117 In one aspect, an apparatus to measure spectra of a sample comprises a detector and a light
source. The detector has a field of view to measure the spectra of the sample within the field of view.
The light source is configured to direct an optical beam to the sample within the field of view,
wherein a portion of the optical beam reflected from the sample is visible to a user. The portion of
the optical beam reflected from the sample visible to the user may define a measurement area of the

sample.
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[0012] The apparatus may further comprise a casing supported with the detector and the light
source. The detector and the light source may be arranged to fit within the casing. The casing may be
sized to fit within a hand of the uvser, to allow the user to aim the spectrometer at the sample and
measure the sample. The apparatus may further comprise a user input supported with the casing. The
user input may be arranged for the user to aim the spectrometer and measure the sample with the
user input manipulated with the hand holding the spectrometer. The apparatus may further comprise
cireuitry coupled to the detector and the light source. The circuitry may be configared to transmit the
optical beam in response to the user input with the hand holding the hand held spectrometer.

{8013} The light sowrce of the apparatus may be configured in order to provide the optical beam
incident on the sample with an illuminance (Ev) within a range from about 20 lux (Im/m’) to about
100,000 lux (Im/m?). The light source may be configured to provide the optical beam incident on the
sample with an irradiance within a range from about 0.1 mW/cm’ to ahout 100 mW/em”.

{0014} The portion of the optical beam visible to the user may comprise a portion of a measurement
beam to measure the spectra of the sample. The portion of the optical beam visible to the user may
further comprise an aiming bearn comprising one or more wavelengths corresponding to one or more
colors visible to the user. The one or more colors visible to the user may comprise one or more of
red, orange, yellow, blue, green, indigo or violet. The portion of the beam visible to the user may
comprise a combination of visible wavelengths of light.

{0157 The optical beam may comprise an aiming beam and a measurement beam arranged to
ithiminate the sample within the field of view of the detector. The detector may comprise ope or
more filters to inhibit transmission of the aiming beam and to transmit the measurement beam. The
one or more filters may comprise a plurality of optical filters to inhibit transmission of a portion of
the aiming beam reflected from the sample and to transmit a portion of the measurement beam
reflected from the sample. The detector may comprise a plurality of optical channels, each of the
plarality of optical filters corresponding to an optical channel, and each optical channel comprising a
field of view. The field of view of the detector may comprise a plurality of overlapping fields of
view of a plurality of optical channels, wherein the aiming beam and the measurement beam may be
arranged to overlap with the plurality of overlapping fields of view on the object.

{00161 The apparatus may further comprise a second light source to direct a measurement beam
toward the sample, the first light source comprising an aiming beam. The measurement beam may

comprise an infrared beam and the aiming beam may comprise a visible light beam.
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{6017} The apparatus may further corprise one or more optics coupled to the light source to direct
the optical beam toward the sample. The one or more optics may comprise one or more of a mirror, a
bearn splitter, a lens, a curved reflector, or a parabelic reflector to direct the optical beam toward the
sample. The light source may comprise a visible light source to generate an aiming beam and a
measuremnent beam light source to generate a measurement beam, wherein the one or more opiics
may be arranged to receive the aiming beam and the measurement beam and direct the aiming beam
and the measurement beam toward the sample with the aiming beam and the measurement beam
overlapping on the sample. The measurement heam light source may comprise a phosphorescent
plate, and the visible light source may comprise one or more of a laser diode or an LED emitting
visible light energy having one or more wavelengths within a range from about 400 to 800 nm. The
phosphorescent plate and the one or more of the laser diode or the LED may be arranged coaxially in
order to transmit the measorement beam and the aiming beam along a common optical axis. The
phosphorescent plate may be positioned to receive the visible light energy from the one or more of
the laser diode or the LED. The aiming beam may comprise a portion of the visible light energy
transmitted through the phosphorescent plate. and the measurement light beam may comprise light
energy generated with the phosphorescent plate.

[O018] The measurement beam may be configured to illuminate a measurement area of the sample,
and the aiming beam may be configured to ilhininate a visible area of the sample overlapping with
the measurement area, in order to display the measurement area to the user. The visible area may
comprise from about 50 % to about 150% or from about 75% to abourt 125% of the measurement
area. The visible area may comprise at least ahout 90%, at least about 95%, or at least about 99% of
of the measurement area. The one or more optics and the aiming beam and the measurement heam
may be arranged to direct the aiming beam extending along an aiming beam axis and the
measurement beam extending along a measurement beam axis toward the sample, wheremn the
aiming beam axis may be co-axial with the measurement heam axis.

[6019] The detector and the light source may comprise components of a spectrometer having a
volume within a range from about Icm® to abour 200 cm’. The detector and the light source may
comprise components of a spectrometer having dimensions within a range from about 0.1 cm x 0.1
cm x 2 em to about 5 cm x 5 cm x 10 em. The detector and the light source mayv comprise
components of a spectrometer having a weight within a range from about 1 g to about 100 g. The

detector and the light source may comprise components of a spectrometer having an optical
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resofution of less than 10 nox. The fight sowrce may emit electromagnetic energy comyprising one or
more of ultraviolet, visible, near infrared, or infrared light energy.

[0028] In another aspect. a method of measuring spectra of a sample comprises providing a detector
having a field of view to measure the spectra of the sample within the field of view. The method
further comprises providing a light source to direct an optical beam to the sample within the field of
view, wherein a portion of the optical beam reflected from the sample is visible to a user.

[0021] The accuracy and reliability of measurements made by the spectrometer may be improved by
providing a spectrometer system configured to reduce the system’s sensitivity to the spatial
distribution of light on the diffuser. To reduce the dependence of detected intensity distributions of
incident light on spatial variations of the light intensity on the diffuser near a diffuser plane, a filter
assembly comprising a diffuser and an optical filter may be provided with the spectrometer system.
The filter assembly may comprise two or more of an optical snbstrate, an optical filter such as an
interference filter, and a diffuser, integrated into a single optical component. The optical substrate
can, for example, comprise a bulk visible light filter, configured to block out wavelengths that are
outside the operational range of the spectrometer. In addition to improving the accuracy and
reliability of the spectrometer measurements, by integrating the functions of a visible light filter,
diffuser, and/or oprical filter into a single optical component, the total cost of production and the size
of the spectrometer can be reduced. The filter assembly may further comprise a lens or a lens array
coupled directly thereto. In a spectrometer system comprising a plurality of optical channels, the
filter assembly may be coupled to an aperture amray compiising a plurality of apertures having
different sizes, so as to balance the intensity of incident light transmitted through the filters across
the different channels of the system.

[0022] The light beam may comprise a modulated light beam, and the circuitry can be coupled to the
tight source and detector and configured to measure the sample with the modudated light beam, in
order to inhibit noise from ambient light sources. The modulated light beam may comprise visible
fight, and the light beam can be modulated with frequencies away from a frequency peak of the
ambient light. The modulated light beam may comprise a modulation frequency within a range from
about 10 Hz to about 45Hz, or within a range from about 65 Hz to about 90 Hz, for example.
Alternatively or in combination, the circuitry can be configured to measure the sample with one or
more dark field samples and one or more pulsed samples to inhibit ambient light noise. The

madulated light beam is well suited for use in combination with many spectrometers, such as
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spectrometers comprising a filter array or spectrometers comprising a plurality of light sources
having different wavelengths, and combinations thereof.

{6023} The spectrometer module of the compact spectrometer may comprise a support array
configured to increase the spectral range of the spectrometer. The support array can be disposed
between the lens array and the image sensor to provide a plurality of isolated optical channels
extending from a lens of the lens array and a corresponding sensor area of the image sensor. Hach
channel of the support array may be defined by a first opening facing the lens array, a second
opening facing the image sensor, and a channel wall extending therebetween. The support array
may be configured such that the channel wall extends all the way to the image sensor, such that
crosstalk between adjacent optical channels can be inhibited, for example minimized. Inhibiting the
crosstalk between channels can allow the sampling of a larger portion of the image sensor without
detecting stray light, such that the area of the image generated on the image sensor by light from
each channel can be increased substantially, for example maximized. Alternatively orin
combination, each channel of the support array may be configured to have a round-shaped first
opening facing the lens array and a rectangular or square-shaped opening facing the image sensor.
Such a configuration can provide rectangular or square-shaped images of light on the image sensor.
The rectangular or square-shaped timages can collect additional spectral information compared to
round-shaped images. The additional speciral information can comprise mformation from light
having higher angles of incidence, enabling the sensor area corresponding to each optical channel to
detect an extended spectral range of incident light.

[0024] In another aspect, an apparatus to measure specira of a sample comprises a filter array

comprising a plurality of filters, a lens array comprising a plurality of lenses, an image sensor

to receive light from the sample, the lens array configured to receive light transmitted throngh the
filter array, and the image sensor configured to receive light transmitted through the lens array. The
diffuser may be configured to spatially distribute the light from the sample substantially evenly
acrass a front surface of the apparatus.

[0025] The at least one diffuser may comprise three or more ditfusers arranged sequentially along an
optical path of the light from the sample. The at least one diffuser may comprise a lateral diffuser
configured to receive input light having a first lateral distribution and transmit output light having a
second fateral distribution greater than the first fateral distribution. The lateral diffuser may

comprise a plurality of scatrering structures. The plurality of scattering structures may comprise a
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refractive index that is greater than a refractive index of a support material surround the plurality of
scattering structures. The lateral diffuser may comprise a plurality of non-overlapping scattering
stiuctures. The plurality of scattering structures comprises a plurality of particles, a plurality of
pores, or a combination thereof. The plurality of scattering structures may have a size and a density
per unit volume, the lateral diffuser mav comprise a thickness, and the thickness of the lateral
diffuser and the size and density of the plurality of scattering structures mat be arranged such that a
majority of light exiting the lateral diffuser is scattered by at least two light scattering structures.
[6026] In another aspect, an apparatus fo measure spectra of a sample comprises a diffuser, a filter
array comprising a plurality of filters, a lens array comprising a plurality of lenses, and an image
sensor comprising a plurality of sensor areas. The apparatus further comprises an aperture array
disposed between the diffuser and the lens array, and a support array disposed between the lens array
and the image sensor. The diffuser may be configured to receive light from the sample, the filter
array configured to receive light transmitred through the diffuser, the lens array configured to receive
fight transmitted through the filter array, and the image sensor configured to receive light transmitted
through the lens array. The apertore array may comprise a plurality of apertures configured to pass
light from the diffuser to the lens array, and the support array may comprise a plurality of channels
configured o pass light from the lens array to the image sensor. The aperture array and the support
array may be collectively configured to selectively pass light from the sample incident on a front
surface of the apparatus at an angle of incidence within a predetermined range.

{00277 The aperture array may comprise a first aperture array layer and a second aperture array
fayer. The first aperture array layer may be disposed between the diffuser and the filter array, and
may comprise a first plurality of apertures. The second aperture array layer may be disposed

between the filter array and the lens array, and comprise a second plurality of apertures aligned with
the first plurality of apertures. The first and second aperture layers may be arranged to block light
having an angle of incidence outside the predetermined range from passing through to the lens array.
{60287 Each of the first plurality of apertures may have a first diameter, each of the second plurality
of apertures may have a second diameter, and the first aperture layer array and the second aperture
array layer may be separated by a separation distance. One or more of the first diameter, the second
diameter, and the separation distance may be arranged to block light have the angle of incident
outside the predetermined range. The first diameter may be greater than the second diameter, the
second diameter may be greater than the first diameter, or the first diameter and the second diameter

may be equal.
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[0028] The filter array may comprise an opaque nwterial disposed between adjacent filters of the
plarality of filters. The opague material may be configured to prevent cross-talk of light between the
adjacent filters.

{00387 A side wall of each of the plurality of channels of the support array may be configured to
reduce an intensity of light by at least about 90% after a single reflection of the light from the side
wall. Each of the plurality of channels of the support array may be shaped substantially as a frustum,
wherein a top opening of the channel is smaller than a bottomn opening of the channel. Each channel
may comprise a continuous, rounded side wall, or each chanoel may comprise two ot more side
walls connected at an angle relative to one another. Each channel may comprise three or more
straight side walls connected at one or more angles relative to one another, such that a horizontal
cross-section of the channel forms a polygon. The two or more side walls may be arranged such that
fight entering the channel is reflected from the two or more side walls at least two times before
exiting the channel. A side wall of each of the plurality of channels of the support array may be
configured to provide substantially specular reflection of light from the side wall, or substantially
diffusive reflection of light from the side wall.

[0031] Each of the plurality of channels of the support array may comprise one or more side walls
extending from a top end of the channel to a bottorn end of the channel, and a bottom wall extending
over the bottom end. The bottom wall may comprise a central opening therethroagh, wherein an
area of the central opening is smaller than a cross-sectional area of the channel at the bottom end.
The one or more side walls and the bottom wall may be arranged to selectively aliow the light
having the angle of incidence within the predetermined range to pass through the central opening
and exit the channel.

{0032} The apparatus may further comprise an angle limiting layer disposed between the diffuser
and the filter array, wherein the angle limiting laver is configured 1o selectively allow the light
having the angle of incidence within the predetermined range to pass therethrough. The angle
limiting layer may comprise a micro-louver film having a plurality of light transmissive sections and
a plurality of light blocking sections arranged alternatingly along a length of the micro-louver film.
One or more of a thickness of the micro-louver film and a distance between adjacent light blocking
sections may be configured to selectively allows the light having the angle of incidence within the
predetermined range to pass through to the filter array. The angle limiting layer may comprises a
prism film having an input surface configured to receive light and an output surface configured to

output the light, the output surface comprising a plurality of microstructures configured to modify an
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angle of transmission of the output light. The plurality of microstructures may be configured to
output light selectively comprising the light having the angle of incidence within the predetermined
range. The plurality of microstructures may be further configured to redirect light having an angle
of incidence greater than a predetermined threshold value to adjacent microstructures or back
towards the diffuser. The plurality of microstructures may comprise a plurality of pyramid shaped

structures.

BRIEF DESCRIPTION OF THE DRAWINGS
[0033] FIGS. 1 A and 1B show an isometric view of a compact spectrometer, in accordance with
configurations.
{6034} FIG. 2 shows a schematic diagram of a spectrometer system, in accordance with
configurations.
[0635] FIG. 3 shows a schematic diagram of the compact spectrometer of FIGS. 1A and 1B, in
accordance with configurations.
10036} FIG. 4 shows a schemaric diagram of an optical layour in accordance with configurations.
{6037} FIG. S shows a schematic diagram of a spectrometer head, in accordance with configurations.
{6038} FIG. 6 shows a schematic drawing of cross-section A of the spectrometer head of FIG. 5, in
accordance with configurations.
{0039 FIG. 7 shows a schematic drawing of cross-saction B of the spectrometer head of FIG. 3. in
accordance with configurarions.
[00481 FIG. 8§ shows an isometric view of a spectrometer module in accordance with configurations.
{8041} FIG. 9 shows the lens array within the spectrometer module, in accordance with
configurations.
[6042] FIG. 10 shows a schematic diagram of an alternative embodiment of the spectrometer head,
in accordance with configurations.
[0043] FIG. 11 shows a schematic diagram of an alternative embodiment of the spectrometer head,
in accordance with configurations.
{00441 FIG. 12 shows a schematic diagram of a cross-section of the spectrometer head of FIG. 11,
[0045] FIG. 13 shows an array of LEDs of the spectrometer head of FIG. 11 arranged in rows and
columns, in accordance with configurations.
[6046] FIG. 14 shows a schematic diagram of a radiation diffusion anit of the spectrometer head of

FIG. 11, in accordance with configurations.
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[0047] FIGS. 15A and 15B show examples of design options for the radiation diffusion unit of FIG.
13, in accordance with configurations.

[6048] FIGS. 16A and 16B are schematic drawings of cross-sectional views of an optical
subassembly of a spectrometer module, in accordance with configurations.

{60497 FIG. 17 is a schematic drawing of a portion of an optical subassembly of a spectrometer
module, in accordance with configurations.

[0054] FIG. [8 shows a schematic diagram of an optical layout in accordance with configurations.
[6051] FIGS. 19A-19F illustrate exemplary configurations of a filter asseinbly suitable for
incorporation with a compact spectrometer.

[6052] FIG. 20 shows a schematic drawing of a cross-section of an exemplary spectrometer module,
comprising an array of filter assemblies.

{60531 FI1G. 21 shows an example of a noise spectrum.

{00541 FIG. 22 shows an exemplary method of measuring a spectrum.

{0055} FIG. 23 schematically illustrates the crosstalk between channels of a sensor array.

[0056] FIG. 24A shows a cross-sectional view of an optical subassembly comprising an exemplary
SUPPOYT array.

[0057] FIG. 248 schematically illustrates the light pattern detected by the image sensor for the
support array configuration of FIG. 24A.

[O058] FIGS. 25A-25C illustrate an exemplary embodiment of a support array comprising channels
having square-shaped openings facing the image sensor.

[0059] FIG. 25D schematically illustrates the light pattern detected hy the image sensor for the
support array configuration of FIGS. 25A-C.

[0068] FIG. 26 shows an oblique view of an exemplary optical module assembly of a compact
spectrometer.

f0061] FIGS. 27A and 278 schematically illustrate the lateral distribution of light transmitted
through one or more cosine diffusers.

[0062] FIG. 27C illustrates an exemplary configuration of a lateral diffuser.

[0063] FIG. 28 illustrates an exemplary configuration of an optical stack of a filter array-based
spectrometer, and the passage of stray light through the optical stack to the detector.

[0064] FI1G. 29A illustrates an optical stack comprising two aperture array layers and an opague

material disposed between adjacent filters of the filter array.
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[0065] FIG. 298 schematically illustrates the passage of light through the first and second aperture
array layers of F1G. 29A.

[6066] FIG. 30A illustrates an exemplary configuration of a channel of a support array.

{0067 FIGS. 30B and 30C illustrate honzontal cross-sections of exemplary configurations of the
channel of FIG. 30A.

[0068] FIG. 31 illustrates a configuration of a support array channel comprising a bottom wall
having a central opening.

[0069] FIG. 32A illusirates an exemplary configuration of an optical stack comprising an angle
limiting layer.

[6078] FIG. 32B schematically illustrates an exemplary angle limiting layer comprising a micro-
fouver film.

{6071} FIG. 32C schematically illustrates another exemplary angle limiting layer comprising a prism

film.

DETAILED DESCRIPTION OF THE INVENTION
160721 In the following description, various aspects of the invenrion will be described. For the
purposes of explanation, specific details are set forth in order to provide a thorough understanding of
the invention. It will be apparent to one skilled in the art that there are other embodiments of the
invention that differ in details without affecting the essential nature thereof. Therefore the invention
is nof Hmited by that which is illustrated in the figure and described in the specification, but only as
indicated in the accompanying claims, with the proper scope determined only by the broadest
interpretation of said claims,
{0073} A better understanding of the features and advantages of the present disclosure will be
obtained by reference to the following detailed description that sets forth illustrative embodiments,
in which the principles of embodiments of the present disclosure are utilized, and the accompanying
drawings.
{00741 The configurations disclosed herein can be combined in one or more of many ways (o
provide improved spectrometer methods and apparatus. One or more components of the
configurations disclosed herein can be combined with each other in many ways. A spectrometer as
described herein can be used to generate spectral data of the object, and the spectral data of the
object transmitted to a cloud based server in order to determine one or more atiributes of the object.
Alternatively or in combination, data ot the cloud based server can be made available to both users

and non-users of the spectrometers in order to provide useful information related to attributes of
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measured objects. The data of the cloud based server can be made available to users and noo-users in
many ways, for example with downloadable apps capable of connecting to the cloud based server
and downloading information related to spectra of many objects.

[0075] The configurations disclosed herein are also capable of providing a database of attributes of
many objects related o spectral data. A mobile communication device can be configured for a user
to input attributes of one or more measured objects in order to construct a database based on spectral
data of many measured objects.

[0076] As used herein, like characters refer to like elements. As used herein, the term “light”
encompasses electromagnetic radiation having wavelengths in one or more of the ultraviolet, visible,
or infrared portions of the electromagnetic spectrum. As used herein, the term “dispersive” is used,
with respect to optical components, to describe a component that is designed to separate spatially,
the different wavelength components of a polychromatic beam of light. Non-limiting examples of
“dispersive” optical elements by this definition include diffraction gratings and prisms. The term
specifically excludes elements such as lenses that disperse light because of non-idealities such as
chromatic aberration or elements such as interference filters that have different transmission profiles
according to the angle of incident radiation. The term also excludes the filters and filter matrixes
described herein. As used herein, the term “store” encompasses a structure that stores objects, such
as a crate or building.

[G077] The dimensions of an optical heam as described herein can be determined in one or more of
many ways. The size of the beam may comprise a full width half maximum of the beam, for
example. The measurement heam may comprise blurred edges, and the measurement area of the
beam defining the measurement area of the sample may comprise a portion of the beam extending
beyond the full width half maximum of the beam, for example. The dimensions of the alming beam

can be similarly defermined.

[0078] Overview of compact spectrometer system

{00791 FIGS. 1A and 1B show an isometric view of a compact spectrometer 102, in accordance with
configurations. The spectrometer 102 can be used as a general purpose material analyzer for many
applications, as described in further detail herein. In particular, the spectrometer 102 can be used to
identify materials or objects, provide information regarding certain properties of the identified
materials, and accordingly provide users with actionable insights regarding the identified materials.

The spectrometer 102 comprises a spectrometer head 120 configured to be directed towards a sample
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material 8. The spectrometer head 120 comprises a spectrometer module 160, configured to obtain
spectral information associated with the sample material S. The spectrometer head 120 may also
comprise a sensor moduole 130, which may, for example, comprise a temperature sensor. The
spectrometer may comprise simple means for users to control the operation of the spectrometer, such
as operating button 1006. The compact size of the specirometer 102 can provide a hand held device
that can be directed (e.g., pointed) at a material to rapidly obtain information about the material. For
example, as shown in FIGS. 1 A and 1B, the spectrometer 102 may be sized to fit inside the hand H
of a user.

[0088] FIG. 2 shows a schematic diagram of a spectrometer system, in accordance with
configarations. In many instances, the spectrometer system 100 comprises a spectrometer {02 as
described herein and a hand held device 110 in wireless communication 116 with a cloud based
server or sforage system 18, The spectrometer 102 can acquire the data as described herein. The
hand held spectrometer 102 may comprise a processor 106 and communication circuitry 104 coupled
to the spectrometer head 120 having spectrometer components as described herein. The
spectrometer can fransmit the data to the hand held device 110 with communication circuitry 104
with a communication link, such as a wireless serial communication link, for example Bluetooth™,
The hand held device can receive the data from the spectrometer 102 and transmit the data to the
cloud based storage system | [8. The data can be processed and analyzed by the cloud based server
118, and transmitied back to the hand held device 1 1{} to be displayed ro the user. In addition, the
analyzed spectral data and/or related additional analysis resuits may be dynamically added to a
universal database operated by the cloud server 118, where spectral data associated with sample
materials may be stored. The spectral data stored on the database may comprise data generated by
one or more users of the spectrometer system 100, and/or pre-loaded spectral data of materials with
known spectra. The clond server may comprise a memory having the database stored thereon.
[G081] The spectrometer system may allow maltiple users to connect to the cloud based server 118
via their hand held devices 110, as described in further detail herein. In some instances, the server
118 may be configured to simultaneously communicate with up to millions of hand held devices
110. The ability of the system to support a large number of users and devices at the same time can
allow users of the system to access, in some instances in real-time, large amounts of information
relating to a material of interest, Access to such information may provide users with a way of

making informed decisions relating to a material of interest.
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{6082} The hand held device 110 may coiprise one or more components of a smart phone, such as a
display 112, an interface | 14, a processor, a computer readable memory and communication
circoitry. The device 110 may comprise a substantially stationary device when used, such as a
wireless communication gateway, for example.

[0083] The processor 106 may comprise a tangible medium embodying instructions, such as a
computer readable memory embodying instructions of a computer program. Alternatively or in
combination the processor may comprise logic such as gate array logic in order to perform one or
more logic steps.

{8084} F1G. 3 shows a schematic diagram of a compact spectrometer of FIGS. 1A and 1B. The
spectrometer 102 may comprise a spectrometer head 120 and a control board 105. The spectrometer
head 120 may comprise one or more of a spectrometer module 160 and an illumination module 140,
which together can be configured to measure spectroscopic information relating to a sample material
as described in further detail herein. The spectrometer head 120 may further comprise one or more
of a sensor module 130, which can be configured to measure non-spectroscopic information relating
to a sample material, such as ambient temperature. The control board 105 may comprise one or more
of a processor 106, communication circuitry 104, and memory 107, Components of the control hoard
105 can be configured to rransimit, store, and/or analyze data, as described in further detail herein.
[BO85] The sensor module 130 can enable the 1dentification of the sample material based on non-
spectroscopic information in addition to the spectroscopic information measured by the spectrometer
module 160. Such a dual information systemn may enhance the accuracy of derection or identification
of the material.

[6086] The sensor element of sensor module 130 may comprise any sensor configured to generate a
non-spectroscopic signal associated with at least one aspect of the environment, including the
material being analyzed. For example, the sensor element may comprise one or more of a camera,
temperature sensor, electrical sensor (capacitance, resistance, conductivity, inductance), alimeter,
GPS unit, turbidity sensor, pl sensor, accelerometer, vibration sensor, biometric sensor, chemical
sensor, color sensor, clock. ambient light sensor, microphone, penetrometer, durometer, barcode
reader, flowmeter. speedometer, magnetomerer, and another spectrometer.

[0087] The output of the sensor module 130 may be associated with the output of the spectrometer
module 160 via at least one processing device of the spectrometer svstem. The processing device
may be configured to receive the outputs of the spectrometer module and sensor module, analyze

both outputs, and based on the analysis provide information relating to at least one characteristic of
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the material to a display unit. A display unit may be provided on the device in order to allow display
of such information.

[888] The spectrometer module 160 may comprise one or more lens elements. Each lens can be
made of two surfaces, and each surface may be an aspheric surface. In designing the lens for a fixed-
focus system, 1t may be desirable to reduce the system’s sensitivity to the exact location of the
optical detector on the z-axis {the axis perpendicular to the plane of the optical detector), in order to
tolerate larger variations and errors in mechanical manufacturing. To do so, the point-spread-
function (PSF) size and shape at the nominal position may be traded off with the depth-of-field
{DoF) length. For example, a larger-than-optimal PSF size may be chosen in return for an increase in
the DoF length. One or more of the aspheric lens surfaces of each lens of a plurality of lenses can be
shaped to provide the increased PSF size and the increased DioF length for each lens. Such a design
may help reduce the cost of production by enabling the use of mass production tools, since mass
production tools may not be able to meet stringent tolerance requirements associated with systems
that are comparatively more sensitive to exact location of the optical detector.

{0089} In some cases. the measurement of the sample may be performed using scattered ambient
light. In some cases, the spectrometer system may comprise a light or illumination source, such as
illumination module 140. The light source can be of any type {e.g., laser, light-emitting diode, etc.)
known in the art appropriate for the spectral measurements to be made. The hight source may emit
from 350nm fo 1 100um. The light source may emit from 0. ImW to 500mW. The wavelength(s) and
intensity of the light source can depend on the particular use 1o which the spectrometer will be put,
[0094] The spectrometer may also include a power source, such as a battery or power supply. In
some instances the spectrometer is powered by a power supply from a consumer hand held device
(e.g. a cell phone). In some instances the spectrometer has an independent power supply. In some
instances a power supply from the spectrometer can supply power to a consumer hand held device.
{0091} The spectrometer as described herein can be adapted, with proper choice of light source,
detector, and associated optics, for a use with a wide variety of spectroscopic technigues. Non-
fimiting examples include Raman, fluorescence, and IR or UV-VIS reflectance and absorbance
spectroscopies. Because, as described herein, a compact spectrometer system can separate a Raman
signal from a fluorescence signal. the same spectrometer may be used for both spectroscopies. The
spectrometer may not comprise a monochromator,

{6092} Referring again 1o FIGS. 1A and 1B, a user may initiate a measurement of a sample material

S using the spectromerer 102 by interacting with a user input supported with a casing or container
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902 of the spectrometer. The user input may, for examnple, comprise an operating button 1006, The
casing or container 902 may be sized to fit within a hand H of a user, allowing the user to hold and
aim the spectrometer at the sample material, and manipulate the oser input with the same hand H to
initiate measurement of the sample material. The casing or container 902 can house the different
parts of the spectrometer such as the spectrometer module 160, illumination module 140, and sensor
module 130. The spectrometer module may comprise a detector or sensor to measure the spectra of
the sample material within a field of view 40 of the detector. The detector may be configured Lo have
a wide field of view. The illumination module may comprise a light sowrce configured to direct ap
optical beam 10 to the sample material S within the field of view 40. The light source may be
configored to emit electromagnetic energy, comprising one or more of altraviolet, visible, near
infrared, or infrared light energy. The light source may comprise one or more component light
souwrces. The illumination module may further comprise one or more oprics coupled to the light
source to direct the optical beam 10 toward the sample material 5. The one or more opfics may
comprise one or more of a mirror, a beam splitter, a lens, a curved reflector, parabolic reflector, or
parabolic concentrator, as described in further detail herein. The spectrometer 102 may further
comprise a circuitry coupled to the detector and the lght source, wherein the circuitry is configured
to transmit the optical beamn 10 in response to user interactions with the user input using hand H
holding the spectrometer.

[G093] When a user initiates a measurement of a sample material S using the spectrometer 102, for
exarple hy pressing the operating button 1006 with band H, the spectrometer emits an optical beam
10} toward the sample material within the field of view 40. When the optical heam 10 hits the sample
material S, the light may be partially absorbed and/or partially reflected by the sample material;
alternatively or in combination, optical beam 10 may cause the sample material to emit light in
response. The detector of the spectrometer madule 16( may be confignred to sense at least a portion
of the optical beam 10 reflected back by the sample andfor hght emitted by the sample in response to
the optical beam 10, and consequently generate the spectral data of the sample material as described
in further detail herein.

[0094] The spectrometer 102 may be configured to begin measurement of a sample material § with
just ambient light, without the optical beam 0. After completing the measurement with ambient
light only, the illumination module 140 of the spectrometer 102 can generate the optical beam 10,
and the spectrometer module 16{ can begin measurement of the sample material with the optical

beam 10. In this case, there may be a brief time lapse between the initiation of a measurement, for
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example by a user pressing the operating button 1006, and the generation of the optical beain 10 and
the visible portions thereof. The ambient light-only measurement can be used to reduce or eliminate
the contribution of ambient light in the spectral data of the sample material §. For example, the
measurement made with ambient light only can be subtracted from the measurement made with the
optical beam 10.

[0095] A portion of the optical beam 10 that is reflected from the sample material S may be visible
to the user; this visible, reflected portion of optical beam 10 may define the measurement area 50 of
the samaple material 8. The measurement area 50 of the sample may at least partially overlap with
and fall within the field of view 40 of the detector of the spectrometer. The area covered by the field
of view 40 may be larger than the visible area of the sample illuminated by the optical beam 10, or
the measurement area 50 defined by the visible portion of the optical beam 10. Alternatively, the
field of view may be smaller than the optical beam, for example. In many configurations, the field of
view 40 of the detector of the spectrometer module is larger than the area illuminated by the optical
beam 10, and hence the measurement area 50 is defined by the optical beam 10 rather than by the
field of view 40 of the detector.

[0096] The visible portion of aptical beam 1 may comprise one or more wavelengths
corresponding to one or mare colors visible to the user. For example, the visible portion of optical
beam 10 may comprise one or more wavelengths corresponding to the colors red, orange, yellow,
blue, green, indigo, violet, or a combination thereof. The visible portion of optical beam 10 reflected
from the sample material S may comprise about 0. 1% to about 10%, about 1% to about 4%, or about
2% to about 3% of optical heam 19, The visible portion of optical heam 10 may comprise light
operating with power in a range from about 0.1 mW to about 100 mW, about 1 mW to about 75
mW, about I mW to about 50 mW, about 5 mW to about 40 mW, about § mW to about 30 mW,
about 5§ mW to about 20 mW, or about 10 mW to about 15 mW. The visible portion of optical heam
10 incident on the sample may have an intensity in a range from about 0.1 mW to aboat 100 mW,
about 1 mW to about 75 mW, about 1 mW to about 50 mW, about 5 mW to about 40 mW, about 5
mW to about 30 mW, about 5 mW to about 20 mW, or about 10 mW to about 15 mW. The visible
portion of optical beam 10 incident on the sample may have an intensity or rotal light output in a
range from about 0.001 lumens to about 10 lumens, about 0.001 lumens to about 5 lumens. about
0.005 lumens to about 10 lamens, about 0.01 lumens to about 10 lumens, about 0.005 lumens to
about 3 Jumens, about 0.05 fumens to about 5 fumens, about 0.1 Tumens to about 5 lumens, about 0.2

lumens to about 1 lumens, or about (1.5 lumens to about 5 lumens.
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[6097] The optical beamn 10 incident on the sample S may have an area of about 0.5 to about 2 cin’,
or about | em’. Accordingly, the optical beam [0 incident on the sample S may have an irradiance
within a range from about (.1 mW/em” to about 100 mW/em®, about | mW/em’ to about 75
mW/em’, about | mW/cm? to about 50 mW/em?’, about S mW/em” to about 40 mW/ent, about 5
mW/cm® to about 30 mW/em”, about 5 mW/cm” to about 20 mW/em?, or about 10 mW/em® to about
15 mW/cny’. The optical beam 10 incident on the sample S may have an illuminance (E,) within a
range {rom about 20 hux (lumens/m?”) to about 100,000 lux, aboat 200 lux to about 75,000 lux, about
400 Tux to about 50,000 lux, about 2,000 lux fo about 25,000 lux, about 2,000 lux to about 15,000
tux, about 4,000 lux to about 13,000 lux, or about 4,000 lux to about 6,000 lux.

[6098] The hght output of the visible portion of optical beam [0 may vary depending on the type of
light source. In some cases, the visible light output of optical beam 10 may vary due to the different
fuminous efficacies of different types of light source. For example, blue light-emitting diode (LED)
may have an efficacy of about 40 lumens/W, a red LED) may have an efficacy of abour 70
lumens/W, and a green LED may have an efficacy of about 90 lumens/W. Accordingly, the visible
light output of optical beam 10 may vary dependding on the color or wavelength range of the light
source.

[0099] The light outpur of the visible portion of optical beam 10 may also vary due to the nature of
nteractions between the different components of a light source. For example, the light source may
comprise a light source combined with an optical element configured to shift the wavelength of the
fight prodoced by the first light source, as described in finther detail herein. In this embaodiment, the
visible light output of the visible portion of optical beam 10 may vary depending on the amount of
the light produced by the light source that is configured to pass through the optical element without
being absorbed or wavelength-shifted, as described in further detail herein.

[01068] As shown in FIG. 1A, the optical beam 10 may comprise a visihle aiming beam 20. The
aiming beam 20 may comprise one or more wavelengths corresponding to one or more colors visible
to the user, such as red, orange, vellow, blue, green, indigo, or violet. Alternatively or in
combination, the optical beam 10 may comprise a measurement beam 30, configured to measure the
spectra of the sample material. The measurement beam 30 may be visible, such that the
measurement beamn 30 comprises and functions as a visible aiming beam. As shown in FIG. 1B, the
optical beam 10} may comprise a visible measurement beam 30 that comprises a visible aiming beam.
The measurement beam 30 may comprise light in the visible spectrum, non-visible spectrium, or a

combination thereof. The aiming beam 20 and the measurement beam 30 may be produced by the
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same light source or by different light sources within the illumination module 140, and can be
arranged to illuminate the sample material S within the field of view 40 of the detector or sensor of
the spectrometer 102. The visible aiming beam 20 and the optical beam 30 may be partially or
completely overlapping, aligned, and/or coaxial.

{6101} The visible aiming beam 20 may comprise light in the visible spectrum, for example in a
range {rom about 390 i to about 800 nm, which the user can see reflected on a portion of the
sample material S. The aiming beam 20 can provide basic visual verification that the spectrometer
102 is operational, and can provide visual indication 1o the user that a measurement is in progress,
The aiming beam 20 can help the user visualize the area of the sample material being measured, and
thereby provide guidance the user in adjusting the position and/or angle of the spectrometer 102 to
position the measurement area 50 over the desired area of the sample material 5. The aiming beam
28 may be configured with circuitry to be emitted throughout the duration of a measurement, and
automatically turn off when the measurement of the sample material 8 is complete; in this case, the
aiming beam 20 can also provide visual indication to the user of how long the user should hold the
spectrometer 102 pointed at the sample material 5.

[0102] The visible aiming beam 20 and the measurement heam 30 may be produced by the same
light source, wherein the visible aiming beam 20 comprises a portion of the measurement beam 30.
Alternatively, the aiming beam 20 may be produced by a first light source, and the measurement
heam 30 may be produced by a second light source. For example, the measurernent beam 30 may
comprise an infrared beam and the aiming heam 20 may comprise a visible light beam.

[0193] The measurement beam 30 may be configured to illuminate the measurement area 50 of the
sample 5, and the aiming beam 20 may be configured to illuminate an area of the sample
overlapping with the measurement area, thereby displaving the measurement area to the user. The
visible area ilhuminated by the visible aiming beam 20 may comprise from about 50% to about 150%
or about 75% to about 125% of the measurement area, or at least about 90%, at least about 95%, or
at least about 99% of the measurement area.

{01041 One or more optics of the illumination module, such as a lens or a parabolic reflector, may be
arranged to receive the aiming beam 20 and the measurement beam 30 and direct the aiming beam
and measurement beam toward the sample material S, with the aiming beam and measurernent beam
overlapping on the sample. The aiming beam 20 may be arranged to be directed along an aiming
beam axis 25, while the measurement heam 30 may be arranged to be directed along a measurement

beam axis 35. The aiming beam axis 25 may be co-axial with measurement beam axis 35.
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{0105} The sensor or detector of the spectrometer module 160 may comprise one or more filters
configured to transmit the measurement beam 30 but inhibit transmission of the aiming beam 20. In
many configurations, the spectrometer module comprises one filter configured to inhibit
transmission of visible light, thereby inhibiting transmission of portions of the aiming beam 20 and
measurernent beam 30 reflected from the sample that comprise visible light. In some configurations.
the spectrometer module 160 may comprise a plurality of optical filters configured to inhibit
transmission of a portion of the aiming beam 20 reflected the sample material S, and to transmit a
portion of the measurement hearn 30 reflected from the sample. In configurations of the
spectrometer module comprising a plurality of optical channels, the spectrometer module may
comprise a plurality of filters wherein each optical filter corresponds to an optical channel. Each
filter may be configured to inhibit transmission of light within a specific range and/or within a
specific angle of incidence, wherein the filtered specific range or specific angle of incidence may be
specific to the corresponding channel. In some configurations, each optical channel of the
spectrometer module may comprise a field of view. The field of view 40 of the spectrometer module
may comprise a plurality of overlapping fields of view of a plurality of optical channels. The aiming
beam and the measurement beam may overlap with the plurality of overlapping fields of view on the
sample S. In many configurations, a diffuser may be disposed between the plurality of optical filters
and the ncident Hght from the sample, in which each optical filter corresponds to an optical channel.
In such configurations, the plurality of optical channels may comprise similar fields of view through
the diffuser, with each field of view ar least parfially overlapping with the fields of view of other
optical channels. With the diffuser, the spectromerer may comprise a wide field of view, for example
=+ 90°.

[0E06] Optionally, the visible aiming beam 20 may be produced by a light source separate from the
illumination module 140, In this case, the separate light source may be configured to produce the
aiming beam such that the aiming beam illuminates a portion of the sample material that overlaps
with the measurement area 50 of the sample.

{01071 The compact size of the spectrometer 102 can provide a hand held device that can be directed
{e.g., pointed) at a material to rapidly obtain information about the material. As shown in FIGS. 1A
and 1B, the spectrometer 102 may have a size and weight such that the spectrometer can be held by a
aser with only one hand H. The spectrometer can have a size and weight such that the spectrometer
can be portable. The spectrometer can have a weight of about T gram (g), 5g, 10g, 15g,20¢g,25 g,

30g,35¢,40g,452,50g,552.60g.65g.702.80g.85¢g,90g,95¢, 100g, 110g, 120g,130g,
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140 g, 150 g, 160 g, 170 g, 180 g, 190 g, or 200 g. The spectrometer can have a weight less than 1 g.
The spectrometer can have a weight greater than 200 g. The spectrometer can have a weight that is
between any of the two values given above. For example. the spectrometer can have a weight within
a range from about | g to about 200 g, about | g to about 100 g, about 5 g to about S0 g, about S g to
about 40g, about 10 g to about 40 g, about 10 g to about 30g, or about 20 g to about 30 g.

[08108] The spectrometer can have a total volume of at most about 200 cor’, 150 em’, 100 cm?, 95
cm®, 90 cn’, 85 cm’, 80 cm’, 75 eny’, 70 e, 65 eny’, 60 e, 55 e, 50 em?, 45 e, 40 em’, 35
cem?®, 30 cm’, 25 em?, 20 em?, 15 em?, 10 em’, S eod’, or | cm’. The spectrometer can have a volume
less than 1 em®. The spectrometer can have a volume greater than 100 em”. The spectrometer can
have a volume that is between anv of the two values given above. For example. the spectrometer
may have a volume within a range from about | em’ to about 200 cm®, about 40 cm” to about 200
em’, about 60 cm? to about 150 em?, about 80 em” to about 120 cm’, about 80 cm” to about 100 em’,
or about 90 em’.

[0109] The spectrometer shape can comprise a rectangular prism, cyiinder, or other three-
dimensional shape. The spectrometer can have a length of at most about 500 mm, 400 mm, 300 mm,
200 mm, 250 mm, 100 mm, 93 mm, 90 mam, 85 mm, &0 mm, 75 mm, 70 mm, 65 mm, 60 mm, 55
mm, 50 mm, 45 mm, 40 nun, 35 mm, 30 mm, 25 mm, 20 mm, 15 mm, 10 mm, or 3 mm. The
spectrometer can have a length less than Smm. The spectrometer can have a length greater than 500
min. The spectrometer can have a length that is between any of the two values given above. For
example, the spectrometer have a length within a range from about 10 mm to about 100 mm, about
25 mm to ahout 75 mm, or about 50 mm to about 70 nun. The spectrometer can have a width of at
most about SO0 mm, 400 mm, 300 mum, 200 mm, 250 mm., 100 mm, 95 mm, 90 mm, 835 mm, 80 mm,
75 mm, 70 non. 65 mm, 60 mim, 55 mm, 50 mm, 45 mm, 40 mm, 35 mm, 30 mm, 25 mm, 20 mm,
15 mm, 10 mm, or 3 mm. The spectrometer can have a width less than Smm. The spectrometer can
have a width greater than 500 mm. The spectrometer can have a width that is between any of the
two values given above. For example, the spectrometer may have a width within a range from about
10 mm to about 75 mm. about 20 mm to about 60 mm, or about 30 mm to about 30 mm. The
spectrometer can have a height of at most about 500 mm, 400 mm, 300 nun, 200 mm, 250 mm, 100
mm, 95 mm, 90 mm, 85 mm, 80 ram, 75 mm, 70 mm, 65 mm, 60 mum, 55 mm, 50 mm, 45 mm, 40
i, 35 mm, 30 mm, 25 mm, 20 mm, {5 mm, 10 mm, or 5 mm. The spectrometer can have a height
less than Smm. The spectrometer can have a height greater than 5300 mm. The spectrometer can

have a height that is between any of the two values given above. For example, the spectrometer may
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have a height within a range from about 1 nun to about 50 mm, about 5 mun to about 40 mam, or
about 10 mm to about 20mm. The spectrometer may, for example, have dimensions within a range
fromabout 0.1 cnx 0.1 cm x 2 cm to about S cm x § cm x 10 cm. In the case of a cylindrical
spectrometer the spectrometer can have a radius of at most about 500 mm, 400 mum, 300 mun, 200
mm, 250 mm, 100 mm, 95 nun, 90 oun, 85 nun, 80 oun, 75 oum, 70 mm, 65 mm, 60 moy, 55 mm, 50
mm, 45 moy, 40 mm, 35 mom, 30 mm, 25 mm, 20 mm, 15 mm, 10 nun, or 5 mm. The spectrometer
can have a radius less than Smm. The spectrometer can have a radius greater than 500 mm. The
spectrometer can have a radius that is between any of the two values given above.

{0118] One or more of the components of the spectrometer can be powered by a battery. The battery
can be on-board the spectrometer. The battery can have a weight of at most about 50 g, 45 g, 40 g,
35g,30g,252,20g. 15¢.10g,5¢, 1 g, or0.1 g. The battery can have a weight less than 0.1 g.
The battery can have a weight greater than 50 g. The barttery can have a weight that is between any
of the two valies given above. For example, the batter may have a weight that is within a range from
about 2 g to about 6 g, about 3 g to about 5 g, or about 4 g.

{0111} The compact spectrometer 102 may have an optical resolution of less than 10 nm, less than §
nm, less than 4 nm, less than 3 nm, less than 2 nm, less than | am, less than 1.5 nm, or less than 0.1
nm. The spectrometer can have an optical resolution that is between any of the two values given
above. For example, the spectrometer may have an optical resolution that 1s within a range from
about 0.1 nm to about 100 nm, about | v to about 50 nm, about 1 nm to about 10 nm, or about 2
nim to about 5 nm. The spectrometer may have an optical resolution of approximarely 3 mm, which is
equivalent to approximately 100 cov'? at a wavelength of about 700 nm and equivalent to
approximately 40 em'! at a wavelength of about 1100 nm. The spectrometer may have an optical
resolution that is between 100 em™ and 40 con™!. The spectrometer can have a temporal signal-to-
noise ratio (SNR) of about 1000 for a single sensor reading (without averaging, at maximum spectral
resolution) for a wavelength of about 1000 nm, or an SNR of about 2500 for a wavelength of about
850 nm. The compact spectrometer, when cenfigured to perform algorithmic processing or
correction of measured spectral data, may be able to detect changes in normalized signals in the
order of about 1x107 to about 1x10%, or about 3x 10, The light source of the illumination module
may be configured to have a stabilization time of less than | muin, less than | s, less than 1 ms, or

about 0 5.

{0112} Spectrometer using secondary emission llumination with filter-hased optics
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{6113} Reference is now made to FIG. 4, which illustraies pon-limiting configurations of the
compact spectrometer system 100 herein disclosed. The system comprises a spectrometer 102, which
comprises various rodules such as a spectrometer module 160, As illustrated, the spectrometer
module 160 may comprise a diffuser 164, a filter matrix 170, a lens array 174 and a detector 190.
{6114} The spectrometer systern raay comprise a plurality of optical filters of filter mairix 170. The
optical filter can be of any type known in the art. Non-limiting exaroples of suitable optical filters
include Fabry-Perot (FP) resonators, cascaded FP resonators, and interference filters. For example. a
parrow bandpass filier (<10 nm) with a wide blocking range outside of the transmission band (at
least 200 nm) can be used. The center wavelength (CWL) of the filter can vary with the incident
angle of the light impinging upon it.

{0115] The central wavelength of the central band can vary by 10 nm or more, such that the effective
range of wavelengths passed with the filter is greater than the bandwidth of the filter. In many
instances, the central wavelength varies by an amount greater than the bandwidth of the filter. For
example, the bandpass filter can have a bandwidth of no more than [0 nm and the wavelength of the
central band can vary by more than 10 nm across the field of view of the sensor.

[0116] The spectrometer system may comprise a filter matrix. The filter matrix can comprise one or
more filters, for example a plurality of filters. The use of a single filter can Himit the spectral range
available to the spectrometer. A filter can be an element that only permits transmission of a light
signal with a predetermined incident angle, polarization, wavelength, and/or other property. For
exarmple, if the angle of incidence of light is larger than 30°, the system may not produce a signal of
sufficient intensity due to lens aberrations and the decrease in the efficiency of the detector at large
angles. For an angular range of 30° and an optical filter center wavelength (CWL) of ~850 nm, the
spectral range available to the spectrometer can be about 35nm, for example. As this range can be
insufficient for some spectroscopy hased applications, configurarions with larger spectral ranges may
comprise an optical filter matrix composed of a plurality of sub-filiers. Each sub-filier can have a
different CWL and thus covers a different part of the optical spectrum. The sub-filters can be
configured in one or more of many ways and be tiled in two dimensions, for example.

{81177 Depending on the number of sub-filters, the wavelength range accessible to the spectrometer
can reach hundreds of nanometers. In configurations comprising a plurality of sub-filters, the
approximate Fourier transforms formed at the image plane (i.e. one per sub-filter) overlap, and the
signal obtained at any particular pixel of the detector can resuit from a mixture of the different

Fourier transforms.
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{0118] The filter matrixes may be aranged in a specific order (o inhibit cross talk on the detector of

HEE

ht emerging from different filters and to winimize the effect of stray light. For example, if the
matrix is composed of 3 x 4 filters then there are 2 filters located at the interior of the matrix and 10
filters at the periphery of the matrix. The 2 filters at the interior can be selected to be those at the
edges of the wavelength range. Without being bound by a particular theory, the selected inner filters
may experience the most spatial cross-talk but be the least sensifive to cross-talk spectrally.

[0119] The spectrometer module may comprise a lens array 174, The lens array can comprise a
plurality of lenses. The number of lenses in the plurality of lenses can be determined such that each
filter of the filter array corresponds to a lens of the lens array. Alternatively or in comnbination, the
number of lenses can be determined such that each channel through the support array corresponds to
a lens of the lens array. Alternatively or in combination, the number of lenses can be selected such
that each region of the plurality of regions of the image sensor corresponds fo an optical channel and
corresponding lens of the lens array and filter of the filter array.

[0128] The spectrometer system may comprise a detector 190, which may comprise an array of
sensors. In many cases, the detector is capable of detecting light in the wavelength range of interest.
The compact spectrometer system disclosed herein can be used from the UV to the IR, depending on
the nature of the spectrum being obtained and the particular spectral properties of the sample being
tested. The detector can be sensitive to one or more of vltraviolet wavelengths of light, visible
wavelengths of light, or infrared wavelengths of light. In some cases, a detector that is capable of
measuring intensity as a function of position (e.g. an array defector or a two-dimensional image
sensor) is used.

[0121] In some instances the spectrometer does not comprise a cylindrical beam volume hologram
(CVBH).

[0122] The detector can be located in a predetermined plane.  The predetermined plane can be the
focal plane of the lens array. Light of different wavelengths (X1, X2, X3, X4, etc.) can arrive at the
detector as a series of substantially concentric circles of different radii proportional to the
wavelength. The relationship between the wavelength and the radius of the corresponding circle
may not be linear,

{01231 The detector may receive non-continuous specira, for example spectra that can be unlike a
dispersive element would create. The non-continuous spectra can be missing parts of the spectrum.
The non-continuous spectrum can have the wavelengths of the spectra at feast in part spatially out of

order, for example. In some cases, first short wavelengths contact the detector near longer
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wavelengths, and second short wavelengths contact the detector at distances further away fron the
first short wavelengths than the longer wavelengths.

[4124] The detector may comprise a plurality of detector elements, such as pixels for example. Each
detector element may be configured so as to receive signals of a broad spectral range. The spectral
range received on a first and second pluralities of detector elerents may extend at least froumn about
10 nm to about 400 . In many instances, spectral range received on the first and second pluralities
of detector elements may extend at least from about 10 nm to about 700 nm. In many instances,
spectral range received on the first and second pluralities of detector elements may extend at least
from about 10 nm to about 1600 nm. In many instances, spectral range received on the first and
second pluralities of detector elements may extend at least from about 400 nm to about 1600 nm. In
many instances, spectral range received on the first and second pluralities of detector elements may
extend at least fromm about 700 nim to about 1600 nm.

{01251 The spectrometer system may comprise a diffuser. In configurations in which the light
emanating from the sample is not sufficiently diffuse, a diffuser can be placed in front of other
elements of the spectrometer. The diffuser can be placed in a light path between a light emission and
a detector and/or filter. Collimared (or partially collimated light) can impinge on the diffuser, which
then produces diffuse Iight which then impinges on other aspects of the spectrometer, e.g. an optical
filter.

f6126] In many cases, the lens array, the filter matrix, and the detector are not centered on a
comumon optical axis. In many cases, the lens array, the filter matrix, and the detector are aligned on
a conunon optical axis.

[0127] The principle of operation of compact spectrometer may comprise one or more of the
following attributes. Light impinges upon the diffuser and at least a fraction of the light is
transmitted throngh the diffuser. The light next impinges upon the filter matrix at a wide range of
propagation angles and the spectram of hight passing through the sub-filters is angularly encoded.
The angularly encoded light then passes through the lens array (e.g. Fourier transform focusing
elements) which performs {(approximately) a spatial Fourier transform of the angle-encoded light.
transforming it into a spatially-encoded spectrum. Finally the light reaches the detector. The
location of the detector element relative to the optical axis of a lens of the array corresponds to the
wavelength of Hight, and the wavelength of light at a pixel location can be determined based on the
location of the pixel relative to the optical axis of the fens of the array. The intensity of light

recorded by the detector element such as a pixel as a function of position (e.g. pixel number or
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coordinate reference location) on the sensor corresponds to the resolved wavelengths of the light for
that position.

[128] In some cases, an additional filter is placed in front of the compact spectrometer systen in
order to block light outside of the spectral range of interest (i.e. to prevent unwanted light from
reaching the detector).

{61291 In configurations in which the spectral range covered by the optical filters is insufficient,
additional sub-filters with differing CWLs can be used.

[6136] In some instances, shutters allow for the inclusion or exclusion of light from part of the
spectrometer 102. For exaraple, shutters can be used to exclude particular sub-filters. Shutters may
also be used to exclude individual lens.

f0131] FIG. 5 shows a schematic diagram of spectrometer head in accordance with configurations.
In many cases, the spectrometer 102 comprises a spectrometer head 120. The spectrometer head
comprises one or more of a spectrometer module 160, a temperature sensor module 130, and an
illumination module 140. Each module, when present, can be covered with a module window. For
example, the spectrometer module 160 can comprise a spectrometer window 162, the temperature
sensor module 130 can comprise a sensor window 132, and the illumination module 140 can
comprise an illumination window 142,

[0132] The illumination module and the spectrometer module may be configured to have
overlapping fields of view at the sample. The overlapping fields of view can he provided in one or
more of many ways. For example, the optical axes of the illumination source, the temperature
sensor and the matrix array can extend in a substantially parallel configuration. Alternatively, one or
more of the optical axes can be oriented toward another optical axis of another module.

[0133] FIG. 6 shows a schematic drawing of cross-section A of the spectrometer head of FIG. 3. in
accordance with configurations. In order to lessen the noise and/or spectral shift produced from
fluctaations in temperature, a spectrometer head 120 comprising a temperature sensor module 130
can be used to measure and record the temperature during the measurement. The temperature sensor
element can measure the temperature of the sample in response to infrared radiation emitted from the
sample, and transmit the temperature measurement to a processor. Accurate and/or precise
temperature measurement can be used to standardize or modify the spectrum produced. For example,
different spectra of a given sample can be measured based on the temperature at which the spectrum
was taken. A spectrum can be stored with metadata relating to the temperature at which the spectrum

was measure. The temperature sensor module 130 may comprise a temperature sensor window 132,
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The temperature seasor window can seal the sensor module. The temperature sensor window 132
can be made of material that is substantially non-transmissive to visible light and transmits light in
the infrared spectrum. The temperature sensor window 132 may comprise germaniwm. for example.
The temperature sensor window can be about 0.2, 0.3,0.4, 0.5, 0.6, 0.7, 0.8, 0.9 or 1.0 ram thick.
{0134} The temperature sensor can comprise a field of view (herein after “FoV™) limiter. In many
instances, the temperature sensor has a feld of view oriented to overlap with a field of view of the
detector and a field of view of an illuminator. For example, the field of view can be limited by an
aperture formed in a material supporting the window 132 of temperature sensor module and the
dimensions of the teraperature sensor 134, In some instances, the temperature sensor moduie has a
timited field of view and comprises a heat conductive metal cage disposed on a flex printed circuit
hoard (PCB) 136. The PCB 136 can be mounted on a stiffener [38 in order to inhibit movement
relative to the other modules on the sensor head. The flexible circuit board may be hacked by
stiffener 138 comprising a metal. The temperature sensor 134 can be a remote temperature sensor.
The temperature sensor can give a temperature that is accurate to within about 5,4, 3, 2, 1, 0.7, 0.4,
0.3, 0.2 or 0.1 degree Celsius of the ambient temperature of the sample. The temperature sensor may
measure the ambient temperature with precision to 3, 2, 1, (0.5, or 0.1 degree Celsius.

[0135] The spectrometer head may comprise an illumination module 140. The illumination module
can illuminate a sample with light. In some instances, the illuminaton module comprises an
iumination window 142, The illumination window can seal the ilhwnination module. The
illumination window can be substantially transmissive to the light produced in the ilhinination
module. For example, the illumination window can comprise glass. The illumination module can
comprise a light source [48. The light source can comprise one or more light emitting diodes (LED).
For example, the light source may comprise a blue LED, red LED, green LED, infrared LED, or a
combination thereof.

[G136] The hght source 148 can be mounted on a mounting fixture 150. The mounting fixture may
comprise a ceramic package. For example, the light fixture can be a flip-chip LED die mounted on a
ceramic package. The mounting fixture 150 can be attached to a flexible printed circuit board (PCB)
152 which can optionally be mounted on a stiffener [54 to reduce movement of the illumination
module. The flex PCB of the illumination module and the PCT of temperature sensor modules may
comprise different portions of the same flex PCB, which may also comprise portions of spectrometer
PCB.
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{0137} The wavelength of the light produced by the light source 148 can be shifted by a plate 146.
Plate 146 can be a wavelength shifting plate. Plate 146 may comprise phosphor embedded in glass.
Alternatively or in combination, plate 146 can comprise a nano-crystal, a quantum dot, or
combinations thereof. The plate can absorb light from the light source and release light having a
frequency lower than the frequency of the absorbed light. In some cases, a light source produces
visible light, and plate 146 absorbs the light and emits near infrared light. The light source may be
in close proximity to or directly touching the plate 146. The light source and associated packaging
may be separated from the plate by a gap fo linit heat transfer. For example, the gap between the
light source and the plate can be at least 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.5, 2.0, 2.5, 3.0,
3.5,4.0,5.0,6.0,7.0, 8.0, 9.0, or 10.0 mm. Alternatively, the light source packaging may touch the
plate 146 in order to conduct heat from the plate such that the light source packaging comprises a
heat sink.

{01381 The illumination module can further comprise a light concentrator such as a parabolic
concentrator 144 or a condenser lens in order to concentrate the light. The parabolic concentrator
144 may be a reflector. The parabolic concentrator 144 may comprise stainless steel or gold-plated
stainless steel. The concentrator can concentrate light to a cone. For example, the light can he
concentrated to a cone with a field of view of abont 30-45, 25-50, or 20-55 degrees.

[0139] The illumination module may be configured to transmit light and the spectrometer module
may be configured to receive light along oprical paths extending substantially perpendicuolar to an
entrance face of the spectrometer head. The modules can be configured such that Hight can be
transmitred from one module to an object (such as a sample ) and reflected or scartered to another
module which receives the light.

[0E48] The optical axes of the illumination module and the spectrometer module may be configured
to be non-paratlel such that the optical axis representing rthe spectrometer module is at an offset
angle to the optical axis of the ilhimination module. This non-parallel configuration can be provided
in one or more of many ways. For example, one or more components can be supported on a
common support and offset in relation to an optic such as a lens in order 1o orient one or more
optical axes toward each other. Alternatively or in combination, a module can be angularly inclined
with respect to another module. The optical axis of each module may be aligned at an offset angle of
greater than 1, 2, 3, 4, 5,6.7,8,9, 10, 12, 14, 16 18, 20, 25, 30, 35, 40. 45, or 50 degrees. The
ilumination module and the spectrometer module may be configured to be aligned at an offset angle

of lessthan 1, 2.3, 4,5, 6,7, 8,9, 10, 12, 14, 16, 18, 20, 25, 30, 35, 40, 45, or 50 degrees. The
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illumination mwodule and the spectrometer module can be configured to be aligned at an offset angle
between than 1-10, 11-20, 21-30, 31-40 or 41-50 degrees. The offset angle of the modules may be
set firmily and not adjustable, or the offset angle may adjustable. The offset angle of the modules
may be automatically selected based on the distance of the spectrometer head from the sample. Two
modules rnay have parallel optical axes. Two or more modules may have offset optical axes. In some
instances, the modules can have optical axes offset such that they converge on a sample. The
modules can have optical axes offset such that they converge at a set distance. For example, the
maodules can have optical axes offser such that they converge at a distance of about 10, 20, 30, 40,
50, 60, 70, 80, 90, 100, 150, 200, 250, 300, 350, 400, or 500 mm away.

[6141} FIG. 7 shows a schematic drawing of cross-section B of the spectrometer head of FIGS. 3
and 4, in accordance with configurations. The spectrometer head 120 may comprise spectrometer
module 160. The spectrometer module can be sealed by a spectrometer window 162. The
spectrometer window 162 may be selectively transmissive to light with respect to the wavelength in
order to analyze the spectral sample. For example, spectrometer window 162 can be an IR-pass
filter. In some instances, the window 162 can be glass. The spectrometer module can comprise one
or more diffusers. For example, the spectrometer module can comprise a first diffuser 164 disposed
below the spectrometer window 162, The first diffuser 164 can distribute the incoming light. For
example, the first diffuser can be a cosine diffuser. Optionally, the spectrometer module may
comprise a light filter 188, Light filter 188 can be a thick IR-pass filter. For example, filter 188 can
absorb light below a threshold wavelength. Filter 188 can absorb light with a wavelength helow
about 1000, 950, 900, 850, 800, 750, 700, 650, or 600 nm. The spectrometer module may further
comprise a second diffuser 166. The second diffuser can generate Lambertian light distribution at the
input of the filter matrix 170. The filter assembly can be sealed by a glass plate 168. Alternatively or
in combination, the filter assembly can be further supported by a filter frame 182, which can aftach
the filter assembly to the spectrometer housing 180. The spectrometer housing 180 can hold the
spectrometer window 162 in place and further provide mechanical stability to the module.

{01427 The first filter and the second filter can be arranged in one or more of many ways to provide
a substantially uniform light distribution 1o the filters. The substantially uniform light distribution
can be uniform with respect to an average energy to within about 25%, for example to within about
109%, for example. The first diffuser may distribute the incident light energy spatially on the second
diffuser with a substantially uniform energy distribution profile. The first diffuser may make the

light substantially homogenous with respect to angular distribution. The second diffuser can further
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diffuse the light energy of the substantially uniform energy distribution profile to a substantially
uniform angular distribution profile, sach that the light transmitted to each filter can be sabstantially
homogenous both with respect to the spatial distribution profile and the angular distribution profile
of the light energy incident on each filter. For example, the angular distribution profile of light
energy onto each filter can be uniform to within about +/- 25%, for example substantially uniform to
within about +/-10%.

[0143] The spectrometer module comprises a filter matrix 170. The filter matrix can comprise one or
more filters, In many instances, the filter matrix comprises a plurality of filters.

[0144] In some instances, each filter of the filter matrix 170 is configured to transmit a range of
wavelengths distributed about a central wavelength. The range of wavelengths can be defined as a
full width half maximum (hereinafter “FWHM?”) of the distribution of transmitted wavelengths for a
fight beam transmitted substantially normal to the surface of the filter as will be understood by a
person of ordinary skill in the art. A wavelength range can be defined by a ceniral wavelength and
by a spectral width. The central wavelength can be the mean wavelength of light transmitted through
the filter, and the band spectral width of a filter can be the difference between the maximum and the
minimum wavelength of light transmitted through the filter. Each filter of the plurality of filters may
be configured to transmit a range of wavelengths different from other filters of the plurality. The
range of wavelengths overlaps with ranges of said other filters of the plurality and wherein said each
filter comprises a central wavelength different from said other filters of the plurality.

{6145 The filter array comprises a substrate baving a thickness and a first side and a second side,
the first side oriented foward the diffuser, the second side oriented toward the lens array. In some
instances, each filter of the filter array comprises a substrate having a thickness and a first side and a
second side, the first side oriented toward the diffuser, the second side oriented toward the lens
array. The filter array can comprise one or more coatings on the first side, on the second side, or a
combination thereof. Each filter of the filter array can comprise one or more coatings on the first
side, on the second side. or a combination thereof. In some instances, each filter of the filter array
comprises one or more coatings on the second side, oriented toward the lens array. In some
instances, each filter of the filter array comprises one or more coatings on the second side, oriented
toward the lens array and on the first side, oriented toward the diffuser. The one or more coatings on
the second side can be an optical filter. For example, the one or more coatings can permit a
wavelength range to sefectively pass through the filter. Alternatively or in combination, the one or
more coatings can be used to inhibit cross-talk among lenses of the array. In some instances, the
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plurality of coatings on the second side comprises a plurality of interference filters, said each of the
plarality of interference filters on the second side configured to transmit a central wavelength of
fight to one lens of the plurality of lenses. In some instances, the filter array comprises one or more
coatings on the first side of the filter array. The one or more coatings on the first side of the array can
comprise a coating to balance mechanical stress. In some instances, the one or more coatings on the
first side of the filter array comprises an optical filter. For example, the optical filter on the first side
of the Nilter array can comprise an IR pass filter to selectively pass infrared light. In many instances,
the first side does not comprise a bandpass interference filter coating. In some instances, the first
does not comprise a coating.

[6146] In many instances, the array of filters comprises a plurality of bandpass interference filters on
the second side of the array. The placement of the fine frequency resclving filters on the second side
oriented toward the lens array and apertures can inhibit cross-talk among the filters and related noise
among the filters. In many instances, the array of filters comprises a plurality of bandpass
interference filters on the second side of the array, and does not comprise a bandpass interference
filter on the first side of the array.

[0147] In many instances, each filter defines an optical channel of the spectrometer. The opfical
channel can extend from the filter through an aperture and a lens of the array to a region of the
sensor array. The plurality of parallel optical channels can provide increased resolution with
decreased optical path length,

{6148} The spectrometer module can comprise an apertare acray 172, The aperture array can prevent
cross talk between the filters. The aperture array comprises a plurality of apertures formed in a non-
optically transmissive material. In some instances, the phuality of apertures is dimensioned to define
a clear lens aperture of each lens of the array, wherein the clear lens aperture of each lens is imited
to one filter of the array. In some instances, the clear lens aperture of each lens is Himited to one filter
of the array.

[6149] In many instances the spectrometer module comprises a lens array 174, The lens array can
comprise a plurality of lenses. The number of lenses can be determined such that each filter of the
filter array corresponds to a lens of the lens array. Alternatively or in combination, the number of
lenses can be determined such that each channel through the support array corresponds to a lens of
the lens array. Alternatively or in comibination, the number of lenses can be selected such that each
region of the plurality of regions of the image sensor corresponds to an optical channel and

corresponding lens of the lens array and filter of the filter array.
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{6158} In many instances, each lens of the lens array comprises one or more aspheric surfaces, such
that each lens of the lens array comprises an aspherical lens. In many instances, each lens of the lens
array comprises two aspheric surfaces. Alternatively or in combination, one or more individual lens
of the lens array can have two carved optical surfaces wherein both optical swfaces are substantially
convex. Alternatively or in combination, the lenses of the lens array may comprise one or more
diffractive optical surfaces.

[0151] In many instances, the spectrometer module comprises a support array 176. The support
array 176 comprises a plurality of channels 177 defined with a plurality of support structures 179
such as interconnecting anmuli. The plurality of channels 177 may define optical channels of the
spectrometer. The support structares 179 can comprises stiffness to add rigidity to the support array
176. The support array may comprise a stopper to limit movement and fix the position the lens array
in relation to the sensor array. The support array 176 can be configured to support the lens array 174
and fix the distance from the lens array to the sensor array in order fo fix the distance between the
lens array and the sensor array at the focal length of the lenses of the lens array. In many instances,
the lenses of the array comprise substantially the same focal length such that the lens array and the
sensor array are arranged in a substantially paraliel configuration.

[O152] The support array 176 can extend between the lens array 174 and the stopper mounting 178
The support array 176 can serve one or more purposes, such as 1) providing the correct separation
distance between each lens of lens array 170 and each region of the plurality of regions of the image
sensor 190, and/or 2) preventing stray light from entering or exiting each channel, for example. In
some instances. the height of each support in support array 176 is calibrated to the focal length of the
fens within lens array [74 that it supports. In some instances, the support array 176 is constructed
from a material that does not permit light to pass such as substantially opague plastic. In some
instances, support array 176 is black, or comprises a black coating to further reduce cross talk
between channels. The spectrometer module can farther comprise a stopper mounting 178 to sapport
the sepport array. In many instances, the support array comprises an absorbing and/or diffusive
material to reduce stray light, for example.

[0153] In many instances, the support array 176 comprises a plurality of channels having the optical
channels of the filters and lenses extending therethrough. In some instances, the support array
comprise a single piece of material extending from the lens array to the detector (i.e. CCD or CMOS

array).
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{0154} The lens array can be directly attached to the aperture array 172, or can be separated by ao air
gapofatleast1,2,3,4,.5,6,7.8.9, 10, 12, 14, 16, 18, 20, 30, 40, or 50 micrometers. The lens array
can be directly on top of the support array178. Alternatively or in combination, the lens array can be
positioned such that each lens is substantially aligned with a single support stopper or a single
optical isolator in order to isolate the optical channels and inhibit cross-talk. In some instances, the
lens array is positioned to be at a distance approximately equal to the focal length of the lens away
from the irnage sensor. such that light coming from each lens is substantially focused on the image
Sensor.

{8155} In some instances, the spectrometer module comprises an image sensor 190. The image
sensor can be a light detector. For example, the image sensor can be a CCD or 2D CMOS or other
sensor, for example. The detector can comprise a plurality of regions, each region of said plurality of
regions comprising multiple sensors. For example, a detector can be made up of multiple regions,
wherein each region is a set of pixels of a 2D CMOS. The detector, or image sensor 190, can be
positioned such that each region of the plurality of regions is directly beneath a different channel of
support array 176. In many instances, an isolated light path is established from a single of filter of
filter array 170 to a single aperture of aperture array 172 to a single lens of lens array 174 to a single
stopper channel of support array 176 to a single region of the plurality of regions of image sensor
190. Similarly, a parallel light path can be established for each filter of the filter array 170, such that
there are an equal number of parallel (non-intersecting) light paths as there are filters in filter array
170.

[0156] The image sensor 190 can be mounted on a flexible printed circuit board (PCB) 184. The
PCB |84 can be attached to a stiffener {86, In some instances, the stiffener comprises a metal
stiffener to prevent motion of the spectrometer module relative to the spectrometer head 120.

[0157] FIG. 8 shows an isometric view of a spectrometer module 160 1 accordance with
configarations. The spectrometer module 160 comprises many components as described herein. In
many instances, the support array 176 can be positioned on a package on top of the sensor. In many
instances, the support array can be positioned over the top of the bare die of the sensor array such
that an air gap is present. The air gap can be less than 10, 9, 8, 7.6, 5, 4, 3, 2 or | micrometer(s).
[0158] FIG. 9 shows the lens array 174 within the spectrometer module 160, in accordance with
configurations. This isometric view shows the apertures [94 formed in a non-transmissive material

of the aperture array 172 in accordance with configurations. In many instances, each channel of the
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support array 176 is aligned with a filter of the filter array 170, a lens of the lens array 174, and an
aperture 194 of the aperture array in order to form a plurality of light paths with inhibited cross talk.
[4159] The glass-embedded phosphor of plate 146 may be a near-infrared (NIR) phosphor, capable
of emitting infrared or NIR radiation in the range from about 7000m to about 1 100nm.

fO166] The light filter 188 may be configured to block at least a portion of visible radiation included
in the incident light.

[0161] In some cases, the first wavelength range of the first filter and the second wavelength range
of the second filter fall within a wavelength range of about 400 nm to about 1100 nm. In some
instances, the second wavelength range overlaps the first wavelength range by at least 2% of the
second wavelength range. In some instances, the second wavelength range overlaps the first
wavelength range by an amount of about 1% to about 5% of the second wavelength range. The
overlap in the range of wavelengths of the filters may be configured fo provide algorithmic
correction of the gains across different channels. for example across the outputs of a first filter
element and a second filter element.

[0162] The coating of the filter array and/or the support array may comprise a black coating
configured to ahsorh mosr of the light that hits the coated surface. For example, the coating may
comprise a coating commercially available from Anoplate (as described on

http://www.anoplate.com/capabilities/anoblack _nihunly, Ackiar (as described on the world wide

web at the Acktar website, www.acktar.com ), or Avian Technologies (as described on

http:/fwww.aviantechnologies.com/productsicoatings/diffuse_black.php), or other comparable

coatings.

[6163] The stopper and the image sensor may be configured to have matching coefficients of
thermal expansion (CTE). For example, the stopper and the image sensor may be configured to have
a matching CTE of about 7 10-* K. In order to match the CTE between the stopper and the image
sensor where the stopper and tmage sensor have different CTES, a hguid crystal polymer, such as
Vectra E130, may be applied between the stopper and the image sensor.

[0164] The lens may be configured to introduce some distortion in the output of the lens, in order to
improve performance in analyzing the obtained spectral data. The filters described herein may
typically allow transmission of a specific wavelength for a specific angle of propagation of the
incident hight beam. As the light transmitted through the filters pass through the lens, the cutpat of
the fens may generate concentric rings on the sensor for different wavelengths of incident light.

With typical spherical lens performance, as the angle of incidence grows larger, the concentric ring
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for that wavelength becomes rouch thinner (for a typical light bandwidth of ~5nm). Such variance in
the thickness of the rings may cause reduced linearity and related performance in analyzing the
spectral data. To overcome this non-linearity, some distortion may be introduced into the lens, so as
to reduce the thickness of the rings that correspond to incident light having smaller angles of
propagation, and increase the thickness of the rings that correspond to incident ight having larger
angles of propagation, wherein non-linearity of ring size related to incident angle is decreased.
Lenses configured to produce such distortion in the output can produce a more even distribution of
ring thicknesses along the supported range of angles of incidence, consequently improving
performance in the analysis of the generated spectral data. The distortion can be provided with one
or more aspheric lens profiles to increase the depth of field (DoF) and increase the size of the point
spread function (PSF) as described herein.

{6165} FIG. 10 shows a schematic drawing of a cross-section B of an alterpative embodiment of the
spectrometer head of FIG. 5. In some instances, the spectrometer module may be configured to
purposefully induce cross-talk among sensor elements. For example, the spectrometer module may
comprise the filter matrix and lens array as shown in FIG. 7, but omit one or more structural features
that isolate the optical channels, such as the aperture array 172 or the isolated channels 177 of the
support array 176. Without the isolated optical channels, light having a particular wavelength
received by the first filter may result in a pattern of non-concentric rings on the detector. In addition,
a first range of wavelengths associated with a first filter may partially overlap a second range of
wavelengths associated with a second filter. Without the isolated optical channels, at least one
feature in the pattern of light ontput by a fivst filter may be associated with at least one feature in the
pattern of light output by a second filter. For example, when light comprising two different
wavelengths, separated by at least five times the spectral resolution of the device, passes through the
filter matrix, the light from at least two filters of the filter matrix may impinge on at least one
common pixel of the detector. The spectrometer module may further comprise at least one
processing device configured to stitch together light output by multiple filters to generate or
reconstruct a spectrum associated with the incident light. Inducing cross-talk among sensor elements
can have the advantage of increasing signal strength, and of reducing the structural complexity and
thereby the cost of the optics.

[8166] Referring again to FIG. 6, the illumination module 140 can be configured to produce an
optical beam 10, which may comprise a visibie aiming heam 20 and a measurement beam 30, The

aiming beamn 20 and measurement beam 30 may be produced by the same light source 148, which
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may generate light including visible light. As described herein, the llumination module 140 may
comprise 4 plate [46, such as a phosphor embedded glass plate. The plate may be configured to
absorb a portion of the optical beam 10 produced by the light source 148, such that the absorbed
light generates an electronic effect resulting in an emission of light with a wavelength different from
the wavelength of the absorbed light. Alternatively or in combination, a portion of the optical beam
10 produced by hight source 148 may be configured to be transmitied through plate 146 without
being absorbed or wavelength-shifted. The unabsorbed, transmitted light can form the visible aiming
beam 20, which can help the user visualize of the measurerment area of a sample. A portion of the
optical beam 10 may be wavelength-shifted by the plate 146 and can form the measurement beam
30, which may comprise light outside the visible spectrum and/or light in the visible spectrum, as
described herein. For example, measurement beamn 30 may comprise near infrared light. Parabolic
concentrator 144 may be arranged to receive the aiming beam 20 and the measwrement heam 3( and
direct the aiming beam and measurement beam toward a sample material 5. As described herein, the
aiming beam 20 and measurement beam 30 may be partially or completely overlapping, aligned, or
coaxial. For example, the aiming beam 20 may be arranged to be directed along an aiming beam axis
25, while the measurement beam 30 may be arranged to he directed along a measurement beam axis
35, and the aiming beam axis 25 may be co-axial with measurement beam axis 35, The aiming beam
and mieasurement beam may overlap on the sample.

f0167] The power or visible Hight output of the aiming beamn 20 may vary depending on the amount
of optical beam 10 that is confignred to pass through the plate 146 without heing absorbed or
wavelength-shifred. About 0.1% to about 10%, about 0.5% to about 3%, about 1% to about 4%, or
about 2% to about 3% of optical beam 10 may be transmitted through plate 146 without being
wavelength-shifted. The transmission of the optical beam 10 through plate 146 may be affected by
the thickness of the plate 146. Further, the transmission of the optical beam 10 through plate 146
may be affected by the type of light source 148. For example, different types of light sources can be
absorbed by the plate 146 at different efficiencies, consequently affecting the amount of light that is
transmitted through the plate 146 without being wavelength-shifted. For a light source 148
comprising a blue LED and a plate 146 comprising phosphor-embedded glass, about 10 mW to
about 15 mW {or about 0.4 to about 0.6 lumens) of light may transmit through the plate 146 to form
the aiming beam 20. By comparisen, light produced by a light source comprising a red LED may not

ahsorh as efficiently by a phosphor-embedded glass plate, and consequently more light, for example
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about 15 W to about 30 mW (or about 1 to about 2 lminens) of the light, may tassonit through the
plate to form the aiming beam 20.

[61168] The spectrometer module 160 may comprise one or more filters configured to transmuit the
measurement beam 30 but inhibit transmission of the aiming beam 20. In many configurations, the
spectrometer module comprises one filter, such as light filter 188, configured to inhibit transmission
of visible light, thereby inhibiting transmission of portions of the aiming beam 20 and measurement
beam 30 reflected from the sample that comprise visible light. In some configurations, the
spectrometer madule may comprise a plwrality of optical filters configured to inhibit transmission of
a portion of the aiming beam 20 reflected the sammple material S, and to transmit a portion of the
measurernent beam 30 reflected from the sample. For example. the plurality of optical filters may
comprise the optical filters of the filter matrix 170, wherein each filter in the filter matrix 170
corresponds to an optical channel of the phirality of channels 177. Each filter may be configured to
inhibit transmission of light within a specific range and/or within a specific angle of incidence,
wherein the filtered specific range or specific angle of incidence may be specific to the
corresponding channel. In some configorations, each optical channel may comprise a field of view.
The field of view of the spectrometer module 160 may hence comprise a plurality of overlapping
ficlds of view of the plurality of optical channels 177. The aiming beam 20 and the measurement

beam 30 may overlap with the plurality of overlapping fields of view on the sample S.

[0169] Spectrometer using nuuftiple illumination sources
[0178] FIG. 11 shows a schematic diagram of an alternative embodiment of the spectrometer head

120. The spectrometer head [20 comprises an illumination module 140, a spectrometer module 160,
a control board 105, and a processor 106, The spectrommeter 102 further comprises a temperature
sensor modude 130 as described herein, configured to measure and record the temperature of the
sample in response to infrared radiation emitted from the sample. In addition to the temperature
sensor module 130, the spectrometer 102 may also comprise a separate temperature sensor 203 for
measuring the temperature of the light source in the illumination module 140.

{0171} FIG. 12 shows a schematic diagram of a cross-section of the spectrometer head of FIG. 11
(the sample temperature sensor 130 and the light source temperature sensor 263 are not shown). The
spectrometer head comprises an illumination module 140 and a spectrometer module 160.

{6172} The illumination module 140 comprises at least two light sources, such as light-emitting

diodes (LEDs) 210, The illumination module may comprise at least about 10 LEDs. The
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illumination module 140 further comprises a radiation diffusion unit 213 configured to receive the
radiation emitted from the array of LEDs 210, and provide as an output illumination radiation for use
in analyzing a sample material. The radiation diffusion unit may comprise one or more of a first
diffuser 215, a second diffuser 220, and one lens 225 disposed between the first and second
diffusers. The radiation diffusion unit may further comprise additional diffusers and lenses. The
radiation diffusion unit may comprise a housing 214 to support the first diffuser and the second
diffuser with fixed distances from the light sources. The inner surface of the housing 214 may
coraprise a plurality of light absorbing structures 216 to inhibit reflection of light from an inner
surface of the housing. For example, the plurality of light absorbing structures may comaprise one or
more of a plurality of baffles or a plurality of threads, as shown in FIG. 12. A cover glass 230 may
be provided to mechanically support and protect each diffuser. Alternatively or in combination with
the LEDs, the at least two light sources may comprise one or more lasers,

{01731 The array of LEDs 210 may be configured to generate illumination light composed of
multiple wavelengths. Each LED may be configured to emit radiation within a specific wavelength
range, wherein the wavelength ranges of the plarality of LEDs may be different. The LEDs may
have different specific power, peak wavelength and bandwidth, such that the array of LEDs
generates illumination that spans across the spectrum of interest. There can be between a few LEDs
and 4 few tens of LEDs in a single array.

{6174} In some instances, the LED array is placed on a printed circuit board (PCB) 132, In order o
reduce the size, cost and complexity of the PCB and LED driving electronics and reduce the number
of interconnect lines, the LEDs may preferably be arranged in rows and columns, as shown in FIG.
13. The LED array may comprise a packaged LED array 1300 as shown, comprising a 2-
dimensional array of LEDs 210. wherein the array may be about 14 mm in width 1305 and about 15
mm in length 1310, for example. The LED array may comprise a dice array 1315 as shown, which
may be about 2.8mm in width 1320 and comprise about 46 LEDs covering a spectral range of about
375 nm to about 1550 nm, for example. All anodes on the same row may be connected together and
all cathodes on the same column may be connected together {or vice versa). For example, the LED
in the center of the array may be turned on when a transistor connects the driving voltage to the
anodes’ fourth row and another transistor connects the cathodes’ fourth column to a ground. None
of the other LEDs is turned on at this state, as either its anodes are disconnected from power or its
cathodes are disconnected from the ground. Preferably, the LEDs are arranged according to voltage

groups, to simplify the current controf and to improve spectral homogeneity (LEDs of similar
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wavelengths are placed close together). While bi-polar transistors are provided herein as examples,
the circuit may also use other types of switches {e.g., field-effect transistors).

[4175] The LED currents ean be regulated by various means as known to those skilled in the art. In
some instances. Current Control Regulator (CCR) components may be used in series to each anode
row and/or to each cathode column of the array. In some instances, a current control loop may be
used instead of the CCR, providing more flexibility and feedback on the actual electrode currents.
Alternatively, the carrent may be determined by the applied anode voltages, though this method
should be used with care as LEDs can vary significantly in their current to voltage characteristics,
[8176] An optional voltage adjustment diode can be useful in reducing the difference between the
LED driving voltages of LEDs sharing the same anode row, so that they can be driven directly from
the voltage source without requiring a current control circuit. The optional voltage adjustment diode
can also help to improve the stability and simplicity of the driving circuit. These voltage adjustment
diodes may be selected according to the LEDs’ expected voltage drops across the row, in opposite
tendency, so that the total voltage drop variation along a shared row is smaller.

{0177} Referring to FI1G. 12, the radiation diffusion unit 213, positioned above the LED array, is
configured to mix the illumination emitted by each of the LEDs at different spatial locations and
with different angular characteristics, such that the spectrum of illumination of the sample will be as
uniform as possible across the measured area of the sample. What is meant by a uniform spectrum is
that the relations of powers at different wavelengths do not depend on the location on the sample,
However, the absolute power can vary. This uniformity is highly preferable in order to optimize the
accuracy of the reflection spectrum measurement.

[0178] The first diffuser 215, preferably mechanically supported and protected by a cover glass 230,
may be placed above the array of LEDs 210. The diffuser may be configured to equalize the beam
patterns of the different LEDs, as the LEDs will typically differ in their illumination profiles.
Regardiess of the bearn shape of any LED, the light that passes through the first diffuser 215 can be
configured to have a Lambertian beam profile, such that the emitted spectrum at each of the
directions from first diffuser 215 is uniform. Ideally, the ratios between the illuminations at different
wavelengths do not depend on the direction to the plane of the first diffuser 215, as observed from
infinity. Such directions are indicated schematically by the dashed lines shown in FIG. 14, referring
to the directions of rays at the output of the first diffuser 215 towards the first surface of lens 225.
[6179] The first diffuser 215 is preferably placed at the aperture plane of the lens 225. Thus, parallel

rays can be focused by the lens to the same location on the focal plane of the lens. where the second

40

53



WO 2016/125165 PCT/AL2016/050130

diffuser 220 is placed (preferably supported and protected by cover glass 230). Since all
tllumination directions at the output of the first diffuser 215 have the same spectrum, the spectrum at
the input plane of the second diffuser 220 can be uniform (though the absolote power may vary). The
second diffuser 220 can then equalize the beam profiles from each of the locations in its plane, so
that the output spectrum is uniform both in location and in direction, Jeading to uniform spectral
illumination across the sample irrespective of the sample distance from the device (when the sample
is close to the device it 1s more affected by the spatial variance of spectrum, and when the sample is
far from the device it is more affected by the angular variation of the spectrum).

[0188] Io designing the radiation diffusion unit 213 configured to improve spectral uniformity, size
and power may be traded off in order to achieve the required spectral aniformity. For example, as
shown in FIG. 15A the radiation diffasion unit 213 may be duplicated {additional diffusers and
fenses added), or as shown in FIG. 158, the radiation diffusion unit 213 may be configured with a
fonger length between the first and second diffusers, in order to achieve increased uniformity while
trading off power. Alternatively, if uniformity is less important, some elements in the optics can be
omitted (e.g.. first diffuser or lens), or simplified {e.g.. weaker diffuser, simpler lens}.

[0E81] Referring hack to FIG. 12, the spectrometer module 160 comprises one or more photodiades
263 that are sensitive to the spectral range of interest. For example, a dual Si-InGaAs photodiode
can be used to measure the sample reflection spectram in the range of about 400nm to about
1750nm. The dual photodiode structure is composed of two different photodiodes positioned one
above the other, such that they collect illumination from essentially the same locations in the sample.
[0182] The one or more photodiodes 263 are preferably placed at the focal plane of lens 225, as
shown in FIG. [2. The lens 225 can efficiently collect the light from a desired area in the sample to
the surface of the photodiode. Altematively, other light collection methods known in the art can be
used, such as a Compound Paraholic Concentrator.

[G183] The photodiode current can be detected using a trans-impedance amplifier. For the dual
photodiode architecture embodiment, the photocurrent can first be converted from current to voltage
using resistors with resistivity that provides high gain on the one hand to reduce noise, while having
a wide enough bandwidth and no saturation on the other hand. An operational amplifier can be
connected in photoveltaic mode amplification to the photodiodes, for minimum noise. Voltage
dividers can provide a small bias to the operational amplifier (Cp Amp) to compensate for possible
bias current and bias veltage at the Op Amp input. Additional amplification may be preferable with
voltage amplifiers.
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[0184] Io the ernbodiment of the spectrometer head shown in FIG. 12, each photodiode 263 is
responsive to the illumination from typically many LEDs (or wavelengths). In order to identify the
relative contribution of light from each of the LEDs, the LED current may be modulated, then the
detected photocurrent of the photodiodes may be demodulated.

{0185} In some instances, the modulation/demodulation may be achieved by time division
multiplexing (TDM). In TDM, each LED is switched “on” in a dedicated time slot, and the
photocurrent sampled in synchronization to that time slot represents the contribution of the
corresponding LED and its wavelength. Black level and ambient light is measured at the “ofT” times
between “on’” times.

[186] In some instances, the modulation/demodulation may be achieved by frequency division
modulation (FDM). In FDM, each LED is modulated at a different frequency. This modulation can
he with any waveforin, and preferably by square wave modulation for best efficiency and simplicity
of the driving circuit. This means that at any given time, one or more of the LEDs can be “on” at the
same time, and one of more of the LEDs can be “off” at the same time. The detected signal is
decomposed to the different LED contributions, for example by using matched filter or fast Fourier
transform (FFT), as known fo those skilled in the art.

[0187] FDM may be preferable with respect to TDM as FDM can provide Jlower peak current than
TDM for the same average power, thus improving the efficiency of the LEDs. The higher efficiency
allows for lower LED temperatures, which in turn provide better LED spectrum stability. Another
advantage of FDM is that FIDM has lower electromagnetic interference than TDM (since slower
current slopes can be used), and smaller amplification channel bandwidth requirement than TDM.
[OE88] In some instances, the modulation/demodulation may be achieved by amplitude modulation,
each at a different frequency.

[0189] When the LED array uses a shared-electrodes architecrure, a single LED can be trned “on”
when the corresponding row and column are connected (e.g., anode to power and cathode to GND).
However, when more than one row and one column is switched “on”, all the LEDs sharing the
connected rows and columns will be switched on. This can complicate the modulation/demodulation
scheme. In order to resolve such a complication, TDM may be used, wherein a single row and a
single column is enabled at each “on” fime slot. Alternatively, combined TDM and FDM may be
ased, wherein a single row 1s selected with TDM, and FDM is applied on the columns {or vice

versa). Alternatively, a 2-level FDM may be used, wherein each row and each column is modulated
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at different frequencies. The LEDs can be decoupled using matched filter or spectrum analysis,
while taking special care to avoid overlapping harmonics of base frequencies.

{61198} Referring again to FIG. 12, the illumination module 140 can be configured to produce an
optical bearn 10, which may comprise a visible aiming beam 20 and a measurement bearn 30. As
described herein, the visible aiming beam 20 and measurement beam 30 may be partially or
completely overlapping, aligned, or coaxial (e.g.. around co-axial aiming beam axis 25 and
measurement beam axis 35). The aiming beam 20 and measurement beam 30 may be produced by
the samoe light source, which may comprise two or more LEDs 210, One or more of the two or more
LEDs 210 may produce light in the visible spectrum, and output enough visible light to form the
aiming beam 20. All or a portion of the light output from the one or more LEDs in the visible range
may form the visible aiming beam 20. Optionally, operation of one or more of the LEDs 210 may be

adjusted such that the visibility of the aiming beam 20 is enhanced.

{01911 Additional disclosure relating to spectrometer using secondary emission illumination

with filter-based optics
[0192] FIGS. 16A and 16B are schematic drawings of cross-sectional views of an optical

subassemmbly 165 of spectrometer module 160, in accordance with configurations. FIG. [6A shows
an isometric cross-sectional view, while FIG. 16B shows a cross-sectional view of the optical
subassembly. The optical subassembly 165 comprises a filter array 170, aperture array 172, lens
array 174, and support array 176 as described herein. The optical subassembly may be adhesively
coupled to the image sensor 190, which may further coupled to a PCB 184 and/or a stiffer 186 as
described herein.

[0193] The coated side 173 of the filter array 170 and the aperture array 172 may he configured to
have as small a gap 169 as possible. In preferred embodiments, the gap is substantially zero, such
that the coated side of the filter array is in contact with the aperture array. The elements of the
optical subassembly 165 may be designed such that the position of the filter array 170 along the
optical axis (Z-axis) is determined by the thickness of the lens arrav 174 and the aperture array 172.
such that the filter array physically contacis the lens array, and the subassembly comprising the filter
array, lens array, and aperture array can be bonded to the support array 176,

[8194] The spaces 171 between the filters of the filter array 170 can be filled with an index-matched
material to enable homogeneous llumination at the plane of the coated side 173 of the filter array.

This can accomplished, for example, using an optical adhesive 167 that can also encapsulate and

43

56



WO 2016/125165 PCT/IL2016/050130

thereby provide structural support to the filter array. The optical adhesive 167 may be optically clear
and comprise an index of refraction similar to the substrate material of the filter array 170 (e.g.,
fused glass). The optical adhesive 167 may comprise one or more of a variety of chemicals such as
silicone and epoxy, and may be cured using one or more curing mechanisms known in the art, such
as UV-curing.

[0195] Preferably, the positions of the filter array 170, aperture array 172, and lens array 174 are
tightly controlled, so as to reduce chipping and peeling of the filter coating at the edges of the filters,
and to minimize the necessary filter area in order to reduce cost. For example, the positions of the
filter array, aperture array, and fens array may be substantially fixed relative to one another. The
support array 176 may be configured to align the lens array, the aperture array, and the filter array,
for example.

{6196} The filter array 170 can be configured to bave rop and bottom swfaces thar are parallel to one
another, such that the filter array can support the assembly of additional elements of the spectrometer
module (e.g., referring again to FIG. 7, light filter 188 sandwiched between the diffusers 164 and
166, spectrometer window 162). For example. a glass plate 168 may be placed above the filter array
170. The filter frame 182 may be configured to support and thereby determine the position of the
glass plate 168, such that the position of the glass plate is independent of any differences in the
thickness of the filters within the fitter array 170,

fO197] FIG. 17 is a schematic drawing of a portion of an optical subassembly 165, assembled
according to one of many exemplary methods. To assemble the optical subassembly 165, the filter
array 170 may be bonded to a rigid aperture array 172 via an adhesive. The aperture array can have
grooves 175 on the surface facing the filter array, the grooves configured to collect excess adhesive
and prevent the adhesive from reaching into the apertures 194, Grooves 175 may comprise, for
example, circular grooves positioned ahout the circumference of each aperture 194, The filter array
may be bonded to the aperture array using a pick-and-place machine, for example. The filter frame
182 may be coupled to the subassembly comprising the bonded filter array and aperture array, and
frame may be filled with an optical adhesive 167 as described herein.

[0198] Alternatively, in embodiments comprising a filter array 170 having filters of uniform
thickness, the optical subassembly 165 may be assembled such that the filter array 170 1 in direct
contact with the glass plate 168. For example. the top surface of the filter array may be placed flush
against the bottom surface of the glass plate. Such an assembly configuration can eliminate the need

to bond the filter array to the aperture array 172, since the filter array can be retained in a
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substantially fixed position by the glass plate 168. Without the need to support bonding of the filter
array, the aperture array can be simplified in construction and/or have fewer constraints on design.
For example, the aperture array can be made without the grooves 175, and/or be made from a more

flexible material.

[0199] Filier Coatings

[0204] Referring again to FIG. 4, an exemplary optical layout for the compact spectrometer system
100 berein disclosed comyprises a diffuser 164, filter array 170, lens array 174, and detector 190,
Incident light 200, comprising light reflected from a sample being measured by the spectrometer, is
diffusely scattered by diffuser 164, and then filtered by filter array 170. As described herein, each of
the filters in the filter array can be tuned to filter a specific wavelength band, based on the incidence
angle of the light 200. Therefore, the light emerging from the filters can be spectrally resolved
according to the incidence angle. Lens array 174 can then focus the light onto detector 190, such that
the image formed on the detector from a particular filter in filter array 170 is a set of concentric
rings, each ring corresponding to the intensity of light at a particelar wavelength range.

[0201] It is helpful when the intensity of light in each ring, corresponding to light of a particular
wavelength, is affected by the intensity of illumination at that wavelength on diffuser 164, but does
not depend on the position of the illumination on the diffuser 164, In order to reduce the dependence
of measured Heht intensity on the position of the light hitting the diffuser, the diffuser 164 may be
placed at the aperture plane of the lens array 174, Placing the diffuser farther from the lens aperture
plane may result in variations in the spatial distribution of light on the diffuser, translating into
variations in the intensity distribution in the ring images on the image sensor 190. Such an effect
can decrease the accuracy of the spectrometer.

{0202} To reduce the system’s sensitivity to the spatial distribution of light on the diffuser, the lens
array 174 may be configured to account for the thickness of the interference filter substrate, such that
the aperture plane of the lens of the array is one or more of near, adjacent or coincides with the plane
of the diffuser The entrance pupil defined with aperture plane may comprise a virtual plane that
coincides with the plane of the diffuser, for example with a lens comprising a plurality of
components such as a multicomponent lens. The aperture plane can be physically located between
each of a plurality of lens components sach that the entrance pupil of the lens coincides with the

plane of the diffuser, for example. Altematively or in combination, the substrate of the filter may
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comprise a diffusing material such as an opal glass, for exarople which can place the diffuser near to
the aperture, for example adjacent or coinciding with the apertures.

{02037 Alternatively or in combination, to reduce the system’s sensitivity to the spatial distribution
of light on the diffuser, the functions of the diffuser and filter may be combined. FIG. 18 shows a
schematic diagram of an exemplary optical layout, comprising a filter assembly 300. The filter
assembly 300 can comprise a diffuser 164 and a filter coating comprising the filier array 170 coupled
to the diffuser. The diffuser 164 may comprise any material well-known in the art to have light-
diffusing properties, such as opal glass, Spectralon™, Polytetrafluoroethylene (PTFE), sandblasted
glass, and ground glass. The diffuser 164 may comprise a diffusing layer deposited, coated, fused,
or otherwise coupled to an optical substrate such as glass. An integrated optical component such as
the filter assembly 300 as shown in FIG. 18 can simplity the design of the lens, as well as
significantly reduce the dependence of detected intensity distributions of incident light on spatial
variations of the light intensity in the diffuser plane. Further, combining the diffuser with an
interference filter substrate can allow for using a thicker substrate, providing more durability to the
substrate against the stresses that can be related to the interference filter coating process.

[0204] Referring again 1o FIG. 7, a spectrometer 102 in accordance with embodiments may further
comprise a bulk Hght filter 188, configured to block at least a portion of visible radiation mcluded in
the incident light. The light filter 188 can comprise, for example, an infrared high-pass filter (e.g.,
Hova R72 bulk filter glass). Bulk filter 188 can improve the function of each filter in the filter array
170, by blocking out those wavelengths that are undesirable for all channpels, such as wavelengths
that are outside the operational range of the spectrometer. Such wavelengths can produce
undesirable stray light, since the wavelengths may not be effectively blocked by the interference
filters of the filter array 170.

[0205] To further simplify the design and production of the spectrometer, a bulk visible light filter,
such as hight filter 188 of FIG. 7, may be combined with a diffuser and/or an optical filter such as an
interference filter, to form an integrated filter assembly that provides one or more of bulk visible
light filtering, diffusing, and/or optical filtering. For example, a thin layer of diffuser (e.g., opal
coating) may be deposited, coated, fused, or otherwise coupled to an optical substrate comprising a
bulk light filter (e.g., colored glass), configured to block at least a portion of the incident hight
spectrum, and an optical filter configured to pass only a narrow band of the spectrometer’s spectrum
may also be deposited or coated on the diffuser layer. Such a design, integrating the functions of a

visible light filter, diffuser, and/or interference filter into one component, can reduce the total cost of
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production and the size of the spectrometer. Further, corabining the bulk light filter with the
interference filter coating can also be advantageous in the design of interference filters in a filter
array. A filter array can be configured such that each filter in the array comprises a bulk filtering
substrate that is specifically configured based on the passband of the filter. Such a configuration can
allow the use of a narrower passband for the individual filters of the filter array, thereby improving
the performance of the interference filters (e.g., via beiter passband transmission, narrower
passband} and reducing the cost of production. Furthermore, the use of individual bulk light lilters
as substrates for filters of a filter array cao reduce the number of interference filter lavers needed,
thereby reducing the stress generated on the substrate during the coating process. Reduced stress
during the coating process can, in turn, potentially allow the use of a thinner substrate and hence
reduce the cost of dicing the substrate and provide improved reliability with decreased weight.
[0206] FIGS. 19A-19F illustrate exemplary configurations of a filter assembly 300 suitable for
incorporation with a compact spectrometer as described herein. A filter assembly may comprise a
combination of two or more optical elements selected from an optical substrate 305, a diffusing layer
310, and an optical filter 315, The optical substrate 305 may comprise one or more of many
optically transmissive materials such as one or mare of glass, colored glass, sapphire, quartz, plastic,
or polycarbonate, for example. The diffusing layer 310 may comprise a diffuser 164 as described
herein, such as cosine diffuser having an output intensity invariant with input angle. The optical
filter 315 may comprise a filter array 170 as described herein, comprising a plurality of optical filters
configured to transmit a specific wavelength band, based on the incidence angle of the light. The
bulk light filter 320 may comprise a visible light filter 188 as described herein, for example.

[0207] FIG. [9A illustrates a filter assembly 300a, comprising an interference filter 315 coated on an
optical substrate 300 comprising clear glass 325.

[0208] FIG. 198 illustrates a filter assembly 300b, comprising an interference filter 315 coated on of
a diffusing layer 310 deposited, coated, fused, or otherwise coupled to an optical substrate 305
comprising clear glass 325.

[0209] FIG. 19C illustrates a filter assembly 300c¢, comprising an interference filter 315 coated on
one side of an optical substrate 305 comprising clear glass 325, the clear glass substrate comprising a
diffusing layer 310 deposited, coated. fused, or otherwise coupled to the opposite side of the clear
glass substrate.

[62168] FIG. 19D iHustrates a filter assembly 300d, comprising an interference filter 315 coated on

one side of an optical substrate 305 comprising a bulk light filter 320 {e.g., colored glass).
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[6211] FIG. 19E illustrates a filter assembly 300e, comprising an inierference filter 315 coated on
one side of the optical substrate 305 comprising a bulk light filter 320, the bulk light filter
comprising a diffusing layer 315 deposited, coated, fused, or otherwise coupled ta the opposite side
of the bulk light filter.

{6212} FIG. 19F illustrates a filter assembly 300f, comprising an interference filter 305 coated on
top of a diffusing layer 310 deposited, coated, fused, or otherwise coupled to one side of an optical
substrate 305 comprising a bulk light filter 320.

[6213] The optical elements shown in the configurations of FIGS. 19A-19F may be combined using
any stitable method, or in any suitable order or orientation.

[6214] In configurations with an optical component comprising an interference filter coated on a
substrate with a diffuser, such as the configurations shown in FIGS. 198, 19C, 19E, and 19F, testing
of filter performance can be designed in a way that takes the diffuser into account. In testing the
performance of interference filters combined with a diffuser, providing input light to the diffuser
side may make the testing procedure less than ideal, since the diffuse light incident on the filters will
generally hit the filters at many different angles. In such a configurations, an incident angle-
independent detection system (such as the spectrometer described herein) may he provided to
accurately determine the output of the filters. A filter testing procedure can be designed such that
light is provided to the filter-coated side instead, such that the light passes first through the filters
and suhsequently through the diffuser, for example light having a controlled angle of incidence on
the filter such as collimated light. A commercially available spectrometer comprising a detector
may he placed on the other side of the filter assembly to measure the intensity and spectrum of the
transmitted light. Alternatively or in combination, light of a controlled wavelength such as light
from a grating can he transmitted onto the filter and the light energy of a specific narrow band of
wavelengths measured with a detector such as a photodiade for each of a plurality of wavelengths in
order to determine the optical transmission profile of the filter as described herein.

{62157 The surface of the substrate supporting the filter coating may comprise an optically flat
surface. As used herein an optically flat surface encompasses having a wavelength to root mean
square {RMS) ratio that is surface sufficiently smali, such as having an RMS of no more than one or
more of lambda (1) over 5 (A/S), lambda () over [0 (W/10), for example. The specified wavelength
lambda (A} mayv comprise one or more of the shortest wavelength measured with the spectrometer,
longest wavelength measured with the spectrometer, or an average wavelength measured with the

spectrometer.
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[0216] Each of the components shown in FIGS. 19A to 19E may conmprise single piece optical
components. Each of the single piece optical components may comprise one or more of a filter
deposited on the substrate or a diffuser deposited on a substrate, and combinations thereof. One or
more single piece optical components can be assembled with one or more other components as
described herein to assemble the spectrometer. Alternatively or in combination, a lens can be
formed on the subsirate, the lens comprising one or more of a geometric lens with a curved surface, a
diffractive lens with echelettes formed on the substrate surface, a lens lithographically formed on the
substrate, a Fresoel lens, or a gradient index lens, and combinations thereof, for example.

{8217} F1G. 20 shows a schematic drawing of a cross-section of an exemplary spectrometer module
160 as described, comprising an array 330 of filter assemblies 300. The cross-section shows two
channels 177 of the support 176 configured to support the array 330, each channel configured to
direct light transmitted through each filter assembly 300 rowards the detector 190 as described
herein. The support 176 can comprise a plurality of shoulders 181 configured to support the filter
assemblies 300. Each filter assembly 300 comprises an optical substrate 305 and an optical filter
315 coupled to one side of the optical substrate. The optical substrate can be simple glass or a bulk
light filter, such as an infrared (IR)-pass filter glass. An aperture array 172 comprising a plurality of
apertures 194 is located on top of the array of filters 315, and a diffuser 310 is located on top of the
aperture array 172. A lens 335 is coupled to each filter assembly 300 on the side of the substrate 303
apposite the side coated with the filter 315.

[6218] The lenses 335 can be an array of refractive lithographic lenses grown at the uncoated side of
the substrate before the substrate is cut into individual filter assemblies. Alternatively or in
combination, the lenses can be an array of Fresnel lenses, either etched into the optical substrate
before the substrate is cat into individual filter assemblies, or built separately from a thin plate,
adhered to the optical substrate, and cut together with the substrate into individual filter assemblies,
as in wafer level packaging technigues. Other methods may be used for building lenses onto the
optical substrate, as known in the art. For example, technigues commonly used in the optical wafer-
level industry, such as using drops of glue with well controlled volumes to build the lenses, may be
used. The lenses can be configured such thar the diffuser is placed at the entrance pupil defined with
aperture plane of the lens.

[0219] Lenses that are attached to or built directly onto the filter substrate are not limited to the
configuration of FIG. 20, and may be incorporated with one or more spectrometer module

components and arrangements as described herein. The interference filter can be configured to
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account for the index of refraction of the lens that is attached to or formed on the substrate.
Transnission properties of the interference filter supported with the substrate comprising the lens
can change in relation fo the index of refraction of the substrate, and the interference filter can be
configured in response to the index of refraction of the substrate supporting the filter such as an
interference filter, for example.

{02281 The aperture array 172 as shown in FIG. 20 is configured to restrict the amount of light
passing through the filters 315 to areas of the filters that are functonal for the collection of light by
the lens 333 corresponding to each channel 177. Such a configuration can suppress the contribution
of stray light to detected light intensity. The size of each aperture 194 of the aperture array may be
configured to collect as much light as possible while inhibiting stray light transmission among the
aperture channels, in order to increase the signal-to-noise ratio of the spectrometer system as
described herein and with reference to FIGS 16B and 20, for example. The aperture array may
comprise a plurality of apertures having a uniform cross-sectional size, a pluraliry of apertures
having a plurality of different cross-sectional sizes, or a combination thereof. Apertures having a
plurality of different cross-sectional sizes may comprise, for example, circular apertures of different
diameters, or apertures having any other shape (e.g., star shape) to confrol the aperture area while
keeping the aberrations in the different channels similar.

{02211 An aperture array comprising a plurality of apertures having different sizes can be
advantageous in controlling the balance between the intensities of light collected by the different
channels in the filter array. Different channels of the filter array may provide light to the filter array
with different throughput, due to factors such as the illumination spectram intensity, image sensor
spectral response curve, and spectrometer system geometry. The balancing of the spectral
illumination intensity with the transmission efficiency of the filters can provide a more uniform
amount of intensity on the detector elements for an object with a uniform spectral response, e.g.
white, in order to increase the signal to noise rafio of the spectrometer. A channel with one or more
of a relatively lower light intensity or a relatively lower transmission efficiency may be provided
with an aperture of a relatively larger size, such that the intensity of the illumination of the detector
can be increased. A channel with one or more of a relatively higher light intensity or a relatively
higher transmission efficiency may be provided with an aperture of a relatively smaller size, such
that the intensity of the illumination on the detector array can be decreased. This balancing of the
intensities of different channels using apertures of different sizes, the light intensity detected by the

lower optical throughput channels may be increased without saturaring the signal detected by the
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bigher-efficiency channels. The light intensity detected by the relatively higher optical throughput
channels may be decreased without decreasing the signal detected by the relatively lower optical
throughput channels. Balancing the intensities of different channels can also help to balance cross-
channel disturbances, so that disturbances or cross-talk between the different channels can be better

compensated.

{02221 Modulated Light Beam
[6223] When performing spectroscopy in ambient lighting conditions, the reduction of noise, such as

that from ambient fight impingent on the detector can be helpful. An approach suitable for reduction
of noise is to record a “dark frame,” comprising a signal taken with the optical beam turned off, in
addition to a “probe frame,” comprising an signal taken with the optical beam turned on. The dark
frame represents a recording of the portion of the signal illumination that is due to exrernal sources,
such as ambient light. By subtracting the dark frame from the probe frame, a signal showing the net
effect of the optical beam can be isolated.

[0224] This approach can reduce noise but may not account for changes in ambient light intensity or
pattern over time in some instances. For example, if a probe frame is recorded followed by a dark
frame, the dark frame is supposed to represent the ambient light at the time the probe frame was
taken, but is a measuremnent of the ambient hight some time later. If the ambient light changed in
intensity or pattern during that time, the dark frame will fail to properly account for it, resulting in a
higher level of noise.

[0225] In some examples, to account for the possibility of changes in ambient lighring and other
sources of noise, more than one dark frame may be recorded. For example, two dark frames may he
recorded, one before and one after a probe frame. The average of the two dark frames will then be a
maore accurate approximation of the “true” dark frame that would have been recorded during the
probe frame, had the probe light not been turned on. In further examples, a plurality of dark frames
may be recorded and used to determine a trend in ambient noise, for example by fitting with a
polynomial curve or other suitable function. While this method of noise reduction will typically lead
to greater accuracy with greater number of dark frames, it also may lead to inefficient amounts of
data acquisition and processing.

[8226] Modalation effects of the light beam can be used to filter out noise from ambient sources. By
madulating the probe beam at a known frequency. then demodulating the recorded signal using the

same frequency as a reference, noise can be reduced. However, the choice of modulation frequency
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is helpful. Noise sources that vary at frequencies close to or the same as the chosen modulation
frequency may provide less than ideal results. Thus, if a modulation frequency is chosen that
matches the characteristic frequency of some ambient source, demodulation may fail to effectively
eliminate that noise.

{6227} FIG. 21 shows an exemplary noise spectrum 2100 that may be the result of ambient light as
measured by a detector apparatus. The curve 2101 demonstrates a characteristic 1/f noise curve
2102, and which may be due to ambient light changes as well as intrinsic noise sources in the device.
Also illusirated are noise peaks 2103 and 2104 at 100 Hz and 120 Hz. These peaks may be due to
tlicker at those frequencies, from light sources such as tluorescent or incandescent lighting, for
example. Choosing a modulation frequency near either peak 2103 or 2104 will result in a noisier
signal, as will choosing low modulation frequency subject to 11 noise 2102. The spectrometer
cirenirry as disclosed herein can be configured 1o emit a modulation frequency 2105 that decreases
overlap with noise peaks. The light beam modulation can be configured in response to the available
sensor frame rate.

[0228] The light source may be configured to provide the modulated optical beam incident on the
sample with an illuminance (F.) of no more than about 100,000 Jux (Im/m?), or within a range from
ahout 20 lux (Im/m?) to about 100,000 fux (m/m?). The light source may be configured to provide
the modulated optical beam incident on the sample with an irradiance of no more than about 100
mW/cm’, or within a range from about 0.1 mW/em® to about 100 mW/em’,

{62297 FIG. 22 illustrates a method 2200 of measuoring a spectrum, by which frequencies may be
used to inhihit one or more of ambient noise, intrinsic noise. or other sources of noise. In some
method 2200 may be performed automatically by a processor associated with a computer readable
memory, and coupled to the spectrometer with communication circuitry. In some cases, method
2200 mayv be performed as calibration step to select modulation frequencies for future use, and in
sorne cases method 2200 may be performed during operation to determine modalation frequencies
based on ambient conditions in use.

{02367 In step 2201, a noise spectrum is determined. This determination may be made by performing
a Fourier transform on a plurality of sequential dark frames. An FFT may be used to generate a noise
spectrum in this manner. The frequency resolution of this measurement will be proportional to the
number of frames used to generate it: for this reason, it may be desired to record a large number of
frames. The noise spectrum may in some cases identify pixel-by-pixel noise spectra, and may in

some cases identify noise spectra averaged over a plurality of pixels, including for example all
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pixels. Further implementations may record data at only a small number of pixels to increase the
speed at which frames may be recorded. Alternatively or in combination, the ambient noise
spectruom may be generated using measurements from an independent sensor. The noise spectrurn
generated by step 2201 may relate measured noise as a function of frequency, for example as
depicted in FIG. 21. The sensor data can be transmitted to a rerote server and the noise determined
and processed with the spectral data remotely, for example. The modulation of the measurement
beamn can be performed in response to instructions from the remote server. for example.
Alternatively, the modulation of the measurement beam may comprise preset instructions to avoid
sources of noise as disclosed herein.

[6231] In step 2202, one or more frequency bands are identified in which noise is relatively low.
These bands may correspond to local minima in the noise spectrum, as can be found for example by
a peak finding algorithm. In some cases, the frequency bands may be identified by finding local
maxima in the measured noise, then choosing frequencies that are at least a minimum desired
distance away from the noise maxima in order to substantially decrease noise. In many cases, it may
be preferred to choose a frequency high enough to avoid f noise, and this may be accomplished in
many ways, such as designaring a hand of low frequencies as undesirable, or by weighting a plurality
of candidate frequency bands to favor those at higher frequencies. In some cases, certam frequencies
may be pre-designated as undesirable; for example, frequencies near certain multiples of 50 or 60 Hz
may he designated as undesirable to avoid electronic or light noise doe to AC power sources,

{62327 In step 2203, a modulation frequency is chosen from one of the identified bands. This choice
may he made on a variety of bases, such as choosing the global minimuwm of noise, or choosing the
maximum distance from neise maxima, or choosing among a set of local minima, for example. The
chosen frequency may further comprise a set of chosen frequencies, which may be vseful, for
example, when multiple hght sources are to be modulated at different frequencies. When choosing
more than one frequency, the chosen frequencies may be selected from a set of frequencies within
one band, of from more than one band, and the differences in frequencies may be adjusted to
improve accuracy in future demodulation,

[0233] In step 2204, the chosen frequencies are assigned to be used in modularion. This assignment
may be performed automatically by setting a variable modulation frequency to a chosen frequency,
and rmay in some cases involve an optional user confirmation. This step may also be performed by
defining a fixed set of frequencies for future use, for example in the process of manufacturing the

spectrometer.
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[6234] Io step 2205, the one or more chosen frequencies are used 1o modulate one or more light
sources, for example, in Frequency Division Modulation. By recording images or other sensor data
taken during light modulation, then demodulating the recorded data, detected signals may be
retrieved, allowing each light source to be identified by its comresponding frequency. When multiple
different light sources are used, such as a plurality of LEDs, each light source may be modulated at a
different frequency. In some cases, the different frequencies may be selected from separate bands,
and in some cases one or more frequencies may be selected from the same band.

[6235] In step 2206, the user directs the spectrometer at a sample. This allows the modulated light
sources to illuminate the sarople.

[6236] In step 2207, the user directs the detector of the spectrometer to view the illuminated sample.
This step may inchude the user confirming that the modulated light sources are illuminating the
correct portion of the sample, as well as confinming that the sample is within the field of view of the
detector.

f0237] In step 2208, the spectrometer records signals such as images to measure the light scattered
from the sample. In some cases, this measurement will comprise a plurality of signals. Data
representing these signals may he stored in memory for processing, processed on-the-fly, or
processed remotely as described herein.

[6238] In step 2209, the associated processor processes the measured light. This step may include
ome or more demodulation steps for each modulation frequency, to recover a spectrum corresponding
to each modulated light source while eliminating noise. This may alternatively or additionally
include a step of subtracting a recorded dark frame, or a combination of multiple dark frames, from
one or more recorded signals. This step allows the isolation of one or more signals corresponding to
one or more light frequencies.

[0239] In step 2210, one or more spectra are determined from the signals isolated mn step 2209,
These spectra may correspond to measured powers at one or more frequencies of emitted and/or
scattered light. In some cases, the spectra may be corrected for the relative strengths of different
illuminating beams; for example. the amplitudes corresponding to each of a plurality of light sources
may be divided by the intensities of each respective light source, then combined to create a
normalized spectrum.

[82481 Another method of modulation that may alternatively or additionally be employed involves
spatial recording of modulation data. In sensors such as CMOS sensors comprising a rolling shutter

architecture, the rolling shutter may be exploited to allow modulation at frequencies much higher
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thao the sensor frame rate. Because a rolling shutter exposes different pixel columns to incident light
at different times, a single frame such as an image frame may comprise a spatial encoding of time
information.

{6241} Each pixel colunn may then be treated as an independent frame measurement, separated by
an amount of time given by the rate at which the shutter exposes pixels. A spatial Fourier transform
along the direction of shutter movement may then be used to extract frequency information, giving a
column of [requency spectra, one for each row of pixels. When perflormed on one or more dark
frames, this sequence of measurements may then be used in conjunction with method 2200 o
achieve a noise spectrunt at higher frequencies and/or with fewer frames recorded. Similarly, use of
a rolling shutter in conjunction with a probe beamn may allow spectroscopy to be performed with
high modulation frequency, due to the high effective frame rate. Because rolling shutter
measurements encode temporal data spatially, light with substantial spatial inhomogeneity may give
rise in some cases to false frequency measurements. For this reason, rolling shutter measurements is

most usefol in situations where incident light is more spatially uniform.

[0242] Support Array
[0243] Referring again ro FIGS. 7-9 and 16A-B, a compact spectrometer as described herein may

comprise a plurality of optical channels 177, each channel corresponding to a filter of a filter array
170, a lens of a lens array 174, and a sensor area of an image sensor 190, A support array 176,
comprising the plurality of optical chapnels, cap be placed between the Jens array and the image
sensor to provide the correct separation distance between the lens array and the image sensor, and to
prevent stray light from entering or exiting each channel. as described herein. As best seen in FIGS.
8 and 9, each channel 177 of the support array 176 can be defined by a first opening 1771 adjacent
the lens array, a second opening 1772 adjacent the image sensor, and a channel wall 179 extending
between the first opening and the second opening. Each channel can provide a controlled Hght path
from the lens to the sensor, wherein the channel wall may be configured to absorb light (e.g., via
hlack coating) such that light does not pass between channels or reflect back from the wall into the
channel. Light exiting from the second opening of each channel can reach a sensor area, wherein the
SenSOr area may comprise one or more sensor elements configured to detect the hight exiting the
channel.

{6244} The spectrometer can be configured to inhibit cross-talk. Referring again to FIGS. 7-9 and

16A-B, a channel 177 may extend from the lens array 174 to a stopper mounting 178, wherein the

55

68



WO 2016/125165 PCT/IL2016/050130

stopper mounting secures the support array 176 to the image sensor 190, In this configuration, the
second opening 1772 of each optical channel is separated from the image sensor by a distance
substantially corresponding to the thickness of the stopper mounting, such that the wall each channel
does not extend all the way to the image sensor. Consequently, light exiting from the second
opening of a channel may not only reach the sensor area corresponding to the channel, but may also
“crosstalk” or reach 1nto one or more adjacent sensor areas corresponding o one or more
neighboring channels. The extent of the crosstalk between adjacent channels may be controlled by
cantrolling the distance between the channels and the image sensor, for example by vacving the
thickness of the stopper mounting.

[6245] FIG. 23 schematically illustrates the crosstalk between channels detected by an image sensor
as described herein. The image sensor 190 can comprise a plurality of sensor areas 1901 configured
to detect fight arriving at the image sensor throngh the phlurality of channels formed by the support
array. Hach sensor area 1901 can comprise an tmaging portion 1902 comprising the sensor elements
from which data is collected. As shown in FIG. 23, the imaging portion can have a round or
substantially circular shape, to match a round or substantially circolar shape of the second opening of
the channel facing the image sensor. Light exiting from the second opening of each channel may hit
the image sensor in a pattern 1903, whose area can depend on the distance between the second
opeming of the channel and the image sensor area. As this distance is increased, the area of the
pattern of light incident on the image sensor can increase. As this distance approaches zero, the area
of the pattern of light incident on the image sensor can approach the area of the second apening of
the channel. The distance between the second channel opening and the image sensor may be
adjusted and configured such that light exiting from one channel hits the image sensor with a pattern
1903 that does not overlap with the imaging portions of sensor areas corresponding to neighboring
channels, as shown in FIG. 23. In such a configuration, even though there is some crosstalk at the
image sensor hetween adjacent sensor areas corresponding to neighboring channels, this crosstalk 18
fimited to non-imaging portions 1904 of the image sensor, disposed about the periphery of the
imaging portions.  The non-imaging portion 1904 may comprise a portion of the sensor array from
which sampled pixels are excluded from the analysis of the spectral data. Since the siray light from
adjacent channels does not encroach the imaging portion that forms the image of the detected hight
from one channel, interference among signals detected from different sensor areas of the image

sensor can be inhibited, for example minimized.
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{6246} In the example shown in FIG. 23, the iinage sensor 190 may have a length within a range
from about 3-6 mm, for example about 4.8 mum, and a width within a range from about 2 mm to
about 4 mun. for example about 3.6 mm. The image sensor may comprise an array of 12 sensor areas
1901, each having a circular, central imaging portion 1902 with a diameter of about 0.8 mun. Each
imaging portion may be separated from an adjacent imaging portion a distance within a range from
about 0.3 {0 about | mm, for example about 0.8 mm. The distance between the second openings of
the channels and the image sensor may then be configured such that light exiting from the second
opening of a channel hits the image sensor in a circular pattern 1903 having a diameter of about 1.6
pun. I this way, the pattern of light from one channel incident on a sensor area may cross over into
only non-imaging portions of adjacent sensor areas.

{6247} Increasing the area of the imaging portion of each sensor area can have important advantages
for a compact spectrometer as described herein. For example, larger imaging portions can allow
fight of higher angles of incidence to be derected by the image sensor, thus extending the spectral
range covered by each optical channel. However, in configurations as described wherein the channel
walls do not extend all the way to the image sensor, the size of each imaging portion of a sensor area
can be limited by the crosstalk between channels. For example, in the configuration shown in FIG.
23, increasing the area of the imaging portion 1902 of each sensor area 1901 would result in the
mcrease in interference among signals detected from different sensor areas of the image sensor, due
to the crosstalk between adjacent sensor areas.

[6248] To increase the area of imaging portions of an image sensor without increasing crosstalk
hetween optical channels, a support array may be configured such that the channel walls extend all
the way to the image sensor. FIG. 24 A shows a cross-sectional view of an optical subassembly
comprising an exemplary embodiment of a support array. The optical subassembly 165a comprises
a filter matrix 170, aperture array 172, lens array 174, and image sensor 190 as described herein.
The optical subassembly further comprises a support array 1762 having a plurality of optical
channels 177a, each optical channel defined by a first opening 1771a adjacent the lens array, a
second opening 1772a adjacent the image sensor, and a channel wall 179a extending between the
first opening and the second opening. As shown, the channel walls can extend all the way to the
image sensor, such that each channel is optically 1solated from other channels through the entire light
path from the lens array to the image sensor. In this configuration, light exiting each channel from
the second opening 1772a directly hits the corresponding sensor area of the image sensor, such that

the pattern of light incident on the sensor area can substantially correspond to and match the size and
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shape of the second opening of the channel. FIG. 24B schematically ilustrates the light pattern
detected by the image sensor for the support array configuration of FIG. 24 A. As shown, the pattern
1903a of light incident on each sensor area 1901 of the image sensor 190 does not overlap with the
patterns of light incident on adjacent sensor areas. Thus, the imaging portion 1902a of each sensor
area can be increased in size to substantially overlap with the area of the pattern of light incident on
each sensor area, and the area of non-imaging portions 1904a of the image sensor can be
substantially reduced.

[6249] Alternatively to or in combination with extending the channel walls all the way to the image
sensor, a support array may be modified in shape to further increase the size of the imaging portions
of the image sensor. As described herein, each channel of a support array may comprise a first
opening adjacent the lens array, a second opening adjacent the image sensor, and a channel wall
extending hetween the first opening and the second opening. Both the first opening 1771 and the
second opening 1772 of each channel 177 may be round or substantially circular in shape, thereby
defining a substantially cylindrical channel therebetween, for example as shown with reference
FIGS. 8-9. In many embodiments, the first opening adjacent the lens array can be round in order to
provide an aperture stop to control the optical performance of the system. The second opening
adjacent the image sensor may have any shape, which can be optimized to maxinuze the area of the
imaging portions at the image sensor.

{62587 FIGS. 25A-C illustrate an exemplary examples of a support array comprising channels
having rectangular openings facing the timage sensor, for example square-shaped openings facing the
image sensor. FIG. 25A shows a sectional view: FIG. 258 shows a fop view; and FIG. 25C shows a
bottom view of the support array 176b. The support array 176b comprises a plurality of channels
177h each defined by a first opening 1771h facing the lens array, a second opening 1772b facing the
image sensor, and a channel wall 179h extending between the first apening and the second opening.
As illostrated 1 FIG. 25B showing the top view of the support array 176b, wherein the top view
comprises the view from the lens array side, the first opening 177 1b may have a round shape to
provide an aperture stop at the lens. As shown in FIG. 25C showing the bottom view of the support
array 176b. wherein the bottom view comprises the view from the image sensor side, the second
opening 1 772b may have a rectangular or substantially square shape, for example. Accordingly, the
channel walls 179b may transition from a round shape to a rectangelar or square shape over the

length of the channel.
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{6251} FIG. 23D schematically illustrates the light pattern detected by the image sensor for the
support array configuration of FIGS. 25A-C. Light exiting from the square-shaped second openings
of the channels can create substantially a sguare-shaped pattern 1902b of light on each sensor area
1901 the image sensor 190. Accordingly, the image sensor can be configured to have square-shaped
imaging portions 1903b to detect the intensity of the incident light having the square-shaped
patterns. A square-shaped imaging portion can have a larger area compared to a round-shaped
imaging portion of an image sensor having approximately the same size and number of sensor areas
(such as imaging portion 1902a of FIG. 24B). The square images thus created on the image sensor
can provide additional information compared to round tnages created by round-shaped imaging
portions, for example at the corners of the square images. This additional information can increase
the spectral range of light detected at each sensor area, since the additional area of the square-shaped
imaging portions can capture incident light with higher angles of incidence. In embodiments
wherein the channel walls extend all the way to the image sensor, the square-shaped pattern of light
incident on the image sensor can have an area that is similar to the area of the second opening of the
channel, such that the pattern of light on each sensor area does not overlap with the patterns of Tight
incident on adjacent sensor areas. Thus, the imaging portion 1903b of each sensor area can be
increased in size to substantially overlap with the area of the pattern of light incident on each sensor
area, and the area of non-imaging portions 1904b of the image sensor can be substantially reduced.
{02521 While the spectrometer can be configured in many ways, the filter and lens array as described
herein can he configured to provide an annular spectral pattern 2500 on each rectangular sensor area.
For example, the filters many comprise interference filters with coatings or etalons and combinations
thereof. The annular spectral pattern may comprise annular variations in intensity 2510
corresponding to spectral lines of the spectrum from the ohject. The annular patterns may comprise
segments 2520 extending into the corner portions of imaging portion 1903h of each sensor area.
These annular segments provide additional spectral data and information that can increase the
resolution of the spectrometer. The processor coupled to the detector can be configured to receive
the spectral data from the corner portions. The processor as described herein can be configured to
measure the spectrum of the object in response to the annular segments extending into the corner
portions of the imaging portions. The processor may comprise a remote processor such as a cloud
based server, for example.

{6253} FIG. 26 shows an oblique view of an exemplary optical module assemibly of a compact

spectrometer. The optical module assembly 2600 comprises a spectrometer head 120 and a control
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board 103 as described herein, wherein the spectrometer head is configured to measure a sample
material, and the circuit board is configured to receive data from the spectrometer head and transmit,
store, and/or analyze the data. The spectrometer head comprises a spectrometer module 160 and an
illumination module 140, and may optionally comprise a sensor module 130 as described herein.
For example, the spectrometer moduie may comprise a filter matrix, lens array, and a 2-dimensional
image sensor as described herein, wherein the lens array may be coupled to the image sensor via a
support array comprising a plurality of channels having round-shaped openings [acing the lens array
and square-shaped openings facing the image sensor, as described herein. The data generated the
imaging portions of the image sensor may be transmitted to the circuit board for processing. The
control board 105 may comprise circuitry to process the signal from the sensor as described herein.
A flex circuit board may extend from the spectrometer head 120 to the control board 105. A support
comprising an extension can extend berween the spectrometer head and control cireuitry.
Alternatively or in combination, the processor circuitry can be mounted on the flex printed circuit

board, for example.

[6254] Lateral diffuser

[0255] Referring again ro FIG. 1A, in some cases, light emanating from a sample § can reach the
mput port of the spectrometer module 160 (e.g., spectrometer window 162} such that the sample
fight is distributed evenly or unevenly across the front surface of the input port. The sample light
may include Hight originated from the integrated light source of the spectrometer (e.g., at least a
portion of the optical beam 10 generated by the illumination module 140 that is reflected back by the
sample), and/or hight originated from the environment (e.g., ambient light). The light that is
originated from the integrated light source and reflected from the measured sample may be affected
by various geometrical deviations related to the measured sample and/or configurations of the
spectrometer. For example, the geometrical deviation may comprise uneven light distribution across
the surface of the spectrometer input port, or different angles of incidence of the sample Hght with
respect to the surface of the input port.

[0256] Sources of geometrical deviations may include, for example: 1) Differences in distances
between various portions of the sample and the integrated light source of the spectrometer, combined
with differences in distances between the illuminated portions of the sample and different locations
of the spectrometer input port (differences in distances hetween various portions of the sample and

the light source lead to uneven illumination of the sample surface, especially as the distance between
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the sarple surface and the light source decreases; differences in distances between illuminated
portions of the sample and the spectrometer input port leads to uneven distribution of input light
intensity across the input port, especially as the distance between the sample surface and the light
source decreases): 2} Uneven reflection of light from sample may cause uneven spread of light
across the front surface of the spectrometer input port; 3) Measuring a sample while holding the
spectrometer tilted with respect to the sample surface; 4) Dirt and particles on the outside surface of
the spectrometer input port. blocking some of the incoming light with a non-uniform geometrical
distribution; 5) Uneven illwmination when using the device with various accessories. One or more of
these reasons, in addition to various other reasons not listed, may result in geometrical deviations of
fight incident on the spectrometer input port.

[0257] Disclosed herein are methods and devices for spatially spreading the incoming sample light
hefore the light reaches the optical detector of the spectrometer, to improve the uniformity of the
spatial distribution of light on the detector. For example, the methods and devices can spatially
distribute the light from the sample substantially evenly across a front surface of the spectrometer
configured to receive the light. such as across a lateral dimension of a filter array. The substantially
even spatial distribution of light can be uniform across the front surface of the spectrometer to within
ahout 25%, or to within about [0%. For example, light can be distributed substantially even across a
lateral dimension of the filter array such that the light transmitted to each filter of the filter array can
he substantially homogenous with respect to the spatial distribution profile. These methods and
devices may be incorporated with any embodiment of a compact spectrometer as described herein.
[0258] FIGS. 27A and 278 schematically illustrate the lateral distribution of light transmitted
through one or more cosine diffusers 2700. In some cases, the spectrometer may comprise one or
more cosine diffusers configured to receive the input light from the sample and transmit diffuse
light. For example, a single cosine diffuser may be placed adjacent to or may he attached to the front
or back surface of the spectrometer input port {such as spectrometer window 162 shown in FIG. 1A
and FIG. 7), to spread the inpur light emanating from the sample before the light enters the
spectrometer module. The cosine diffuser may comprise a thin flat polyimer, an engineered diffuser,
or any other type of diffuser known in the art, preferably having a Lambertian transmirtance
function. FIG. 27A illustrates the configuration with a single cosine diffuser 2700, wherein the
incident light 200 from the sample impinges on front or outer input surface 2703 of the cosine
diffuser that faces the sample. Light is transmitted through the diffuser such that diffuse output light

205 exits the diffuser from the back or inner output surface 2710 of the diffuser that faces away from
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the saraple. For example, cosine diffuser 2700 may be equivalent to first diffuser 164 as shown in
FIG. 7, wherein light from the sample enters the spectrometer module 160 through the spectrometer
window 162 and is transmitted through the diffuser 164 to enter the lght filter 188 and/or remaining
optical components of the spectrometer module. As illustrated in FIG. 27A, the distribution of the
transmitted diffuse light can be substantially Lambertian, such that the light is scattered to all
directions of the hemisphere above the output surface. An ideal or perfect Lambertian diffuser
would have a true cosine function output, wherein the incident light is scattered equally to all
directions of the hemisphere on the side of the outpur swface 2710, However, existing Lammbertian
diffusers typically do not have an ideal or perfect Lambertian output due to one or more of many
reasons. For example, depending on the diffusing properties of the diffuser, some of the input light
may be transmitted through the diffuser without scattering, such that input light of a certain angle of
incidence may translate to output light having a corresponding angle of transmission. Additionally,
the output angles of the transmitted diffuse Hight may not have a true cosine disrribution. Therefore,
the distribution of output light from the diffuser may have a relatively higher intensity ar small
angles of transmission (e g, perpendicular to the diffuser surface), and relatively lower intensity at
large angles of transmission (2. g., 457 with respect to the normal 1o the diffuser surface),

[0259] FIG. 278 illustrates a configuration with two cosine diffusers 2700a and 2700b.
Incorporating two or more cosine diffusers into the spectrometer can help reduce the vaniation in the
lateral distribution of output light across a width 2715 of the diffuser, thereby providing a more
laterally uniform distribution of diffuse output light. For example, as shown in FIG. 278, the output
fight 205a from the first cosine diffuser 2700a can be have a relatively narrow lateral distribution
that is focused about the location 2720 on the first diffuser where the incident light 200 impinges on
the first diffuser. The diffuse output light 2035a from the first diffuser can subsequently enter the
second diffuser 2700b at various locations across the width of the diffuser, such that the output light
205b from the second diffuser can have a relatively wider lateral distribution.

{62687 Output light 205b from the second diffuser can have an intensity distribution that varies
acrass the width or the area of the diffuser. For example, output light exiting the second diffuser at
locations relatively farther from the location 2720 on which the incident light 200 impinges on the
first diffuser can have a relatively lower intensity compared to output light exiting the diffuser at
locations relatively closer to the focation 2720. To reduce this spatial variation in the intensity of
output light, the separation distance 2717 between the two diffusers can be increased. The

spectrometer can be configured with two or more diffusers that are separated by a distance 2717 that
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is greater than or substantially similar to a width of the desired light output area. For example, the
two diffusers can be separated by a distance that is approximately half of the output lateral
dimension of the filter array (e.g., half of the width of filter matrix 170 shown in FIG. 7: ~4-Smm in
some exemplary configurations), but greater than 3 times the lateral dimension of the lens aperture
{e.y., diameter of an aperture 194 of the aperture array 172, as shown in FIG. 9; ~0.8mm in some
exernplary configurations). Greater separation distance between the diffusers can provide better
uniformity in the intensity distribution of the output light. Grealer separation distance between the
diffusers can also result in decreased overall intensity of the output light. One exeraplary
configuration of the first cosine diffuser 27(0a and second cosine diffuser 2700b in an optical stack
is shown in FIG. 7. The first cosine diffuser 2700a may correspond to the first diffuser 164, and the
second cosine diffuser 2700b may correspond to the second diffuser 166, wherein a light filter 188
or other optical component may be disposed between the two cosine diffusers in the optical stack in
order to place the two diffusers at a desired separation distance. The light filter 188 or other optical
component positioned between the two cosine diffusers may have a thickness that matches a desired
separation distance between the two diffusers to achieve a specific lateral distribution profile.
[0261] The spectrometer can be configured with more than two cosine diffusers, such as three or
more diffusers, arranged sequentially along the optical path of the light from the sample.

[6262] Alternatively or in addition to the cosine diffusers as shown in FIGS. 27A-B, which can
angularly distribute transmitted diffuse light in a cosine manner, lateral diffosers configured to
spatially distribute light in the lateral dimension can also be incorporated into the spectrometer. A
lateral diffuser can be configured to receive input light having a first lateral distribution along a
fateral dimension of the diffuser (e.g., width of the diffuser), and transmit output light having a
second lateral distribution that is greater than the first lateral distribution. A lateral diffuser can have
a greater thickness and/or comprise microstructures configured to diffuse incoming light lateraily
across its width.

{62637 FIG. 27C illustrates an exemplary configuration of a lateral diffuser 2750. The lateral
diffuser 2750 may comprise a support material 2755 and a plurality of scattering structures 2760
disposed within the support material. The refractive index of the scattering structures may be greater
than the refractive index of the support material surrounding the scattering structures, in order to
effectively scatter the light that impinges upon each scattering structure. For example. the support
material may comprise a plurality of plates made from transparent resin, and the plurality of

scartering structures may comprise a plurality of particles having a refractive index greater than the
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refractive index of the resin to efficiently scatter the incident light. Alternatively, the lateral diffuser
may comprise a porous diffuser wherein the support material comprises

polytetrafluoroethylene (PTFE/Teflon®), polystyrene, or other diffusive material, and the plurality of
scattering structures comprises a plurality of pores. The plurality of scattering structures may be
non-overlapping or partially overlapping.

[0264] The diffusivity of a lateral diffuser and hence the extent of lateral distribution of input light
exiting the lateral diffuser may be controlled by varying one or more of the refractive index of the
scattering structures, refractive index of the support material, the size of the scatrering structures, the
number or density per unit volurne of the scattering structures, and the overall thickness of the
diffuser. The thickness of the lateral diffuser and the size and density of the plurality of scattering
structures may be arranged such that a majority of light exiting the lateral diffuser is scattered by at
feast two light scattering structures. One or more properties of the lateral diffuser can be controlied
to configure the diffuser such that for input light having any full-width half maximum (FWHM)
value, the FWHM of the output light is in a range which is relatively large compared to the size of
each optical channel or each filter of the filter array. For example, in a lateral diffuser having a
thickness of ahout 100 um, comprising scattering particles having a diameter of about 10 um at a
particle copcentration of about 2.5%, assuming ideal scatter wherein the hight is very efficiently
scattered in substantially all directions, input light of any spot size may result in output light having a
FWHM of at least about (.3 mm.

{6268} In operation, the input light 200 incident on the input surface 2765 of the lateral diffuser hits
one or more of the plurality of scattering structures as the light is transmitted through the diffuser.
The scattering structures can scatter the incident light in a plurality of directions, as shown in FIG.
27C, and the scattered light can subsequently hit one or more additional scattering stroctures before
exiting the diffuser from the output surface 2770. The input light can eventually exit the diffuser
from the output surface 2770 at various locations along the width 2775 of the diffuser depending on
their direction of scatter. Thus, the input light 200 impinging upon the input surface of the lateral
diffuser at a first location 2780 along the width of the diffuser can eventually exit the diffuser from
the output surface at a plurality of locations along the width of the diffuser (e.g., second location
2782, third tocation 2784, fourth location 2786, and fifth location 2788), such that the transitted
ditfuse light is scattered along the lateral dimension (e.g., width of the diffuser).

[0266] For example, the input light can hit a first scattering structure 276{}, scattering the fight in a

first direction 201a and in a second direction 201b. The light scattered in the first direction 2012 can

64

7



WO 2016/125165 PCT/IL2016/050130

subsequently hit a second scattering stucture 2760b, and light scattered in the second direction 201b
can subsequently hit a third scattering structure 2760c. Light impinging on the second scattering
structure 27600 can scatter in a plurality of directions and exit the diffuser from the output surface
2770 at the second location 2782 and third location 2784 along the width of the lateral diffuser.
Light impinging on the third scattering structure 2760c can be further scattered in a first direction
2602 a and a second direction 202b. The light scattered in the first direction 202a can hit a fourth
scattering structure 2760d, subsequently scatter in another direction (o hit a fifth scattering structure
2760e, then exit the diffuser from the output surface 2770 at the fourth location 2786, The light
scattered in the second direction 202b can hit a sixth scattering structure 2760f, and subsequently
scatter in another direction to exit the diffuser from the output surface at a fifth location 2788.
{02671 Examples of commercially available lateral diffusers and additional details regarding the

principle of operation of a lateral diffuser as herein described may be found on the Internet, for

example, ar fttprivwe entive contedenglishfproduct hun (Entire Technology Co. 1LTD diffuser

plate) and hirpfarww chimeicorp comfen-se/productsfelectronic-materialy/opticalgrade-diffuser-
plated (CHIMELI optical grade diffuser plate).

[0268] Optionally, a lateral diffiiser may also be a cosine diffuser, confignred ro angularly distribute
light according to a cosine function. To such a case, the same diffuser can both angularly and
spatially distribute input light, such that the profile of mansnutted diffuse light 1s substantially
uniform both along a spatial or lateral dimension, as well as in the angolar dimension,

[626%9] Referring again o FIG. 7, the first diffuser 164 and/or the second diffuser 166 may comprise
lateral diffusers, such as the lateral diffuser shown in FIG. 27C, configured to spatially distribute the
input light along the lateral dimension. The lateral distribution of Hight by one or more of these first
and second diffusers can improve the spatial uniformity of the sample light that enters the filter
matrix 170. As described herein with respect to FIG. 7, diffusers 164 and 166 may also be casine
diffusers configured to angularly distribute hight to generate output light having a substantially
Lambertian distribution. In configurations wherein at least one of these diffusers is also a lateral
diffuser, the thickness of the light filter 188 may be reduced, as less separation distance may be
needed between the first and second diffusers to spatially distribute output light along the lateral
dimension as described in reference to FIG. 27B. Both the first and second diffusers may be both
cosine and lateral diffusers configured to distribute hght angularly and spatially, or one of the two
diffusers may be cosine diffuser while the other may be a lateral diffuser. Alternatively, the

configuration as shown in FIG. 7 may be modified to have only a single diffuser that 1s both a cosine
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diffuser and a lateral diffuser. In such a configuration, the thickness of the fight filter 188 may be
significantly reduced as the light filter no longer needs to provide a separation distance between two
diffusers. Optionally, the light filter 188 may be eliminated altogether, with one or more other
optical components in the optical stack configured to provide the light-filtering function performed
by the filter 188, For example, the spectrometer window 162 or the filter matrix 170 may comprise a
material or coating configured to filter out wavelengths in the UV or visible region of the light
spectrumn.

{6278} One exemplary configoration of the first cosine diffuser 2700a and second cosine diffuser
2700b in an optical stack is shown in FIG. 7. The first cosine diffuser 2700a may cormrespond to the
first diffuser [64, and the second cosine diffuser 2700b may correspond to the second diffuser 166,
wherein a light filter 188 or other optical component may disposed between the two cosine diffusers
in the optical stack in order to place the two diffusers at a desired separation distance. The light
filter 188 or other optical component positioned between the two cosine diffusers may have a
thickness that matches a desired separation distance between the two diffusers to achieve a specific

lateral distribution profile.

[0271] Stray light reduction

[0272] FIG. 28 iHustrates an exemplary configuration of an optical stack of a filter array-based
spectrometer, and the passage of stray light through the optical stack to the detector. Optical stack
2800 can be a portion of a spectrometer module as described herein (such as spectrometer module
160 as shown in FIG. 7). The optical stack 2800 may comprise a diffuser 2805, a filter array 2810
comprising a plurality of filters 2812, an aperture array 2815 comprising a plurality of apertures
2817, a lens array 2820 comprising a plurality of lenses 2822, a support array 2825 comprising a
plurality of channels 2827 and a detector or image sensor 2830 comprising a plurality of sensor
areas 2832. Each optical component can be similar in many aspects to a corresponding, similarly
named optical component described elsewhere herein {e.g., diffusers 162 and/or 166, light filter 188,
filter matrix 170, aperture array 172, lens array 174, support array 176, detector 190, etc., as shown
in F1G. 7). The diffuser can be configured to receive light emanating from the sample being
measured with the spectrometer, the filter array can be configured to receive the light transmitted
through the diffuser, the lens array can be configured to receive the light transmitted through the
filter array, and finally the image sensor can be configured to receive the light transmitted through

the lens array. The aperture array can be disposed between the diffuser and the lens array, such that
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the light from the sample passes from the diffuser to the lens agay through the apertures of the
aperture array. The support array can be disposed between the lens array and the image sensor, such
that the light passes from the lens array to the image sensor through the channels of the support
array. The optical stack can comprise a plurality of optical channels 2835 corresponding to the
plurality of filters, apertures, lenses, channels, and image sensor areas.

[0273] Diffuse light transmitted through the diffuser can enter the optical stack at many angles.
Light that enters the optical stack at large angles with respect to the normal (o the plane of the optical
stack moay be retlected from one or more channel side walls defining the channels of the support
array, and reach the image sensor at unintended angles such that the light may be difficult to resolve
spectrally. Alternatively or additionally, light entering the optical stack at large angles may pass
from one channel to an adjacent channel, causing mixing of light between different optical channels
and consequently ambiguity in the spectral resolution of the input light. Arrow 2850 illustrates stray
fight caused hy the reflection of Hight from the channel side walis 2829 of the support array. Arrow
2852 illustrates stray light caused by the passing of light between adjacent channels.

[0274] The spectrometer can be configured in one or more of many ways to reduce or eliminate the
amount of stray light that reaches the image sensor. For example, the aperture array may comprise a
first aperture array layer and a second aperture array layer configured to Himit the angles of light that
can pass through the aperture array; the filter array may comprise an opaque material disposed
hetween adjacent filters: the channel side walls of the support array may comprise micro features
configured to redirect or absorb light having large angles: the support array may comprise channel
hottom walls having a central openings therethrough: the optical stack may comprise angle limiting
layers configured to limit the angles of light that enter the optical stack, such as a micro-louver film
or a prism film. Each of these elements or featores may be incorporated into a spectrometer as
descrihed herein alone or in combination with one or more other elements or features, to achieve the
desired reduction of stray Hght as well as improved light transnission efficiency.

[6275] Filter array with opague material, aperture arrav comprising two aperture agray lavers

{02761 FIG. 29A illustrates an optical stack comprising two aperture array layvers and an opagque
material disposed between adjacent filters of the filter array. Optical stack 2900 comprises a diffuser
28085, lens array 2820, support array 2825, and image sensor 2830 as described in reference to FIG.
28. The optical stack 2900 further comprises a filter array 2910 including an optional opague
material 2914 disposed hetween adjacent filters 2912 of the filter array. The optical stack 2900

further comprises an aperture layer 2915 comprising a first aperture array fayer 2960 and a second
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aperture array layer 2970, As showan, the first aperture array layer may be disposed between the
diffuser and the filter array, and the second aperture array layer may be disposed between the filter
array and the lens array. The first aperture array layer comprises a first plurality of apertures 2962,
and the second aperture array layer comprises a second plurality of apertures 2972 aligned with the
first plurality of apertures.

{02771 The opaque material 2914 can comprise any material configured to prevent cross-talk of light
between adjacent filters of the [ilter array, such as an opaque glue or coating configured to
substantially absorh light that impinges npon the material. Arrow 2952 shows light entering the
optical stack at a large angle of incidence, such that the light, if uninterrupted, would cross between
two or more adjacent filters while traveling through the filter array. In the configuration of FIG.
29A, the light hits the opaque material disposed between two adjacent filters, and is substantially
absorbed by the opaque material. Thus, the opaque material can prevent light entering the optical
stack at large angles of incidence from reaching the image sensor. While FIG. 29A shows the
opaque material 2814 used in combination with the two aperture array layer configuration, the
opaque material may also be used with any other configuration of the optical stack, such as the
single aperture array configurarion shown in FIG. 28.

[0278] The first and second aperture array layers can be arranged to block light entering the optical
stack at an angle of incidence outside a predetermined range that is deemed acceptable for the
normal operation of the spectrometer. Arrows 2950a and 2950b show light entering the optical stack
at the maximurm angle of incidence 2954 allowed to pass through the aperture array 2915, As
ithistrated in FIG. 20A, light entering the optical stack at angles smaller than or equal fo angle 2954
do not hit the channel side walls 2829 of the support array before reaching the image sensor. Thus,
the double aperture array layer configuration can preveat the reflection of light from the channel side
walls shown in FIG. 28

{02791 FIG. 298 schematically llustrates the passage of light through the first and second aperture
array layers of FIG. 29A. A first aperture 2962 of the first aperture array layer 2960 and a
corresponding second aperture 2972 of the second aperture array laver 2970 are aligned about a
common central axis 2917 of the first and second apertures. Arrows 2950a and 2950b show light
entering the optical stack at the maximum angle of incidence 2954 allowed to pass through the
aperture array 2915, The first aperture can have a first diameter 2963 and the second aperture can
have a second diameter 2973, wherein the ratio between the first diameter and the second diameter

may be adjusted to control the maximum angle of light allowed to pass through both apertures. For
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example, the first diameter may be greater than the second diamerter, the second diameter may be
greater than the first diameter, or the first diameter and the second diameter may be equal. The first
and second aperture arrays layers may separated by a separation distance 2919, The maximum angle
of incidence 2954 allowed to pass can be controlled by arranging the first and second aperture array
fayers according to the following equation:
-

¢ = tan ==
wheremn « is the maximum angle of incidence 2934 of light allowed to pass through the aperture
array, L is the first diameter 2963 of the first aperture, § 1s the second diameter 2973 of the second
aperwure, and D is the effective separation distance between the first and second aperture array
fayers, or the free-space separation distance 2919 divided by the refractive index of the medium.
Thus, one or more of the first diameter, the second diameter, and the separation distance may be
adjusted to achieve a predetermined, desired value of the maximum angle of incidence 2954, For
example, to achieve a maximum allowed angle of incidence of 40°, the first plurality of apertures
can be configured to have a first diameter of about 1mun, the second plurality of apertures can be
configured to have a second diameter of about 0.68mm, and the first and second aperture array
layers can be disposed at a separation distance of about | mm. In many cases, the predetermined
range for the angles of incidence of input light allowed to pass through the aperture array can be
from about -40° to about 40° with respect to the normal to the plane of the optical stack. Depending
on the specific configuration of the optical stack, the predetermined range can be increased to a
wider range (e.g., from about -30° to about 30°), or decreased to narrower range (e. 2., from about -
30° to about 30°).
[0281] FIG. 30A illustrates an exemplary configuration of a channel 2827 of a support array (e.g.,
support array 2825 shown in FIG. 28). The channel may have a frustum shape, such as the
substantially frustoconical shape shown in FIGS. 28 and 30A, wherein a top opening 3005 of the
channel is smaller than a bottom opening 3010 of the channel. Light 3050 entering the channel
through the top opening at an angle 3054 with respect to the normal to the plane of the top opening
that is outside a predetermined range of allowable angles may be reflected one or more times from
the channel side wall 3013 before exiting the channel through the bottom opening. For example,
light entering the channel at an angle 3054 that is greater than an angle 3020 (between a plane of the
channel side wall 3015 and the normal to the plane of the top opening) may be reflected one or more
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times from the side wall. The side wall can be configured to reduce an intensity of light by at least
about 90% after a single reflection of the light from the side wall. For example, the side wall can
comprise a material or a coating configured to absorb at least about 909 of Light hitting the side
wall.

[0282] FIGS. 30B and 30C illustrate horizontal cross-sections of exemplary configurations of the
channel of FIG. 30A. As shown in FIG. 308, the channe] 2827a can be defined by a continuous,
rounded side wall 3016, such that the horizontal cross-section of the channel forms a circle. In s
configuration, the light 3050 entering the channel at a large angle typically experiences a single
reflection 3052 from the side wall before exiting the channel. Alternatively, the channel can be
defined by two or more side walls connected at an angle relative to one another. For example, as
shown in FIG. 30C, the channel 2827b can be defined by three or more straight side walls 3017
connected at one or more angles relative 1o one another, such that the horizontal cross-section forms
a polygon. The polygon can have the shape a five-point star as shown in FIG. 30C, or can be any
other polygon comprising any number of sides. In this configuration, the hght 3050 entering the
channel at a large angle may experience two or more reflections 3054, 3056 from two or more side
walls hefore exiting the channel. Since each reflection of light from a side wall can result in the
ahsorption of greater than 90% of the light energy by the side wall, each additional reflection of light
can significantly reduoce the total amount of reflected stray light. For example, assuming that the
side walls 3017 of the channel 2827b of FIG. 30C absorb about 90% of the light hitting the side
wall, Tight 3050 entering the channel can be reduced to about 10% of its original power after a first
reflection 3034, and subsequently be reduced to about 1% of its original power after a second
reflection 3036. After two or more reflections, the stray light that reaches the image sensor, if any,
can typically comprise a very small amount of energy, thereby significantly reducing the effect of
stray Hght on the spectral resolution of input light.

[0283] The side walls of the plurality of channels may be configured to provide substantially
specular reflection of light from the side walls, for example by providing polished side walls.
Alternatively or in combination, side walls of the plurality of channeis may be configured to provide
substantially diffusive reflection of light from the side walls, such that the reflected light may be
scattered to many directions.

{02841 Support array channels comprising bottom wall with central opening

[6285] In the configurations shown in FIGS. 30A-30C, light entering the channel at an angle that is

outside a predetermined range of allowable angles may be reflected one or more times from one or
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more side walls of the channel, bui in many cases can still exit from the channel at a low intensity.
The channe! may be configured in a different way to prevent at least some of the stray light from
exiting the channel and traveling towards the image sensor.

{62867 FI1G. 31 illustrates a configuration of a support array channel 3100 comprising a bottom wall
3105 having a ceniral opening 31 10. The channel may comprise one or more side walls 3115
extending from a top end 3120 of the channel to a bottom end 3125 of the channel. The bottom wall
3105 can extend over the bottom end of the channel. The central opening 3110 can have an area that
is sinaller than the cross-sectional area of the channel at the bottom end. Light 3150a entering the
channe] at a large angle outside the predetermined range of allowable angles can hit an internal
surface of the bottom wall, such that the light s reflected back away from the bottom end and does
not exit the channel through the central opening. Alternatively, light 3150b entering the channel at
an angle outside the predetermined range can be reflected one or more times from the side wall of
the channe! and subsequently exit the channel through the central opening of the bottom wall, or he
reflected back from an internal surface of the bottom wall.

{0287} The performance characteristics of the channel comprising the bottom wall can depend on
the ratio between the cross-sectional area of the channel and the area of the central opening. large
ratios, corresponding to relarively larger areas of the bottom wall thar can block hight traveling
towards the bottom end of the channel, can allow a smaller range of angles of light 1o pass through
the channel. In exemplary configurations, the ratio between the cross-sectional area of the channel
and the aren of the central opening can be in a range from about 1.1 fo abour 1.5, in a range from
about 1.2 to about 1.4, or sbout 1.3, In one exemplary configuration, a channel may have an internal
diameter of about 576 um, and a center opening with a diameter of about 500 um, corresponding to a
ratio of about 1.33 between the cross-section area of the channel and the area of the central opening.
In some configurations, the cross-sectional area of the channe! may he increased by reducing the
thickness of the channel side walls.

[6288] Angle limiting laver

{62891 Alternatively to or in combination with one or more of the configurations discussed in
reference to FIGS. 29A-31, the spectrometer may further comprise an angle limiting layer
configured to restrict the angles of light allowed to pass from the diffuser towards the filter array.
(62981 FIG. 32A ilustrates an exemplary configuration of an optical stack 3200 comprising an angle
himiting layer 3205. Optical stack 3200 comprises a diffuser 2803, filter array 2810, aperture array

2815, lens array 2820, support array 2825, and image sensor 2830 as described in reference to FI1G.
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28. The optical stack 3200 further comprises the angle limiting layer 3203, which may be disposed
between the diffuser and the filter array as shown in FIG. 32A. The angle limiting layer may be
configured in one of many ways to selectively allow light having an angle of incidence within a
predetermined range to pass through the layer.

{6291} FIG. 32B schematically illustrates an exemplary angle limiting layer comprising a micro-
fouver film 3210. The micro-louver film 3210, having a thickness 3225, may comprise a plurality of
light transmissive sections 3215 and a plurality of light blocking sections ("louvers™) 3220, arranged
alternatingly along a length of the micro-louver film. Adjacent light blocking sections or louvers
may be separated by a distance 3230. The light transmissive sections can allow light to pass
therethrough, while the light blocking sections can substantially absorb incident light. Light 3250
entering a light transmissive section of the micro-louver film at a large angle outside of the
predetermined range of alfowahle angles can hit a light blocking section before exiting the micro-
fouver film, wherein the majority of the light may be absorbed by the light blocking section. Light
3252 entering a hight transmissive section at an angle within the predetermined allowable range can
exit the micro-louver film without hitting a light blocking section, thereby passing through to the
filter array.

{0292} The maxinum angle of incidence of light allowed to pass through the micro-louver film may

be calculated using the following equation:

I

@ = tan ?
wherein o 1s the maximum angle of incidence of light allowed to pass, D) is the distance between
adjacent Hight blocking sections, and T is the effective thickaess of the micro-louver film, or the free-
space thickness divided by the index of refraction of the filra. Thus, the maxiroum allowed angle of
incidence may be controlled by adjusting one or more of the thickness of the micro-louver film and
the distance between adjacent light blocking sections. For example, to achieve a maximum allowed
angle of incidence of 40°, assuining the light ransmissive sections of the micro-louver film have an
average index of refraction of about 1.3, the micro-louver filin can be arranged to have a thickness of
about 500 um, and a distance between adjacent light blocking sections of about 322 um. In many
cases, the predetermined range for the angles of incidence of input light allowed to pass through the
micro-louver tilnt can be from about -40° to about 40° with respect to the normal to the plane of the
optical stack. Depending on the specific configuration of the optical stack, the predetermined range

can be increased to a wider range {e.g., from about -50° to about 50°), or decreased to parrower
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range {e.g., froot about -30° to about 30%). An example of a commmercially available micro-louver

filmn suitable for incorporation with a spectrometer as described herein may be found on the Internet,

et peadris

ey

FORDBOG Smtine

vacy-filte

for example, at hitp/finultiieedia Sncondmwalmedia/

Hinedatiesheet pdi A LOFP. ABRD Cowergd Fiin DS pdf (3M Advanced Light Control Film),
{6293} FIG. 32C schematically illustrates another exemplary angle limiting layer comprising a prism
fitm 3240. The prims film may comprise an input surface 3242 configured to receive light from the
diffuser 2805 and an output surface 3244 configured to output the light transmitted through prism
film. The outpur strface may comprise a plurality of oicrostructures 3246, such as engineered
microstructures on a polymeric film. The plurality of microstructures may comprise a plurality of
pyramid shaped structures, as shown in FIG. 32C. The plurality of microstructures can be
configured to guide the light entering the prism film at large angles to exit from the film at a smaller
angle span. As light 3250 that has entered the prism film at a Jarge angle exits through the
microstructures, the angle of transmission of the output light can be maodified hy the microstructures,
such that the output light selectively comprises light having an angle of incidence within a
predetermined range of acceptable angles (e.g., -40° to 40° with respect to the normal to the plane of
the prism film). At least some of the light that enters the prism film at an angle of incidence outside
the predetermined acceptable range may be redirected or reflected, enabling reuse of the light and
thereby helping to improve the efficiency of the spectrometer. For example, as shown in FIG. 32C,
fight 3252 reaching a surface of a microstructure at a large angle may be redirecied by the
microstructure into an adjacent microstructure . Light 3254 reaching a surface of a microstructure at
a large angle may be reflected from the microstructure surface back towards the diffuser 2805,
wherein the light may be diffusively recyeled and fed back into the prism film.

{6294} To control the maximum angle of incidence of light allowed to pass through the prism film,
one or mare of the thickness of the film, the angle hetween adjacent microstructures, and the pitch of
each microstructure may bhe adjusted. For example, for a maximum angle of incidence of abouat 35°
with respect to the normal to the plane of the prism film, the prism film may be configured to have a
thickness of about 62 um. an angle of about 90° between adjacent microstructures, and a pitch of
about 24 um for each microstructure. To achieve better uniformity, the pitch of each microstructure
may be minimized. An example of a commercially available prism suitable for incorporation with a

spectrometer as described herein may be found on the Internet, for example, at

Bttpfmndtimedin dmcomdmwsimedia/ 1374080 kg

Thin Brightness Enhancement Film).
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[0295] Contrel of input light entering spectrometer module

{12961 In embodiments of the spectrometer comprising an integrated ilumination module, light
generated by the illumination module and directed towards the sample is generally reflected back
from the sample towards the spectrometer in a known, limited range of angles of reflection.
Accordingly, light that reaches the spectrometer module or optical stack of the spectrometer at
angles that are outside the known range of angles of reflection for the illumination light may be
assumed to have originated from sources other than the tHumination mwodule (e.g., ambient light,
stray light), and may be prevented from entering the optical stack in order to improve the spectral
resolution of sample light by the spectrometer.  For example, an optical shading configured to block
the undesired angles of light may be incorporated into the spectrometer. Alternatively or
additionally, a micro-louver film or a prism film as described herein may be incorporated into the
spectrometer. For example, referring again to the spectrometer module 160 shown in FIG. 7, the
angle-limiting film can be disposed between the sample and the first diffuser 164, so as to limit the
angles of input light that enter the optical stack. The angle-limiting film may be oriented such that
the film maximally transmits the desired range of angles. For example, in cases wherein the desired
range of angles are not centered about the normal to the spectrometer front face or plane of the
optical stack, a special micro-louver film may be used in which the louvers or ight blocking sections
are tilted at an angle that substantially matches the angle of the axis about which the desired range of

angles is centered.

[0297] The methods and apparatus disclosed herein can be incorporated with components from
spectrometers known in the art, such as spectrometers described in U.S. Patent No. 8.284 401, U.5.
Patent No. 7,236,243, U.5. Publication No. 2015/0036138, {1.5. Patent No. 9,060,113, and LJ.S.
Publication No. 2014/006 1486, the entire disclosures of which are incorporated herein by reference.
{62981 Although the detailed description contains many specifics, these should not be construed as
limiting the scope of the disclosure but merely as illustrating different examples and aspects of the
present disclosure. It should be appreciated that the scope of the disclosure includes other
embodiments not discussed in detail above. Various other modifications, changes and variations
which will be apparent to those skilled in the art may be made in the arrangement, operation and
details of the method and apparatus of the present disclosure provided herein without departing from

the spirit and scope of the invention as described herein.
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{62998} While preferred embodiments of the present disclosure have been shown and described
herein. it will be obvious to those skilled in the art that such embodiments are provided by way of
exarnple only. Numerous variations, changes, and substitutions will be apparent to those skilled in
the art without departing from the scope of the present disclosure. It should be vnderstood that
various alternatives to the embodiments of the present disclosure described herein may be employed
without departing from the scope of the present invention. Therefore, the scope of the present

invention shall be defined solely by the scope of the appended claims and the equivalents thereof.
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CLAIMS
WHAT IS CLAIMED I5:

I An apparatus to measure spectra of a sample, comprising;

a detector having a field of view to measure the spectra of the sample within the field
of view:

a light source to direct an optical beam to the sample within the field of view, whercin
a portion of the optical beam reflected from the sample is visible to a user.

2 An apparatus as in claim 1, wherein the portion of the optical beam reflected from the
sample visible to the user defines a measurement area of the sample,

3. An apparatus as in claim 1, further comprising a casing supported with the detector
and the light source, the detector and the light source arranged to fit within the casing, the casing
sized to fit within a hand of the user to allow the user to aim the spectrometer at the sample and
measure the sample.

4. An apparatus as in claim 3, further comprising a user input supported with the casing
and arranged for the user to aim the spectrometer and measure the sample with the user input
manipulated with the hand holding the spectrometer.

o An apparatus as in claim 4, further comprising circnitry coupled to the detector and
the light source, the circuitry configured to transmit the optical beam in response to the user input
with the hand holding the hand held spectrometer.

6. An apparatus as in claim 1, wherein the light source is configured in order to provide
the optical beam incident on the sample with an illuminance (E.) within a range from about 20 Jux
(Im/m~} to about 100,000 lux (Im/m”).

iz An apparatus as in claim I, wherein the light source is configured to provide the
optical beam incident on the sample with an irradiance within a range from about (.1 mW/cem? to
about 100 mW/em?.

8. An apparatus as in claim 1, the portion of the optical beam visible to the user
comprises a portion of a measurement beam to measure the spectra of the sample.

9. An apparatus as in claim 1, the portion of the optical beam visible to the user
comprises an aiming beam comprising one or more wavelengths corresponding to one or more

colors visible to the user.
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10.  An apparatus as in claim 9, wherein the one or more colors visible to the user
comprises one or more of red, orange, vellow, blue, green, indigo or violet.

1. An apparatus as in claim [, wherein the portion of the beam visible to the user
comprises a combination of visible wavelengths of light.

2. Anp apparatus as in claim 1, wherein the optical beam comprises an aiming beam and
@ neasurement beam arranged to iHuminate the sample within the field of view of the detector.

13, Anapparatus as in claim [2, wherein the detector comprises one or more {ilters to
inhibit transmission of the aiming beam and to transmit the measurement beam.

14. An apparatus as in claim 13, wherein the one or more filters comprises a plurality of
optical filters to inhibit transmission of a portion of the aiming beam reflected from the sample and
to transmit a portion of the measurement beam reflected from the sample.

I5. An apparatus as in claim 14, wherein the detector comprises a phurality of optical
channels, each of the plurality of optical filters corresponding to an optical channel, each optical
channel comprising a field of view

6. An apparatus as in claim 1, wherein the field of view comprises a plurality of
overlapping fields of view of a plurality of opfical channels and wherein the aiming beam and the
measurement beam are arranged to overlap with the plurality of overlapping fields of view on the
object.

17. An apparatus as in claim 1, further comprising a second light source to direct a
measurement heam toward the sample, the first light source comprising an aiming heam.

I8 Anapparatus as in claim 17, wherein the measnrement heam comprises an infrared
beam and the aiming beam comprises a visible light beam.

19, Anapparatus as in claim 1, further comprising:

one or more optics coupled to the light source to direct the optical beam toward the
sample.

20. An apparatus as in claim [9, wherein the one or more optics comprises one or more
of a mirror, a beam splitter, a lens, a curved reflector, or a parabolic reflector to direct the optical
heam toward the sample.

21, An apparatus as in claim 19, wherein the light source comprises a visible light source
to generate an aiming beam and a measurement beam light source to generate a measurement beam,

the one or more optics arranged to receive the aiming beam and the measurement beam and direct
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the aiming beam and the measurement bear toward the sample with the aiming beam and the
measurement beam overlapping on the sample.

22. An apparatus as in claim 21, wherein measurement beam light source comprises a
phosphorescent plate and the visible light source comprises one or more of a laser diode or an LED
emitting visible light energy having one or more wavelengths within a range from about 400 to 800
nim.

23.  Anapparatus as in claim 22. wherein the phosphorescent plate and the one or more of
the laser diode or the LED are arranged coaxially in order to transmit the measurement beao and the
aiming beam along a common optical axis.

24, Anapparatus as in claim 22, wherein the phosphorescent plate is positioned to receive
the visible light energy from the one or more of the laser diode or the LED and wherein the aiming
hearm comprises a portion of the visibie light energy wansmitted through the phosphorescent plate
and the measurement light heam comprises light energy generated with the phosphorescent plate.

25. An apparatus as in claim 21, wherein the measurement beam is configured fo
iluminate a measurement area of the sample and wherein the aiming beam is configured to
illaminate a visible area of the sample overlapping with the measurement area in order to display the
measurement area to the user.

26. An apparatus as in claim 25, wherein the visible area comprises from about 50 % to
about 150% of a measurement area.

27. An apparatus as in claim 23, wherein the visible area comprises from abouf 75% to
about 125% of the measurement area.

28. An apparatus as in claim 235, wherein the visible area comprises at least about 90% of
the measuremnent area.

29, An apparatus as in claim 235, wherein the visible area comprises at least ahout 95% of
the measurement area.

30, An apparatus as in claim 25, wherein the visible area comprises at feast about 99% of
the measurement area.

s An apparatus as in claim 21, wherein the one or more optics and the aiming beam and
the measurement beam are arranged to direct the aiming beam extending along an aiming beam axis
and the measurement beam extending along a measurement beam axis toward the sample, the aiming

beam axis co-axial with the measurement heam axis.
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32, Anapparatus as in claim 1, wherein the detector and the light source comprise
components of a spectrometer having a volume within a range from about tem?® to about 200 em®.
33 An apparatus as in claim [, wherein the detector and the light source comprise
components of a spectrometer having dimensions within a range from about 0.1 cmx 0.1l e x 2 em
toabout Semx Semx 10 em.
34, An apparatus as in claim 1, wherein the detector and the light source comprise
components of a spectrometer having a weight within a range from about 1 g to about 100 g.
35. An apparatus as in claiin 1, wherein the detector and the light source comprise
components of a spectrometer having an optical resolution of less than 10 nm.
36.  An apparatus as in claim 1, wherein the light source emits electromagnetic energy
comprising one or more of ultraviolet, visible, near infrared, or infrared light energy.
7 An apparatus to measure spectra of a sample, comprising:
a detector having a field of view ro measure the spectra of the sample within the field
of view:
a light source to direct an optical beam to the sample;
wherein the portion of the optical beam reflected from the sample visible to the user
defines a measurement area of the sample.
38. A method, the method of measuring spectra of a sample, the method comprising:
providing a detector having a field of view to measure the spectra of the sample
within the field of view;
providing a light source to direct an optical beam to the sample within the field of
view, wherein a portion of the optical beam reflected from the sample is visible to a user.
39. An apparatus to measure spectra of a sample, the apparatus comprising:
a filter array comprising a plurality of filters;
an aperture array comprising a phurahity of apertures; and
a lens array comprising a plurality of lenses:
wherein the filter array, the aperture array, and the lens array are positioned in series
such that incident light from the sample passes through the filter array, the aperture array, and the
lens array in order.
40.  The apparatus of claim 39, wherein the filter array and the aperture array are

configured such that there is no gap between the fiiter array and the aperture array.
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41.  The apparatus of claim 39, wherein spaces between the plurality of filters of the filter
array are filled with a material having an index of refraction similar to an index of refraction of a
substrate material of the filter array.

42, The apparatus of claim 39, further comprising a support array configured to support
and align the filter array, the aperture array, and the lens array.

43, The apparatus of claim 39, wherein the filter array is configured to have a top surface
and a bottom surface parallel to one another.

44.  The apparatus of claim 39, wherein the aperture acray comprises a plurality of
grooves on the surface of the aperture array facing the filter array.

45. The apparatus of claim 44, wherein the plurality of grooves comprises a plurality of
circolar grooves positioned about the circemiference of each of a plurality of apertures of the aperture
arcay.

46. A method of assembling an apparatus to measure spectra of a sample, the method
comprising:

providing a filter array, an aperture array, and a lens array:

coupling the filter array, the aperture array, and the lens array in series such that the
filter array, the aperture array, and the lens array are aligned in a fixed position relative to one
another.

47.  The method of claim 46, wherein the aperture array comprises a rigid material, and
the step of coupling comprises bonding the filter array to the aperture array via an adhesive,

48.  The method of claim 47, wherein the aperture array further comprises a plurality of
grooves on the surface of the aperture array facing the filter array, and step of coupling comprises
bonding the filter array to the aperture array such that excess adhesive is collected in the plurality of
grooves.

49, The method of claim 46, further comprising providing a glass plate configured to be
placed on top of the filter array, and wherein the step of coupling comprises placing the filter array
in contact with the glass plate such that the filter array is fixed in position.

50, An apparatus to spectrallv separate incident light, comprising:

two or more optical elements comprising one or more of an optical substrate, an
optical filter, or a diffuser;

wherein the two or more optical elements are coupled together.
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51.  The apparatus of claim 50, wherein the two or more optical components coupled

together comprise a single piece optical component.
The apparatos of clain 50, wherein one or more of the filter or the diffuser has been

52.
deposited on the optical substrate.
The apparatus of claim 50, wherein one or more of the filter or the diffuser is adhered

33.
to the optical substrate.
54.  The apparatus of claim 50, wherein the optical substrate comprises a lens.
55.  The apparatus of claim 50. wherein the optical substrate comprises one or more of a
clear optical substrate or a bulk light filter configured to block transnussion of at least a portion of

the incident light spectrum.
The apparatos of claim 55, wherein the bulk light filter is configured to block

56.
transmission of incident light having a spectrum that is outside of an operational range of a

spectrometer.
57.  The apparatus of claim 50, wherein the optical filter comprises an interference filter.
58.  The apparatus of claim 50. wherein the optical filter comprises a plurality of optical
filters, each of the plurality of optical filters configured to transmit a specific wavelength band based

on the incidence angle of the incident light.
The apparatas of claim 50, wherein the diffuser comprises a cosine diffuser

59.
configored to provide an ountput intensity of the incident light that is independent of the incidence

angle of the incident light.

60.

The apparatus of claim 50, wherein one side of the diffuser engages one side of the
optical substrate, and the optical filter is coupled to the diffuser.
The apparatus of claim 50, wherein one side of the diffuser engages a first side of the

61.
optical substrate, and the optical filter is conpled to a second side of the optical substrate opposite the

first side.

62. The apparatus of claim S0, further comprising a lens coupled directly to the optical
substrate, wherein the optical filter is coupled to a first side of the optical substrate, and the lens is

coupled to a second side of the optical substrate opposite the first side.
The apparatus of claim 62, wherein the lens comprises a refractive lithographic lens

63.
grown at the second side of the optical substrate, a Fresnel lens etched into the second side of the

optical substrate, or a Fresnel lens built separately and adhered to the second side of the optical

substrate.
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64, A spectrometer system, comprising:

a filter array comprising a plurality of filters, each filter comprising an optical
substrate and an optical filter:

an aperture array coupled to the filter array, the aperture array comprising a plurality
of apertures aligned with the plurality of filters of the filter array;

a diffuser coupled to the aperture array: and

a lens array comprising a plurality of lenses, each lens coupled to a filter of the filter
aray.

65, The system of claim 64, wherein the optical filter is located on a first side of the lens
array, the aperture array located on the first side of the filter array, the diffuser located on the first
side of the filter array, and wherein the lens array is located on a second side of the filter array.

06.  The system of claim 64, further comprising:

a plurality of optical components, each optical component comprising a substrate
supporting a filter of the filter array and a lens of the lens array; and

a support comprising a plurality of channels sized to receive each of the plurality of
single piece optical components, wherein said each of the plurality of optical components is located
in the plurality of channels.

67.  The system of claim 66, further comprising:

an aperture laver defining apertures of the aperture array; and

a diffuser layer comprising the diffuser in contact with the aperture layer;

wherein the plurality of channels comprises shoulders to support the plurality of
optical components, the shoulders located along the plurality of channels to position the plurality of
optical components in contact with the aperture layer.

68.  The svstem of claim 66, wherein each of the plurality of optical components
comprises a filter of the filter array on the first side and a lens of the lens array on a second side.

69. The system of claim 64, wherein the aperture array comprises a plarality of apertures
having a plurality of different sizes, so as to balance an amount of light transmitted to a plurality of
detectors coupled to the filter arrav.

70.  The system of claim 64, further comprising an illuminator to transmit a plurality of
light wavelengths to a sample with a spectral intensity profile, and wherein the aperture array

comprises a plurality of apertures having a plurality of cross sections differently sized in response to
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the spectral intensity profile, so as to balance amounts of Hght transmitted to a plurality of detectors
coupled to the filter array.

71, The system of claim 64, wherein the filter array comprises interference filters
coafigured in response to the index of refraction of a substrate comprising the lens or a substrate
attached to the lens.

T A method of measuring an optical {ilter, the method comprising:

providing a filter assembly comprising an optical substrate, an optical {ilter, and a
diffuser coupled together on the oprical substrate:
transmitting light to the optical filter before the diffuser: and

measuring output light transmitted through the diffuser after the filter.

e |
sl

A method of manufacturing a filter assembly, the method comprising:
coupling an array of optical filters ro a first side of an optical substrate;
coupling an array of lenses to a second of the optical substrate opposite the first side;
and

cutting the optical substrate having the array of optical filters and the array of lenses
coupled thereto into individual filter assemblies, each individual filter assembly comprising one
optical filter and one lens.

74. A spectrometer system, comprising:

a filter array comprising a plurality of filters, each filter comprising an optical
substrate and an opfical filter:

an aperture array coupled to the filter array, the aperture array comprising a plurality
of apertures aligned with the plurality of filters of the filter array;

a diffuser coupled to the aperture array; and
a lens array comprising a plurality of lenses, each lens coupled to a filter of the filter array, wherein
the aperture array comprises a plurality of apertares having a plurality of different sizes, so as to
balance an amount of light transmitted to a plurality of detectors coupled to the filter array.

8. An apparatus to measure spectra of a sample, comprising:

a detector having a field of view ro measure the spectra of the sample within the field
of view:
a light source to direct a modulated optical beam to the sample within the field of

view: and
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circuitry coupled to the light source and the detector, the circuitry configured to
modulate the optical beam at one or more frequencies away from 50 to 60 Hz and multiples thereof
in order to inhibit noise and determine the spectra in response to the modudated light beam.

76. An apparatus as in claim 75, wherein the circuitry is configured to modulate the
optical beam at one or more frequencies away from a [/f noise pattern.

7. An apparatus as in claim 75, wherein a portion of the modulated optical beam
reflected from the sample is visible to a user and wherein the portion of the modulated optical beam
reflected from the sample visible to the user defines a measurement area of the sample.

78.  An apparatus as in claim 75, further comprising a casing supported with the detector,
the light source and the circuitry, the detector and the light source arranged to fit within the casing,
the casing sized to fit within a hand of the user to allow the user to aim the modulated light beam of
spectrometer at the sample and measure the sample with the modulated light beam.

79. An apparatus as in claim 78, further comprising a user input supporfed with the
casing and arranged for the user to aim the spectrometer and measure the sample with the user input
manipulated with the hand holding the spectrometer.

80.  Anapparatus as in claim 79, further comprising circuitry coupled to the detector and
the light source, the circuitry configured to transmit the modulared optical beam in response to the
user mput with the hand holding the hand held spectrometer.

81, An apparatus as in claim 75, wherein the light source is configured to provide the
modulated optical beam incident on the sample with an illuminance (E,) within a range from about
20 hux (Im/m?) to about 100,000 lux (Im/m7).

82.  Anapparatus as in claim 75, wherein the light source is configured to provide the
modulated optical beam incident on the sample with an irradiance within a range from about 0.1
mW/cm?® to about 100 mW/em?.

83. An apparatas as in claim 77, the portion of the modulated optical beam visible to the
user comprises an aiming beam comprising one or moere modulated wavelengths corresponding to
one or more colors visible to the user.

84, An apparatus as in claim 77, wherein the light source comprises a plurality of
modulated light emitting diodes configured to emit a plurality of separated wavelengths.

85. An apparatus as in claim 77, wherein the light source comprises phosphor and the
detector comprises a detector array, the light emitted from the phosphor modulated to inhibit noise.

86.  An apparatus to measure spectra of a sample, comprising:

84
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a detector having a field of view to measure the spectra of the sample within the field
of view;
a light source to direct a modulated optical beam to the sample within the field of
view; and
circuitry coupled to the fight source and the detector, the circuitry configured to
measure ambient light to determine noise frequencies and to modulate the optical beam at one or
more {requencies away from the measured noise frequencies in order to inhibit noise and determine
the spectra in response to the modulated light beam.
87. A method of measuring spectra of a sample with a handbeld spectrometer,
comprising:
aiming a detector and a modulated optical beam at the sample, the detector having a
field of view to measure the spectra of the sample within the field of view; and
measuring the sample with circuitry coupled to the light source and the detector, the
circuitry configured to modulate the optical beam at one or more frequencies away from about 60 Hz
and multiples thereof in order to inhibit noise and determine the spectra in response to the moduolated
light beam.
88.  The method of claim 87, wherein the circuitry is configured to modulate the optical
beam at one or more frequencies away from a range of about 50 Hz to about 60 Hez.
89, A method of measuring spectra of a sample with a handheld spectrometer,
comprising:
aiming a detector and a modulated optical beam at the sample, the detector having a
field of view to measure the spectra of the sample within the field of view;
determining one or more frequencies of ambient noise from ambient light
illuminating the sample: and
measuring the sample with circuitry coupled to the light source and the detector, the
circuitry configured to modulate the optical beam at one or more frequencies away from the
measured one or more noise frequencies in order to inhibit noise and determine the spectra in
response to the modulated light beam.
20. An apparatus to measure spectra of a sample, comprising:
a detector having a field of view to measure the spectra of the sample within the field

of view;
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a light source to direct a modulated optical beamn {o the samaple within the field of
view; and

circuitry coupled to the light source and the detector and supported together with a
housing in order to aim the detector and the light source at the sample, the circuitry configured to
modulate the optical beam measure a one or more dark field frames in order to inhibit noise and
determine the spectra in response to the modulated light beam.

91.  An apparatus to measure spectra of a sample, comprising:

a detector having a field of view to measure the spectra of the sample within the field
of view,

a light source to direct a modulated optical beam to the sample within the field of
view; and

cirenitry coupled to the Jight sonirce and the detector and supported together with a
housing in order to aim the detector and the light source ar the sample, the circuitry configured to
modulate the optical beam and measure the sample illaminated with the modulated optical beam
with a rolling shutter in order to inhibit noise and determine the spectra in response to the modulated
light beam.

92, Anapparatus as in any one of the preceding clabms, wherein the circuitry is
configured to modulate the light beam in response to predetermined settings.

93, An apparatus as in any one of the preceding claims, wherein the circuitry is
configored to measure ambient light noise from the sample and to modulate the light heam in
response to predetermined setrings.

04. An apparatus to measure spectra of a sample, comprising:

a lens array comprising a plurality of lenses, the lens amray configured to receive light
from the sample:

an image sensor comprising a phurahity of sensor areas, the image sensor configured
to receive light transmitted through the lens array:

a support array disposed between the lens array and the image sensor, the support
array comprising a plurality of channels configured to optically isolate light within each channel;

wherein each channel comprises a first opening facing the lens array, a second
opening facing the image sensor, and a channel wall extending between the first opening and the

second opening, and
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wherein the channel wall of each changel extends from a lens of the lens array to a
sensor area of the image sensor, such that light exiting from the second opening of each channel
forms a pattern of light on each sensor area that substantially matches the size and shape of the
second opening of the channel.

05 Anp apparatus as in claim 94, wherein the light exiting from the second opening of
each channel forms a pattern of light on each corresponding sensor area that does not overlap with
adjacent patterns of light formed on adjacent sensor areas.

96. An apparatus as in claiin 94, wherein the first opening of a channel has a round shape
to provide an aperture stop at a corresponding lens of the lens array.

97.  An apparatus as in claim 95, wherein the second opening of a channel has a round
shape to form a round pattern of light on a corresponding sensor area of the image sensor.

98. An apparatus as in claim 95, wherein the second opening of a channel has a square
shape to form a square pattern of light on a corresponding sensor area of the image sensor.

99. A apparatus to measure spectra of a sample, comprising:

a filter array comprising a plurality of filters:

a lens array comprising a plurality of lenses, the lens array configured to receive light
from the sample:

an image sensor comprising a plurality of rectangular sensor areas, the image sensor
configored to receive light transmitted through the lens array: and

a support array disposed between the lens array and the age sensor, the support
array comprising a plurality of channels configured to optically isolate light within each channel;

wherein the array of filters, the array of lenses, and the plurality of rectangular sensor
areas are arranged to provide a plorality annular spectral patierns of light on the plurality of
rectangular sensor areas and wheren portions of the annular spectral patterns comprise annular
segments extending into comner portions of the plurality of rectangular sensor areas.

106,  An apparatus as in claim 99, further comprising a processor coupled to the image
sensor, the processor comprising instructions to measure the spectra of the sample in response to the
annular segments extending into corner portions of the plurality of rectangular sensor areas.

101, A method, the method comprising providing an apparatus as in any one of the
preceding claims.

102, An apparatus to measure spectra of a sample, comprising:
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a filter array comprising a plurality of filters, the filter array configured to receive
light from the sample;

4 lens array comprising a plurality of lenses, the lens array configured to receive light
transmitted through the filter array;

an image sensor comprising a plurality of sensor areas, the image sensor configured
to receive light transmitted through the lens array; and

at least one diffuser configured to spatially distribute the light from the sample
substantiatly evenly across a front surface of the apparatus.

103.  The apparatus of claim 102, wherein the at least one diffuser comprises three or more
diffusers arranged sequentially along an optical path of the light from the sample.

104.  The apparatus of claim 102, wherein the at least one diffuser comprises a lateral
diffuser configured to receive input light having a first lateral distribution and transmit output light
having a second lateral distribution greater than the first lateral distribution.

105, The apparatus of claim 104, wherein the lateral diffuser comprises a plurality of
scattering structures.

106.  The apparatus of claim 105, wherein the phurality of scattering structires comprises a
refractive index that is greater than a refractive index of a support material surround the plurality of
scattering structures.

107. The apparatus of claim 105, wherein the lateral diffuser comprises a phurality of non-
averlapping scattering structures,

108.  The apparatus of claim 105, wherein the plurality of scattering structures comprises a
plurality of particles.

109, The apparatus of claim 105, wherein the phurality of scattering structures comprises a
plarality of pores.

110, The apparatas of claim 105, wherein the plarality of scattering structures have a size
and a density per unit volume and wherein the lateral diffuser comprises a thickness, and wherein the
thickness of the lateral diffuser and the size and density of the plurality of scattering structures are
arranged such that a majority of light exiting the lateral diffuser is scattered by at least two light
scattering structures.

11, An apparatus to measure spectra of a sample, comprising:

a diffuser configured to receive light from the sample;
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a filter array comprising a plurality of filters, the filter array configured to receive
light transmitted through the diffuser;

4 lens array comprising a plurality of lenses, the lens array configured to receive light
transmitted through the filter array;

an image sensor comprising a plurality of sensor areas, the image sensor configured
to receive light transmitted through the lens array,

an aperture array disposed between the diffuser and the lens array, the aperture array
comprising a plurality of apertwres configured to pass light from the diffuser to the lens array; and

a support array disposed between the lens array and the image sensor, the support
array comprising a plurality of channels configured to pass light from the lens array to the image
SENSOT;

wherein the aperture array and the support array are collectively configured to
selectively pass light from the sample incident on a front surface of the apparatus at an angle of
incidence within a predetermined range.

112, The apparatus of claim [ 11, wherein the aperture array comprises a first aperture
array layer and a second aperture array layer, the first aperture array layer disposed hetween the
diffuser and the filter array and comprising a first plurality of apertures, the second aperture array
layer disposed between the filter array and the lens array and compnising a second plurality of
apertures aligned with the first plurality of apertures, and wherein the first and second aperture layers
are arranged fo block light having an angle of incidence outside the predetermined range from
passing through to the lens amray.

£13.  The apparatus of claim [ 12, wherein each of the first plurality of apertures has a first
diameter, each of the second plurality of apertures has a second diameter, and the first aperture layer
arrav and the second aperture array layer are separated by a separation distance, and wherein one or
more of the first diameter, the second diameter, and the separation distance are arranged to block
light have the angle of incident outside the predetermined range.

114. The apparatus of claim 113, wherein the first diameter is greater than the second
diameter, the second diameter is greater than the first diameter, or the first diameter and the second
diameter are equal.

115.  The apparatus of claim 111, wherein the filter array comprises an opaque material
disposed between adjacent filters of the plurality of filters, the opague material configured to prevent

cross-talk of light between the adjacent filters.
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116. The apparatus of claim 111, wherein a side wall of each of the plurality of channels of
the support arrav is configured to reduce an intensity of light by at least about 90% after a single
reflection of the light from the side wall.

117, The apparatos of claim 111, wherein each of the plurality of channels of the sapport
array is shaped substantiaily as a frustum, wherein a top opening of the channel is smaller than a
bottom opening of the channel.

118, The apparatus of claim |17, wherein each channel comprises a continuous, rounded
side wall,

119, The apparatus of claim 117, wherein each channel comprises two or more side walls
connected at an angle relative to one another.

12{(0.  The apparatus of claim 119, wherein each channel comprises three or more straight
side walls connected at one or more angles relative to one another, such that a borizontal cross-
section of the channel forms a polygon.

121, The apparatus of claim |19, wherein the two or more side walls are arranged such
that ight entering the channel is reflected from the two or more side walls at least two tirnes before
exiting the channel.

122, The apparatus of claim 111, wherein a side wall of each of the plurality of channels of
the support array 1s configured to provide sobstantially specular reflection of light from the side wall,

123.  The apparatus of claim 111, wherein a side wall of each of the plurality of channels of
the support array is configured to provide substantially diffusive reflection of light from the side
wall.

{24,  The apparatus of claim [ 11, wherein each of the plurality of channels of the support
array comprises one or more side walls extending from a top end of the channel to a bottom end of
the channel, and a hortom wall extending over the bottom end, wherein the bottom wall comprises a
central opening therethrough. wherein an area of the central opening is smaller than a cross-sectional
area of the channel at the bottom end.

125.  The apparatus of claim 124, wherein the one or more side walls and the bottom wall
are arranged to selectively allow the light having the angle of incidence within the predetermined
range to pass through the central opening and exit the channel.

126. The apparatus of claim [ 11, wherein the apparatus further comprises an angle

fimiting layer disposed between the diffuser and the filter array, wherein the angle limiting layer is
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configured (o selectively allow the light having the angle of incidence within the predetermined
range to pass therethrough.

127, The apparatus of claim 126, wherein the angle limiting layer comprises a micro-
louver film having a plurality of light transmissive sections and a plurality of Light blocking sections
arranged alternatingly along a length of the micro-louver film, wherein one or more of a thickness of
the micro-louver filim and a distance between adjacent light blocking sections are configured to
selectively allows the light having the angle of incidence within the predetermined range to pass
through to the filter array,

128,  The apparatus of claim 126, wherein the angle limiting layer comprises a prism film
having an input surface configured to receive light and an output surface configured to output the
fight. the output surface comprising a plurality of microstructures configured to modify an angle of
transmission of the cutput light, such that the outpur light selectively comprises the light having the
angle of incidence within the predetermined range.

129, The apparatus of claim 128, wherein the plurality of microstructures are further
configured to redirect ight having an angle of incidence greater than a predetermined threshold
value to adjacent microstmuctures or back towards the diffuser.

130.  The apparatus of claim 128, wherein the plurality of microstructures comprises a

plurality of pyramid shaped structures.
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Abstract of EP2124069 (Al)

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

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

An independent claim is included for usage method of imaging system.
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(57)  Die Erfindung betrifft eine Vorrichtung zur orts-
aufgeldsten Erfassung von in einem Uberwachungsbe-
reich befindlichen Gegenstanden, mit einer Sendeein-
richtung zur Aussendung von elektromagnetischer
Strahlung in einem Sendebereich, mit einer Empfangs-
einrichtung zum Empfang von aus einem Empfangsbe-
reich reflektierter Strahlung, wobei sich der Sendebe-
reich und der Empfangsbereich in einem innerhalb des
Uberwachungsbereiches gelegenen und einen Erfas-

sungswinkel abdeckenden Erfassungsbereich (iberlap-
pen oder schneiden, in welchem die ausgesandte Strah-
lung von Gegenstéanden reflektiert wird, mit einerim Aus-
breitungsweg der ausgesandten Strahlung und/cder der
reflektierten Strahlung gelegenen Abbildungsanord-
nung, die zu jedem Zeitpunkt den gesamten Erfassungs-
bereich sendeseitig und/oder empfangsseitig abdeckt,
und mit Ortsaufldsungsmitteln zur Unterscheidung der
reflektierten Strahlung hinsichtlich des Reflexionsortes.
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Beschreibung

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

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

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

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

[0007] Die Losung dieser Aufgabe erfolgt durch die
Merkmale des Anspruchs 1.

[0008] Insbesondere ist erfindungsgemal vorgese-
hen, dass die Vorrichtung eine im Ausbreitungsweg der
ausgesandten Strahlung und/oder der reflektierten
Strahlung gelegene Abbildungsanordnung umfasst, die
2u jedem Zeitpunkt den gesamten Erfassungsbereich
sendeseitig und/oder empfangsseitig abdeckt, wobei die
Vorrichtung, insbesondere zuséatzlich zu der Abbildungs-
anordnung, Ortsauflésungsmittel zur Unterscheidung
der reflektierten Strahlung hinsichtlich des Reflexionsor-
tes umfasst.

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

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

[0013] Die Erfindung hat den Vorteil, dass die Abbil-
dungsanordnung nicht bewegt zu werden braucht, da sie
dazu in der Lage ist, zu jedem Zeitpunkt den gesamten
Erfassungsbereich abzudecken. Die Ortsaufliésungsmit-
tel kénnen in vielfaltiger Weise realisiert werden. Insbe-
sondere ermiglicht es die Erfindung, fiir die gewiinschte
Ortsauflésung auf eine Bewegung von Bauteilen ganz
zu verzichten oder die fiir die gewlinschte Ortsauflésung
zubewegenden Massen auf ein Minimum zu reduzieren.
[0014] Der von der Abbildungsanordnung abgedeck-
te, d.h. "gesehene®, Erfassungswinkel kann grundsatz-
lich beliebig groB3 gewéhit werden. So istes mbglich, dass
die Abbildungsanordnung einen Erfassungswinkel von
wenigstens 90°, vorzugsweise von wenigstens 180° und
insbesondere bevorzugt von 360° abdeckt. In letzterem
Fall liegt ein Sensor mit "Rundumsicht” vor.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

[0033] Mdgliche Ausflihrungsformen der Erfindung
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sind vorstehend bereits erlautert worden und auch in den
abhéngigen Anspriichen, der Beschreibung sowie der
Zeichnung angegeben.

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

schematisch verschiedene Ansichten
eines Ausflihrungsbeispiels einer Ab-
bildungseinrichtung flr eine erfin-
dungsgeménie Erfassungsvorrich-
tung, und

Fig. 1a und 1b

schematisch unterschiedliche Aus-
fuhrungsformen einer erfindungsge-
méBen Erfassungsvorrichtung.

Fig. 2bis 5

[0035] Die in den Fig. 1a und 1b schematisch darge-
stellte Panoramalinse 37, die als eine Abbildungseinrich-
tung in einer erfindungsgemanen Erfassungsvorrichtung
zum Einsatz kommen kann, ist bezlglich einer Achse 47
rotationssymmetrisch ausgebildet. Uber eine Strah-
lungseintrittsfliche 51, die einem nicht dargestellten
Sender, beispielsweise einer Laserquelle, zugewandtist,
einfallende Strahlung 17 wird innerhalb der Linse 37 zu-
néchst an einer ersten Flache 48 unddann an einerzwei-
ten Fl&che 49 reflektiert. Die Strahlung 17 tritt ber einen
Winkelbereich von 360° (Fig. 1b) aus der Linse 37 Uber
eine umlaufende Austrittsflache 53 aus. Der Strahlungs-
verlauf ist in Fig. 1a lediglich angedeutet und nicht phy-
sikalisch korrekt wiedergegeben. Die erwahnten Flachen
sind in Fig. 1b durch gestrichelte bzw. strichpunktierte
Linien lediglich angedeutet.

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

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

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

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

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

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

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

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

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

[0044] Sendeseitig ist somit ein Laserscanner reali-
siert, wobei allerdings die flir die Ablenkung in den Er-
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fassungsbereich 27 sorgende Linse 37 staticnér ange-
ordnet ist. Es ist lediglich erforderlich, den optischen Keil
31 in Rotation zu versetzen. Durch dieses sendeseitige
Scannen ist die gewiinschte Ortsauflésung trotz der zu
jedem Zeitpunkt gegebenen vollstindigen Abdeckung
des Erfassungsbereiches 27 durch die Sendelinse 37
gewéhrleistet.

[0045] Aufgrund der vorstehend erwahnten prinzipiel-
len symmetrischen Ausgestaltung der Erfassungsvor-
richtung ist auch empfangsseitig im Ausbreitungsweg
der reflektierten Strahlung 25 zwischen der Empfangs-
linse 39 und dem Empfénger 41 ein rotierender optischer
Keil 31 angeordnet. Der sendeseitige Keil 31 und der
empfangsseitige Keil 41 sind derart hinsichtlich ihrer Ro-
tationsbewegungen miteinander synchronisiert, dass je-
weils ein in den Erfassungsbereich 27 ausgesandter La-
serstrahl nach Reflexion an einem Gegenstand 13 mittels
der Empfangslinse 39 auf dem Empfanger 41 abgebildet
wird. Diese empfangsseitige Selektivitat stellt in vorteil-
hafter Weise sicher, dass auf die Empfangslinse 39 tref-
fende Stérstrahlung ausgeblendet wird, d.h. nichtauf den
Empfanger 41 gelangt. Diese Hintergrundausblendung
ist nicht zwingend. Alternativ ist es méglich, auf die emp-
fangsseitig vorgesehene zeitlich variierende Beeinflus-
sung der Ausbreitungsrichtung der reflektierten Strah-
lung 25 mittels des rotierenden Keils 31 zu verzichten.
Es kann stattdessen z.B. ein groB3flachigerer Empfanger
vorgesehen sein, auf den zu jedem Zeitpunkt der gesam-
te Erfassungsbereich 27 mittels der Empfangslinse 39
abgebildet wird. Aufgrund der erwahnten Stdrstrahlung
oder Hintergrundstrahlung kénnte sich allerdings ein ge-
genlber der in Fig. 2 dargestellten Anordnung ver-
schlechterter Rausch-/Signalabstand ergeben.

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

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

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

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

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

Bezugszeichenliste

[0051]

11 Uberwachungsbereich
18 Gegenstand

15  Sendeeinrichtung

17  ausgesandte Strahlung
19 Sendebereich

21  Empfangseinrichtung

23  Empfangsbereich
25  reflektierte Strahlung
27  Erfassungsbereich
29  Abbildungsanordnung

31  Ortsauflosungsmittel

33 Reflexionsort
35 Sendeebene
37  Abbildungseinrichtung
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39  Abbildungseinrichtung

41 Empfanger

43  Sender

45  Symmetrieebene

47  Achse der Abbildungsanordnung
49  Reflexionsflache

51 Eintrittsflache

53  Austrittsflache

55  Empfangsebene
Patentanspriiche

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

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

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

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

5. Vorrichtung nach einem der vorhergehenden An-
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10.

11.

12,

13

spriche,

dadurch gekennzeichnet,

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

Vorrichtung nach einem der vorhergehenden An-
spriiche,

dadurch gekennzeichnet,

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

Vorrichtung nach einem der vorhergehenden An-
spriiche,

dadurch gekennzeichnet,

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

Vorrichtung nach einem der vorhergehenden An-
spriiche,

dadurch gekennzeichnet,

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

Vorrichtung nach einem der vorhergehenden An-
spriiche,

dadurch gekennzeichnet,

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

Vorrichtung nach einem der vorhergehenden An-
spriiche,

dadurch gekennzeichnet,

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

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

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

Vorrichtung nach einem der vorhergehenden An-
spriiche,

dadurch gekennzeichnet,

dass die Ortsaufldsungsmittel (31) empfangsseitig
wirksam sind,

wobeiinsbesondere die Sendeeinrichtung (15) dazu
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ausgebildet ist, zu einem Zeitpunkt den gesamten
Erfassungsbereich (27) mit ausgesandter Strahlung
(17) zu beaufschlagen, insbesondere mittels der Ab-
bildungsancrdnung (29).

Vorrichtung nach einem der vorhergehenden An-
spriiche,

dadurch gekennzeichnet,

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

Vorrichtung nach einem der vorhergehenden An-
spriiche,

dadurch gekennzeichnet,

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

Vorrichtung nach einem der vorhergehenden An-
spriiche,

dadurch gekennzeichnet,

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

Vorrichtung nach einem der vorhergehenden An-
spriiche,

dadurch gekennzeichnet,

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

Vorrichtung nach einem der vorhergehenden An-
spriiche,

dadurch gekennzeichnet,

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

Vorrichtung nach einem der vorhergehenden An-
sprilche,

dadurch gekennzeichnet,

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

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

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

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

Vorrichtung nach einem der vorhergehenden An-
spriche,

dadurch gekennzeichnet,

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

Verwendung einer Abbildungsanordnung (29),

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

insbesondere einer Pancramalinse, einer omnidi-
rektionalen Linse oder eines zumindest teilkegelfér-
migen Spiegels,

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

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

wobei die Abbildungsanordnung (29) im Ausbrei-
tungsweg der ausgesandten Strahlung (17) und/
oder der reflektierten Strahlung (25) gelegen ist, und
wobei die Vorrichtung Ortsauflésungsmittel (31) zur
Unterscheidung der reflektierten Strahlung (25) hin-
sichtlich des Reflexionsortes (33) umfasst.
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{74) Agent{s). Haruyuki Ikeda (and two others)
Specification based distance measurement device from said rotting member side o said
i Title of the invention support member side; and

Periphera! Shape Measurement Device a signal processing device that---based on the distance signal
2, Claims transwitted via said signal trnsition means and {proceeding] sequentially

A peripheral shupe device insting a device along smd conter line directic hiains the periphers] shape of said object
that measums the peripheral shape of an object to be measured. the device to be measured around said center line from the distance between the outer
comprising: peripheral surface of said measwied object and said haht-weflection-based

a Hght-reflection-based distance measurement device that emils distance measurement device.

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

point of reflection, and outputs a distance signal that corresponds to said 3. Detatled Description of the Invention
distance, - Industrial Field of Applicability

a rotating mewher that & provided ina rotatsble watter wound The present invention perains 10 a device that measures the
a center line, and that holds said hight-reflection-based distance measurement peripheral shape of an object to be measured: and in particular, to a device
device in an siientation wherehy said light is emitted towards sawd conter that measures pevipheral shapes by using a Hght-reflectionbased distance
line, mensurement device.

a drive means that causes suid rolating member (o rotate

continuoushy in one direction around said cemer ling; - Prior An
i moving appirmans that causes said object 1o be measured and As devices for measuring the peripheral shape of an object 1o be
said i her o move relative 1o one another ina direction that is measured, light-scanmng measnrement devices are known in the prior an.
paralie! to said center line, with said object to be measured roughly These scan narrow light beams in a direction that intersects the object to be
positioned on said conter fine; megsured, detect light beams using photoreceptors such as image sensoms or
a signal tansmission means that is provided between said the like that are disposed on opposite sides sandwiching the object to be
rotating member and a support member that suppornts said rotating member, measured. and then measure the dimensions of areas where the light is
and that trnsmits the distnce signal that is outpat from said light-reflection- blocked by the object to be measured. With such & configuration, by rotating

the measurement device around the object 1o be measurad,

Quanergy Systems EX1004 Page 1
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the cross sectional shape of the object 10 be measured and faspecis] of its
peripheral shape such as the diameter size, width dimension. or the like are
measwed. Inaddition, by causing the measurement device and ohject o he
measured o move relative 1o one another in a direction that is parallel 1o the
aforementioned center fine of rotation, the peripheral shape of the entire

abject 10 be measured can be measused,

- Issues Resolved by the Invention
‘That said, with such conventional peripheral shape

devices, b
d, if, for i

they measure the shadow of the object 1o be

ions are present on the object to be
measured, they will not measured. As a result, i has not necessarily been
possible to accuralely measure the peripheral shape of the obyject to be
meastired.

The preseat ivention was conceived taking the shove
Cir ik

ime < As such. it is an object of the present

imvesition w provide a perpheral shape measurement device that can

accurately measure an object to be d even if i ions or the like

are present thereon.

- Means for Resolving the Issves [Described]

Inordsr to achieve these objectives, the proseat invention

constitutes a peripheral shape nt device ing a device that
measwies the peripheral shape of au object to be measwed, the device
comprising: {a) a Hght-refiection-based distance measurement device that
emits a light, receives the reflection of saud light, measures the distanze up to
the point of reflection, and outputs a distance signal that comesponds to that
distance; (b} a rotating member that is provided in a otatable matter around
4 center line, and that holds said light-reflection-based distance measurement
device inan onemation whereby said light is eminted towards said center
line; {¢) a drive means at causes the rofating mewmber (o wotate
continuously in one direction around said center lne: (d) a moving apparatus
that causes said obiect {o be measured and said rotating member o move
relative to one another ina direction that is parallel w said center hne, with
siid object to be
sigmal ransmission weans that is provided betwesn said rotating wember

d roughly p i on said center hine; {e) a

and a support member that suppons said rotating member, and that transmits
the distance stgual that is output from said light-reflection-based distance
measurement device from said rotating member side 1o snid suppon member
side; and () a signal processing device that—based on the distance stgnal
transmitted vin sad signal tansition means and [proceeding] sequentially
along said cemter line direction---obtains the peripheri! shape of sad object
10 be measured around said conter line from the distance between the outer
peripheral surface of said mensured object and said light-reflection-based
distance measurement device.

172

- Opemtion and Effects of the [nvention
[n o peripheral shape measurement device such as this, with the
ohiect 1o be measwred disposed ona center Hne [around whick] the rotating

member is rotationallv driven, the ing is

Iy romted
around that center line by the drive means, and the wiating member and
ohject o be measured are wmoved, by the moving apparatus, relative to one
another in a direction that is panilie]l to the conter line. As a result, the light-
reflection-based distance measurement device, which is heid on the miating
member in an orientation whereby the lizht is emined towards the
aforementioned cester line, is rotsted around the aforementioned cender ling
and made to engage i relative motion vis-4-vis the object to be measured in
4 direction that is paralie] to the center line while receiving the reflected light
that was reflected by the periphenl surfaces of the object to be measured
that was disposed on the center line and measuring the distance 1o the
peripheral suface [theweof].

INext, a distance signal thar corresponds to the distance to the
aforementioned pevipheral surfice and that is oviput from the hight-
itted from the

reflection-based distance device 5t

rotation member side to the suppor member side via the signal trans mission
means, and is funther provided 1o the signal processing device. The signal
processiang device obtains the peripheral shape of the obiect o be measured
in terms of such factors as its siee and cross-sectionat shape, doing so using
the distance between the light-reflection-based distance measurement device
and the peripheml surface of the object to be measured oxpiessed by said
distance signal—for example, based on the distance between the center ling
aud the light-ieflection-based distance measurement device—the sotation
speed of the rtating member due 1o the drive means, and the speed of
relative motion duge 1o the moving apparatius.

Here, because the surface shape measurement device of the
present snvention is designed to measure the distance up to the surface of the

ohiect 1o be msasured usivg a light-reflection-based distance

device, such megsurements can be taken even in cases where unevenness is
present on the surface. For example, it ©s possible to acourately measure the
bottom position of cross-sectional shape of an obgect 1o be measured where
mdentations or faws are present on the peripheral susface, as well as o
measure the peripheral shape of an ohjser to be measnred whose cross
section is L-shaped or H-shaped.
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Tn addition, because the rotating member is continuonsiy
rotated in one cirection around the center fine by a drive means. then by
causing it fo rotate at high speed, rot ondy is it possible 1o measuie the
peripheral shape of the object to be measured efficiently and at high
resolution, but it is possible (o measee the periphend surface shape with
high precision even in cases where, for example, the object to be measured s
mads to move st high speed over the aforementioned center line. [n this
case, if one provides a plurality of said light-reception-based distance
measurement devices at equal angular intervals on said rotating member,
then it will be possibh
resolution.

io perfoim at an even greater

- Embodiments

Below, an embodimient of the present fnvention shall be
described based on the Tigures.

Figure 1 and Figure 2 are, respectively, 4 front view and side

.

view of a perif i shape device constiteting an emhodiment

of the present invention. Their purpose is to inspect the surface flaws or

diameter of 2 copper sample 10 baving a cylingdrical shape and serving as the
abject 1o be d. Inthe
table 14 5 disposed on 2 roughly hormontal base 12, The moving tablke 14 15

device in

t a moving
made to move ina linear reciprocal fashion in the lefi and right directions of
Figure 2 by means of a drive motor 16 [operating| via a feed screw 18 and
badl mat 200 A motary encoder 22 is mousted ono the drive mote: 16, and a
table position signal ST that expresses the position of the moving table 14,
which is moved in accordance with the amount of mitation of the drive motor
i6, is omtpuat from that rotary encoder 22, The moving device is configured
from the above-described moving tabie 14 and the drive motor 16 and the
like.

A frame 24 operating as a support member is fixed onthe
moving fable 14, As i5 clear from Figure 3, at the top of the frame 24, 5
cylindrical shape that is paraiicl to the direction of movement of the moving
table 14 is formed, and inside that cvlingder, a rotating cvlinder 28 is held ina
rotatable manner via a pair of bearings 26, At one end of the rotating
cylinder 28, a ring-shaped rotating plate 3{ 15 concentrically fixed, while at
nder 28, a pulley 32 is fixed Itis

cominuously rotated inone direction via a belt 36 by a drive motor 34

the other end of the otating oy

provided en the moving table 14, A rotary encoder 38 is mousted onto the
drive motor 34, and from that rotary encoder 38, a rotation position signai
SE that exp the ionp of the

ing plite 30 that is rotated
insecordance with the amonnt of rotation of the drive motor 34 1 output
‘The above-described rotating plate 30 corresponds to a rotating member, and
s central line of rotation corresponds to the center Hine, Tn addition, the
drive motor 34 corresponds to the drive means that continuously rofates that
rofating member.
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(in the above-described rotating plate 30, four laser
measurement devices 40 are disposed at $0° imervals sround 2 shared
circnmdeience that canters on said center line of mtation. These laser
mepsurement devices 40 constitute lght-reflection based distance
measurement deviess that et a laser light, reeoive the reffected light from
the taser light using position sensors and image sensors or the like, and
based on those light reception positions, measure the distance from the laser
mensurement device 40 to the reflection point. They are all mounted in such
a way as to emit their laser light toward the center line of rowmtion of the
wotating plate 30, Said copper sample 10 is beid st a fixed position by 2
holding apparatus (not shown in the figure) in an orientation whemeby its
axial center matches the center line of rotation of the rotating plate 30 By
emitting laser light toward the cemer line of rowtion of the miating plate 30,
the shove-described laser neasurement devices 40 measuie the distance up
to the periphberal surface of the copper sample 10, and they cach output
distance signals SO that express that distance. Now, the power source of
those laser weasurement devices 20 canbe configured i a variety of
manners. One could mount batteries or the like on the rotating plate 30, one
could form a generator by providing a coil on a rotating eylinder 28 while
fixing magnets on the frame 24, or one could even sead power fromthe

fratie 24 to the wiating oylinder 28 side vis a slip ring.

At the same time, this peripheral shape ment device is
furnished with a measurement circnit shown in Figurs 4. Afler the
measurement signals S0 that are ovtput from the afoementionsd four bser
measurement devices 40 are converted to digital signals by means of an A/D
converter (ot shown in the fignre). they are each tansmitted o a frame via
a rotary transformer 42 thar is made up of a pair of coils disposed in mutual
opposition between the Fame 24 and the rotating cviinder 28, 1o addition,
once thev have been uansmined to the frame 24 side in this way, the
distance signals SD are each |fed) imo & microcomputer 46 in accordance
44, The
provided with # table position signi! 87 and a mtation position signal SR

with sample signals 55 via an inerfs mpuler 46 is
from said rotary encoders 22 and 38
The ahove-described nucmy p

signal processing device, it pesforms signal processing in accordance witha

46 co

poads 1o the

prograu that is store in advance 0 a ROM while alse wilizing the temporary

storage functions of a RAM.
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