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Abstract. Imaging spectrometers are frequently used in remote sensing for their increased target discrimination
capabilities over conventional imaging. Increasing the spectral resolution of these sensors further enables the
system’s ability to discriminate certain targets and adds the potential for monitoring narrow-line spectral features.
We describe a high spectral resolution (A1 = 1.1 nm full-width at half maximum) snapshot imaging spectrometer
capable of distinguishing two narrowly separated bands in the red-visible spectrum. A theoretical model is pro-
vided to detail the first polarization grating-based spatial heterodyning of a Savart plate interferometer. Following
this discussion, the experimental conditions of the narrow-line imaging spectrometer (NLIS) are provided.
Finally, calibration and target identification methods are applied and quantified. Ultimately it is demonstrated
that in a full spectral acquisition the NLIS sensor is capable of less than 3.5% error in reconstruction.
Additionally, it is demonstrated that neural networks provide greater than 99% reduction in crosstalk when com-

pared to pseudoinversion and expectation maximization in single target identification. © 2017 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.0E.56.8.081806]
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1 Introduction

Spectral imaging sensors are regularly implemented in
remote sensing environments.'> A comprehensive review
of existing snapshot hyperspectral imaging sensors is pro-
vided in Refs. 4, 5. Generally, these sensors represent a
diverse array of optical methodologies with complex spatial,
spectral, and temporal resolution trade spaces. In this work,
we make improvements to the spectral resolution trade-space
of a snapshot Fourier transform imaging spectrometer®
through the implementation of polarization grating (PG)-
based spatial heterodyning.” While past work represents
contributions to this trade-space, the narrow-line imaging
spectrometer (NLIS) developed in this work demonstrates
nanometer-scale spectral resolution, and is the first snapshot
imaging spectrometer that leverages Savart plates.

High spectral resolution imaging spectrometers are often
implemented for increased discrimination and the ability to
monitor atomic transitions.® Such systems are generally
implemented using dispersive or grating elements.” In the
developed system, high spectral resolution is achieved
using a field-widened calcite Savart plate.'™!""'> While
Savart plate imaging spectrometry has been demonstrated
in the past,'>!* snapshot imaging architectures have not
been previously described. Additionally, for the first time,
spatial heterodyning of a Savart plate’s interference fringes
using PGs is demonstrated.*!>"'7 Spatial heterodyning
improves the signal-to-noise ratio (SNR) of the system by
reducing the frequency of the Savart plate’s interference
fringes. When heterodyning high frequency interferograms
to a lower frequency, the contrast of the fringes is improved
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as a result of the sensor’s MTF, thereby increasing the
measured SNR.’

Additionally, the NLIS system is experimentally demon-
strated for target identification using the acquired interfero-
grams directly, without calibrating the interferograms to the
spectral domain. This process was implemented using both
expectation maximization and neural networks, and the tar-
get discrimination performance of each was compared. As a
basis for comparison, data from an outdoor scene containing
closely spaced spectral lines from a model rocket engine
were used. Similar to recent work,'® the neural network
approach provides superior results. Specifically, it is demon-
strated that the neural network approach eliminates crosstalk,
which the expectation maximization approach suffers from.
For additional sensor validation, a conventional spectral cal-
ibration is performed using expectation maximization. This
method is then validated on a laboratory scene. This paper is
organized as follows: a detailed model along with experi-
mental parameters of the NLIS sensor are presented in
Sec. 2, followed by calibration methodology in Sec. 3, and
results in Sec. 4.

2 System Design and Theoretical Model

Unique to this implementation is the high spectral resolu-
tion of the NLIS sensor, which is attained using a Savart
plate interferometer (SPI)."*!” To reduce the frequency of
the SPI’s fringes, PGs are implemented for spatial
heterodyning.”'> To develop a model for the NLIS sensor,
it is advantageous to first consider its constituent components
independently. In Fig. 1(a), a conventional SPI is illustrated,
along with a PG interferometer in Fig. 1(b). The SPI in
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Fig. 1 Narrow line imaging spectrometer fundamental components, the (a) SPI and a (b) polarization

grating interferometer.

Fig. 1(a) consists of a reimaging lens with focal length f,,
two beam displacers with fast axes at plus (BD;) and minus
(BD,) 45 deg in the yz plane, respectively, separated by a
half-wave plate (HWP,) with fast axis at 45 deg in the yx
plane, between a (LP;) generating and (LP,) analyzing linear
polarizer at 45 deg. Polarized light from LP; enters the first
beam displacer and is split into an ordinary (O) and an
extraordinary (E) ray. The split beams then pass through
HWP,, where they are rotated to their orthogonal linear
state. Following rotation, each beam is then passed through
BD, where the vertical state is refracted in the —y direction,
to produce EO and OE rays.

Exiting the Savart plate apparatus are two collimated
beams separated by a shear'”

R PR @

where n, and n, are the extraordinary and ordinary indices of
refraction, respectively, and toyp is the thickness of the beam
displacers. When combined with the reimaging lens and
focused on a focal plane array (FPA), the measured interfer-
ence has the form

Isp(y, ) :%O [1 + cos (M/Iy—]fspﬂ, 2)

where [ is the incident intensity and A is the wavelength of
light. Meanwhile, the PG interferometer is considered in
Fig. 1(b). This setup consists of two PGs with orthogonal
grating vectors between two parallel linear polarizers at
45 deg. In this configuration, light transmitted by LP;
becomes linearly polarized and transmits to PG;, where it
is diffracted into right- and left-circular polarization states.
These diffracted rays diverge for a distance fpg, before
encountering PG, where they are retrodiffracted and emerge
collimated, generating a chromatic shear of

2tpgA
Spg = , 3
PG A 3)
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where A is the period of the PGs. When these sheared rays
are focused using a lens with focal length f,, interference
fringes are generated with intensity profile

Ipg(y, ) :%0 [1 +cos<47:\t%y>} 4)

Thus, interference fringes are produced that have no
wavelength dependence, making the stacked PGs ideal for
introducing a wavelength-dependent offset to perform heter-
odyning. Combining the systems from Figs. 1(a) and 1(b)
yields the NLIS’s operational concept. This is shown in
Fig. 2 which demonstrates a heterodyned SPIL

As shown in Fig. 2, the sheared beams from the Savart
plate encounter a quarter-wave plate (QWP), where they
are converted from vertical and horizontal polarization states
into right and left circular polarization states, respectively.
This polarization conversion prevents the states from being
split again when encountering the PGs. These sheared circu-
larly polarized beams then encounter the PG group, where
they are diffracted toward the optical axis. Interference gen-
erated with this system can be modeled as

I 2rySsp  4nt
Isp(v.2) = 3 {1 + cos (% - ’[’\—;“’y)] , 5)

where the heterodyne wavenumber oy, occurs when the
frequency of the fringes is zero, and is defined as

Ipg
o . 6
" 4 &SSP ©

The final system is shown in Fig. 3 and follows directly
from the heterodyned SPI in Fig. 2. In this final implemen-
tation, the shearing phenomenon from the PGs and the Savart
plate is occurring simultaneously, instead of consecutively as
shown in Fig. 2. Additionally, to extend this methodology to
division of aperture, snapshot imaging spectrometry,”’ the
interferometer system is now considered with imaging com-
ponents. A fore optic couples light into the lenslet array,’!
where it is then collimated and passed into the interferometer.

August 2017 « Vol. 56(8)
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Fig. 2 Polarization grating heterodyned SPI, showing the heterodyne wavelength ray path.
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Fig. 3 Final narrow line imaging spectrometer design based on a field widened Savart plate, with four
polarization gratings for spatial heterodyning, along with imaging components.

Diffracted light from PG, and PG, is converted from circular
to linear states by QWP;, where it is then sheared by the
Savart plate elements. Linearly polarized, sheared beams
exiting the Savart plate are converted to right and left circular
polarization states via QWP,, which are then retrodiffracted
by PG; and PGy, emerging parallel to the optical axis.
Finally, the circular states exiting the second PG grouping
transmit through an analyzing polarizer LP,. These beams
are then focused by a reimaging lens, with focal length
fr to produce a focal plane that is coincident with the fringe
localization plane.

An additional attribute of the final system is that it incor-
porates two sets of PGs, adding an additional degree of free-
dom for tuning the grating period to adjust for tolerancing
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errors in the beam displacers. Placing two PGs in direct
contact, and counter rotating them, enables us to modify
the effective grating period such that

0,
Aeir = (A + Ay) cos (%), @)

where A; and A, are the periods of each grating, and 6pg is
the angle between their grating vectors.”

Assuming all four PGs have the same period Apg, and
the angle between PG, and PG, is equal to the angle between
PG; and PGy, the interference on the detector has the
distribution

August 2017 « Vol. 56(8)
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IO ZHySSP 47[thy
I A)=—=1|1 — . 8
SPH(y ) 8 |: - COS( j’fr Aefffr ( )
where the heterodyne wavenumber can be calculated as
IpG
6, = ) )
" SspAerr

3 Experimental Setup

Based on the design shown in Fig. 3, a system was con-
structed around an Allied Vision Technologies GX2750,
utilizing a 6-megapixel Sony ICX694 FPA. In the system,
shown in Fig. 4, the fore optic consists of a Nikkor F/1.2
50-mm focal length objective that focuses light onto a 25 X
18 mm field stop coincident with a fiber faceplate, which is
used to eliminate parallax. Light from the faceplate is
collimated by a 50-mm achromatic doublet consisting of a
Thorlabs AC254-050-B (f.; = 50 mm) into the 5 X 5 lenslet
array, which was constructed from two stacked arrays with
1.5-mm focal lengths each. The subimages, formed by the
lenslet array, were collimated by a Nikkor F/1.4 50 mm col-
limation lens (f.,, = 50 mm). An Omega Optical 50-mm-
diameter bandpass filter, with 10% transmission cutoffs at
763 and 775 nm, was used to limit the spectral pass band.
Light then transmits through the PGs and Savart plate, where
it undergoes beam displacement. Lastly, the reimaging lens is
a Nikkor F/1.4 58 mm focal length lens. This experimental
configuration creates subimages that are 500 x 380 pixels,
which is equal to the spatial resolution of the reconstructed
data.

In this system, the Savart plate was constructed from two
calcite beam displacers, each with a thickness of tsp =
13.4 mm. The high spectral resolution of the system is
a manifestation of the Savart plate’s thickness, reimaging
lens focal length, and lateral extent of the detector, where
the full-width at half maximum (FWHM) spectral resolution
can be calculated as

Ao —06x—Tr (10)

SPYmax

where f, =58 mm and y,, is the FPA’s maximum
sampling distance from the optical axis. For the Sony
ICX694, y.,.x = 6.37 mm, accounting for the coordinate
system’s rotation. For calcite at A= 767.5 nm, n, =
1.6499, and n, = 1.4824.>* From this, the resolution can
be calculated as A = 19.11 cm™! or A4 = 1.12 nm.
Finally, the orientations of the polarization elements’
Eigen or grating vectors have been referenced to the Savart

Lenslet
i iy Fc?-re_ P ! "-array
IObjectivegy o

Collimating

) Fstop &
Faceplate

Table 1 Optical performance parameters for the narrow line imaging
spectrometer.

Spectral pass-band 763 to 775 nm

Spectral resolution 19.11 cm™!
Half-angle FOV (on diagonal) 16 deg
Datacube size 500 x 380 x 25

plate’s fast axis (or shearing direction), which is oriented at
an angle ¢ from the global x-axis. For an N X M lenslet array,
5 is given as®

o1
5— tan (M. (11)

For the 5 X 5 lenslet array used, 6 = 11.3 deg. Thus, PG,
and PG; have a grating vector oriented at 32.6 deg while
PG, and PG, have grating vectors oriented at —32.6 deg,
while all four PGs were fabricated with a period of A =
25.6 ym. Utilizing Eq. (7), the effective grating period
Aegg = 43.1 pm. Finally, the spacing between the PG group-
ings fpg = 35.2 mm.

Lastly, a summary of the optical performance parameters
is provided in Table 1.

4 Calibration

With the constructed NLIS sensor, two means of spectral cal-
ibration were pursued. One approach used linear unmixing-
based and neural network-based methods for direct target
identification using interferogram data. Alternatively, a con-
ventional spectral calibration using expectation maximiza-
tion was performed for additional sensor validation.

4.1 Target Identification

Initially, instead of transforming the system’s measurements
to the spectral domain, acquired data were used directly for
target identification. The system’s interferograms are unique
to the spectral profile of the scene, and thus it is possible to
discriminate scene objects based on their spectral distribu-
tion. Similar approaches, such as the “smashed filter” in
compressive sensing, also leverage the multiplexed sensor
measurements for similar purposes.’* This process is guided
by linear unmixing given by

g = Hf, (12)

Reimagipg .
lens FPA

Fig. 4 NLIS sensor schematic with a fore optic, as well as system optomechanics, and element

placement.
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where H is a 25 X2 systems matrix containing the basis
interferograms, g is an interferogram from an unknown
scene, and f is a vector containing abundance coefficients
for the basis interferograms.

As a consequence of the narrow band nature of the
system, only two principle components are required, H,
the narrow line or target component, and H g, the background
component. Using this methodology, Eq. (12) can be
expanded to

g=Hgfx+ Hgfs, (13)

where f and f are the mixing, or abundance coefficients,”
for the narrow line and background interferograms, respec-
tively. This methodology assumes that the target and back-
ground adequately represent the spectral content of unknown
scenes. While there may be concern that the narrow line
and background images may provide an incomplete basis,
particularly due to other lines in the waveband, such lines
are not expected in environments of interest. In the event
additional lines become a concern, such shortcomings
could easily be accommodated for by adding additional
basis images.

To obtain the H matrix for single-target detection, three
integrating sphere images were required, a flatfield image,

Flatfield

an image from a tungsten-halogen source, and an image of
a high pressure sodium (HPS) source. The raw data frames
for each image are shown in Fig. 5, in addition to the setup
for obtaining each image in Fig. 6.

Additionally, to ensure similarity of the HPS lamp to the
desired target source, the potassium lines in the lamp were
measured using a high-resolution optical spectrum analyzer.
This spectrum is shown in Fig. 7.

As shown in Fig. 7, the lines have FWHM of 0.1 nm,
measured using Gaussian fitting, which is well below the
resolution of the sensor. Thus, the effect of high-pressure
line broadening is negligible.

To acquire calibration images of the tungsten or HPS
images, light from either lamp was directed into an integrat-
ing sphere using a fiber. Additionally, a flatfield was con-
structed using two images of the tungsten source where
LP;, is rotated 90 deg between each image to produce two
frames with fringes 180 deg out of phase. The two flatfield
images were averaged to produce a single fringeless frame as
shown in Fig. 5(a).

Using the images in Fig. 5, each basis image was divided
by the flatfield image to remove the influence of vignetting.
Following flatfield division, static image registration coeffi-
cients were applied to the tungsten and HPS images to
produce two calibration datacubes. The tungsten and HPS

Tungsten HPS

X

(b) ©

Fig. 5 NLIS raw data image of a (a) flatfield, (b) tungsten source, and (c) HPS source.

Source

fibe Collimating

\ V

Integrating sphere
. Lenslet
Field

Objective stop array

H.gbo
X

faceplate A& lenses S

BPF

Reimaging

{ 6 lens
d%'

X 45 X
deg
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Fig. 6 Experimental setup used for acquiring calibration data for linear unmixing-based target

identification.
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Fig. 7 Potassium lines in the high-pressure sodium lamp measured
with an optical spectrum analyzer.

datacubes were used to generate Hp and Hy at each object
point, respectively. These two datacubes were the basis of
the neural network training methodology as shown in Fig. 8.

In this context, target detection is commonly accom-
plished by solving Eq. (12) using pseudoinversion such that
f=H"g. (14)

As an addition to calibrating using pseudoinversion, in
this work, Eq. (14) was also solved using expectation maxi-
mization and neural networks. A comparison of performance
for all three methods is provided in Sec. 5.1.

Neural network-based spectral calibration has been
performed in past work.®!® Unique to this work, training
data were constructed leveraging random linear superposi-
tion of interferograms, instead of measuring random spectral
distributions directly. To construct training data, the NLIS
sensor’s systems measurement matrix H was used as shown
in Fig. 8. This was done by generating a series of random
abundance vectors in f and assembling them into an array
to form f,;,, which served as output (target) values during
training. From this, establishing the input values for training,
€ain, Was a matter of multiplying by H, such that
irain = Hfrin- (15)
After constructing the training matrices g, and f,;,, the
MATLAB® neural network toolbox was used to train
a 16-node cascade forward neural network, using scaled-
conjugate gradient backpropagation. It should be noted that
by default, MATLAB® normalizes the training arrays g,
and f,;, to the range [—1, 1].

To calibrate the entire field of view, a unique H matrix
was constructed for each pixel in the field and used to
train a corresponding network. For an unknown scene, each
interferogram was calibrated by its corresponding network
thus producing two abundance images, Iy and Ip.

Following this procedure, each network was adapted to
take a sensor measurement g, from an unknown scene,
and produce relative abundance values f, for the basis spectra
Hy and Hp. Calibrating the raw spectral data in this way
enables us to operate directly on the system interferograms
to determine the localization of the target. The use of inter-
ferograms directly for target identification, with neural net-
works, represents a unique aspect of this work.

Randomly generated

h ftrain
“ : \ \‘:" le fH|
1

; Jx. T,

X :

H
” Pt
HPS datacube R AN
. S g (S \
\ l’ ] 1
AR AN I‘ e
A 1
A !
. au. | Ry
o
Tungsten datacube
y OPD tungsten
i - - - ‘HPS
X L OPD
gtrain

Cascade forward
SCG training

Fig. 8 H-matrix-based neural network training, training data are constructed by randomly weighting
the basis vectors in H by a value f and summing all weighted vectors together to produce g. Doing
so conditions the network to take a measurement from an unknown scene and produce abundance

values for the basis vectors.

Optical Engineering

081806-6

August 2017 « Vol. 56(8)



Maione et al.: Snapshot imaging spectrometry with a heterodyned. . .

Results comparing pseudoinversion, an EM-based tech-
nique and the neural network approach are included in
Sec. 5.1, but first a traditional spectral calibration with
EM is considered.

4.2 Full Spectral Calibration

To expand the capabilities of the NLIS system beyond single
target detection, we present an EM-based conventional spec-
tral calibration. The methodology behind this method is sim-
ilar to target identification in that calibration is modeled
using Eq. (12). However, for the full spectral acquisition,
H was populated with a series of monochromatic interfero-
grams, H; through H,, such that n spectra were collected
across the sensor’s bandpass. Each monochromatic interfero-
gram was obtained using the monochromator setup shown
in Fig. 9, where light from a xenon arc lamp was passed
through a monochromator, and monochromatic spectra were
passed to an integrating sphere, which was then measured
with the NLIS.

Using this formalism for the H matrix, Eq. (12) can be
expanded to

g=H\f1+Haf o+ - +H, [0, (16)
where f to f, are the abundance coefficients for the mono-
chromatic interferograms. By solving Eq. (16), each f, can
be determined, and subsequently the spectral distribution of
an unknown scene. To produce a spectral image, this process
is repeated for each pixel in the scene.

Utilizing the setup in Fig. 9, 20 monochromatic images
were acquired linearly spaced in wavenumber from 762 to
778 nm, with an FWHM resolution of 0.8 nm. In Fig. 10(a),
each raw data frame of the monochromatic integrating sphere
images is depicted, along with an example H matrix, show-
ing H; through H,; in Fig. 10(b).

Monochromater
Source
Fiber N
Teglate Collimating

L

Integrating sphere |

Field
stop

Lenslet

Objective array

LP,

Implementing the above methodology, results using 100
iterations of expectation maximization are presented in
Sec. 5.2.

5 Results

For the NLIS sensor, tests were performed for both full
spectral acquisition and target identification. The results for
these experiments are discussed in the next two sections.

5.1 Target Detection Results

To test the target detection calibration technique, an outdoor
scene was constructed using a tungsten-halogen lamp and a
model rocket engine, which generates narrow-line spectra.
Measurements of the tungsten lamp and the HPS lamp
were used as basis measurements. A separate measurement
of the rocket combustion was used to verify the spectral simi-
larities between the rocket, and HPS lamp in the sensor spec-
tral band. In this test, the tungsten lamp was aimed directly
into the sensor to provide an additional near point source
comparable in brightness to the rocket. In the combustion
process, the motor generates narrow emission at 766.48 and
769.89 nm. In Fig. 11(a), a visible light photo of the scene
is illustrated, along with a panchromatic image from the
NLIS sensor as shown in Fig. 11(b).

Following data acquisition, the calibration was tested
using both the EM and neural network approaches as devel-
oped in Sec. 4.1. In Figs. 12 and 13, color fused results of the
calibration of a video sequence are shown for the expectation
maximization approach and the neural network approach,
respectively; the contrast has been stretched to show detail
in the color fusion.

To further quantify these results, the narrow line channel
I, generated from pseudoinversion, expectation maximiza-
tion, and neural networks is considered. To do so, an error
metric crosstalk is defined such that

A&~ Jenses W

\
/_ ‘ N
-.J;. ‘,-K—. ST ] - [ . . . B ----
.—/ i
T FPA
BPF 7 o
. R
JSVZG v 4 Y {i’Z 6 el:::glng
deg P | T | ) deg
X' 45 X X'
deg
PG, QwWP, BD, BD, PG,

Fig. 9 Monochromator-based experimental setup for acquiring interferograms to be using in an

EM-based spectral calibration.
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Fig. 10 (a) Raw integrating sphere data with monochromatic illumination and (b) an example H matrix,
used for traditional spectral calibration.
X Y
2zt 2oyt I (%, y) » Wi, y)
crosstalk = = J , (17)

1 rocket

where X and Y define the abundance image size, W is a win-
dowing function, x and y are pixel coordinates, and 1,y is
the peak on rocket abundance value. To eliminate the con-
tribution of the source in the error metric, W is defined such
that

_J 0, €x,yon rocket
W(x,y) = { 1, otherwise ’ (18)

This metric assumes there are no sources of narrow line
(b) bands anywhere other than at the motor, which for a scene of
mostly vegetation is a reasonable assumption. In Fig. 14, the
windowed abundance images for each calibration technique
are presented.

Using the images from Fig. 14, crosstalk is calculated for
each method and the results are presented in Table 2.

Fig. 12 Expectation maximization-based unmixing of several frames from the model rocket scene.
Regions where narrow lines are highlighted with red color fusion.252” With this method, false detection
is noted in regions where areas of interest are not present.

Fig. 11 (a) Outdoor scene of an Estes model rocket and a tungsten-
halogen lamp acquired with a visible light color camera. (b) A panchro-
matic image of the same scene from the NLIS sensor.
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Fig. 13 Neural network-based unmixing of several frames from the model rocket scene. Regions where
narrow line responses are highlighted with red color fusion.

Pseudo-Inversion

Expectation maximization

Neural networks

X

(©

Fig. 14 Windowed narrow line images / for the (a) pseudoinversion, (b) expectation maximization, and

(c) neural network-based calibration techniques.

Table 2 Crosstalk comparison for each of the three target identifica-
tion-based calibration methods.

Pseudoinverse Expec. Max. Neural networks

Crosstalk 6561.9 22,398 9.032

Comparing the three methods demonstrates that the neu-
ral network approach is superior in preventing channel cross-
talk. Using the neural network approach, a 99.86% and
99.96% decrease in crosstalk is demonstrated when com-
pared to pseudoinversion and expectation maximization,
respectively. The color-fused results from the neural network
approach showed no narrow spectral line localization except
where the rocket engine was located. By comparison, the
expectation maximization method, showed multiple regions
where narrow line detection is present. In detection, the
neural network approach would provide less risk of false-
positive signatures.

One possible explanation for the increase in performance
could be that the neural network is better equipped to reject
crosstalk due to stray light. However, this is less likely since
all surfaces and elements were either index matched or AR
coated, the sensor was contained in matte black housing, and
optical grade calcite was used. A more likely explanation
could be that detection with raw interferograms results in
poor conditioning of the measurement matrix, H.%'®
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/\. High pressure sodium
/ g %
4 N\

Diffuser

Tungsten-Halogen NLIS

Fig. 15 Lab-based scene for testing the measurement matrix-based
full spectral calibration. The scene was created to have regions with
purely tungsten-halogen illumination, purely HPS illumination, and
a combination of the two.

5.2 Full Spectral Calibration Results

Utilizing the techniques developed in Sec. 4.2, a conven-
tional spectral calibration was performed and a scene with
various illumination sources and regions of shadowing was
measured. A pictorial representation of the measured scene
is shown in Fig. 15.
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Fig. 16 Results of the expectation maximization-based calibration showing (a) band integrated scene
image and (b) spectra from each of the three illumination regions.

For each of the illumination regions from Fig. 15, the
measured spectrum is illustrated along with a panchromatic
image of the scene in Fig. 16.

From this experiment, it is possible to measure the spec-
tral resolution of the system, and the peaks in Fig. 16 have
an FWHM resolution of 1.1 nm, measured using Gaussian
fitting, which validates the model. Due to the high spectral
resolution nature of the NLIS sensor, it is possible to resolve
the narrow lines, spaced 3.41 nm apart.

For further analysis, the HPS spectra measured using the
NLIS sensor, and an Ocean Optics HR4000 spectrometer is
compared to NIST data in Fig. 17.

Taking the NIST potassium lines with 1.1-nm FWHM
resolution as truth, RMS errors of 0.1461 and 0.1754 are
realized with the NLIS, and the Ocean Optics spectrometer,
respectively.

As another metric, the absolute spacing between the
dual peaks of the spectra is compared as obtained by the
NLIS, and as documented in the literature. According to

T T T T T T T

I ——NIST tuth
~-=== HR4000 HPS spectra
NLIS HPS spectra
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Fig. 17 HPS lamp spectrum measured using an Ocean Optics

HR4000 spectrometer, and the NLIS sensor compared to the NIST
truth spectrum.
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the literature values, the spacing between the peaks is
expected to be 3.41 nm. However, using the spacing between
the local maxima of each peak, a spacing of 3.3 nm was mea-
sured with the NLIS, resulting in an error of 3.23%, which is
within our error of 0.65 nm due to the granularity of H sam-
ples. Additionally, a spacing of 3.4 nm was measured with
the ocean optics spectrometer, resulting in an error of 0.29%.

It is also useful to examine the performance of the sensor
in relative radiometric accuracy. Per Ref. 28, the relative
peak intensity, defined as the ratio of the 770 nm line inten-
sity, to the 766 nm line intensity is 0.96. As shown in Fig. 17,
the NLIS sensor measures a ratio of 0.83, and the Ocean
Optics spectrometer measures a ratio of 0.67, resulting in
percent errors of 13.5% and 30.2%, respectively.

6 Conclusions

A narrow band, high spectral resolution, imaging Fourier
transform spectrometer capable of narrow line discrimination
has been developed. The prototype system demonstrates a
spatial resolution of 500 x 380 with a spectral resolution of
19.11 cm~!. Additionally, in system calibration, an error of
3.23% in the peak separation of the two narrow spectral lines
was demonstrated. Lastly, similar to past work, it was shown
that neural networks provide superior performance in cali-
bration. Specifically, neural networks provided a greater
than 99% reduction in crosstalk in single target detection
techniques.
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