o Z
‘1 remote sensing HVI\D\Py

Article

Proposed Methodology for Correcting Fourier-Transform
Infrared Spectroscopy Field-of-View Scene-Change Artifacts

Kody A. Wilson *{, Michael L. Dexter /, Benjamin F. Akers and Anthony L. Franz

W) Check for updates

Academic Editor: Stefano Pignatti

Received: 9 December 2025

Revised: 9 January 2026

Accepted: 14 January 2026
Published: 17 January 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Center for Technical Intelligence Studies and Research, Air Force Institute of Technology, 2950 Hobson Way,
Fairborn, OH 45433, USA
* Correspondence: Kody.Wilson@afit.edu

Highlights

What are the main findings?

e A theoretical basis was established for predicting the occurrence of scene-change
artifacts in Fourier-transform spectroscopy.

e An easily implemented smooth offset correction (SOC) was developed to mitigate
field-of-view scene-change artifacts, significantly reducing measurement error.

What is the implication of the main finding?

e  The result reconciled the theoretical prediction of negligible scene-change artifacts
with the experimental observations of significant scene-change artifacts.

e  The SOC method enables accurate use of Fourier-transform spectroscopy when an
object transitions through the field of view or when the field of view is changing.

Abstract

Fourier-transform spectrometers are widely used for spectral measurements. Changes in the
field of view during measurement introduce oscillations into the measured spectra known
as scene-change artifacts. Field-of-view changes also introduce uncertainty about which
target the measured spectrum represents. Though scene-change artifacts are often present
in dynamic data, their significance is disputed in the current literature. This work presents a
theoretical framework and experimental validation for scene-change artifacts. Field-of-view
changes introduce variable interferogram offsets, which standard processing techniques
assume are constant. The error between the interferogram offset and its estimate is Fourier-
transformed, yielding scene-change artifacts, often confused with noise, in the calibrated
spectrum. Previous theoretical models ignored the effect of the interferogram offset in
generating SCAs, leading to an underestimation of the scene-change artifact significance.
Smooth offset correction removes these artifacts by estimating the variable interferogram
offset using locally weighted scatter-plot smoothing. Updating the interferogram offset
estimate resulted in the same accuracy expected for static conditions. The resulting spectra
resemble the zero path difference spectra, similar to earlier theoretical predictions. These
results indicate that Fourier-transform spectroscopy accuracy with variable scenes can be
significantly improved with minor modifications to data processing.

Keywords: scene change artifact; Fourier transform; hyperspectral imaging; field of
view transition
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1. Introduction

Determining the spectrum of a target is commonly accomplished using Fourier-
transform spectrometers (FTSs) [1]. FTSs determine the incoming spectrum by Fourier-
transforming the interferogram after subtracting the interferogram offset. The interferogram
is typically obtained using a Michelson interferometer. FTSs offer several advantages over
traditional dispersive spectrometers. FTSs offer higher speed, signal-to-noise, and spectral
resolution [2]. Furthermore, FTSs offer greater versatility, as both the spectral resolution
and collection speed can be adjusted to meet user needs without modifying any physical
components [3]. Due to these advantages, FTSs have proliferated, especially in applications
requiring rapid measurements, such as explosive events [4,5], turbulent engine exhaust [6],
or industrial emissions [7,8]. However, changes within the FOV during measurement
can alter the measured interferogram, introducing scene-change artifacts (SCAs) in the
resulting spectra.

FTS processing techniques typically assume a static scene during measurement [9].
For instruments like the Telops Hyper-cam LW used in this study, data acquisition can
take several seconds to over a minute [10]. Scene variability affects the observed spectrum
in a more complex way than a simple time-average over the scan [11]. Kick addressed
the uncertainty about which target is represented in the measured spectra, stating, “The
real part of the spectrum we obtain is just the spectrum the FTS was seeing at the time
when it was at the zero-path difference (ZPD) position” [12]. Kick developed this principle
for a scenario in which a target entered the FOV right at the start of the interferogram
scan. This work demonstrates that the same principle can be extended to more general
FOV change scenarios. Kick’s theoretical analysis suggests that SCAs resulting from the
scene changes are negligible in the real part of the spectrum. Subsequent simulation
studies by Young and Gross agree with Kick’s predictions [13-15]. Later authors have
used these theoretical predictions to discard potential SCAs in their observed spectra as
noise [16,17]. However, experimental results from Mitchel and Manzardo contradict these
theoretical predictions. They demonstrated instead that SCAs can significantly alter the
measured spectra [18,19]. This discrepancy between Kick, Young, and Gross’s theoretical
predictions and the experimental results of Mitchel and Manzardo can be explained by an
additional source of SCAs. These additional SCAs are caused by incorrect interferogram
offset removal.

Several prior efforts have addressed the removal of SCAs. The recombobulate correc-
tion method (RCM) has proven effective in mitigating SCAs caused by oscillatory scene
changes [20]. Statistical approaches have been shown to reduce SCAs arising from stochas-
tic scene variability [21-23]. However, these methods require multiple interferograms to
achieve effective correction.

This work focuses on a common scenario in which the target enters or exits the field of
view (FOV) during measurement [24]. Previous theoretical development of SCAs ignored
potential issues in interferogram offset removal. Traditional processing of the measured
interferogram assumes a constant interferogram offset. This process yields noticeable
SCAs on the real component of the spectrum that were not predicted by previous theory.
A theoretical basis is presented demonstrating that these SCAs result from an incorrect
interferogram offset estimate. This work demonstrates that accurate interferogram offset
removal eliminates nearly all SCAs in the resulting spectrum. Unlike prior approaches, the
method presented here corrects FOV SCAs using a single interferogram.

This paper describes the procedure for processing FTS data. The interferogram offset
error propagates through the process, producing SCAs in the final spectrum. Next, this
work describes simulating FOV SCAs and conducting equivalent experiments. Simulations
depict SCA behavior under a variety of conditions. SCAs are greater for brighter targets,
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broader spectral range, better spectral resolution, lower wavenumbers, and have larger
brightness differences between targets. The interferogram offset was estimated using a
polynomial fit. This correction effectively removes SCAs from the calibrated spectrum.
Smooth offset correction (SOC) was developed to accurately estimate the interferogram
offset in experimental data. When applied to experimental data, SOC outperformed the
polynomial fit. Processing experimental data with the SOC interferogram offset estimate
effectively removed SCAs from the calibrated spectra. Correcting the interferogram offset
estimation requires modifying the computational steps without altering experimental data
collection. Thus, SCAs in FTS spectra caused by scene changes can be effectively removed
through minor modifications to the data processing. Additionally, this correction can be
applied retroactively to previously collected FTS data.

2. Materials and Methods
2.1. FTS and SCA Theory

We begin by examining how an interferogram is measured. An incoming target
spectrum is incident on the interferometer. The interferometer splits the incoming beam
and sends the separated beams along two paths of different lengths. Then, the beams
are recombined at the detector. The difference in path length between the two beams is
called the optical path difference (OPD). The OPD is controlled by varying one beam’s
path length. The two beams interfere constructively or destructively depending on the
OPD. For example, at zero path difference (ZPD), the beams interfere constructively [25].
Measuring the detector signal as the OPD varies produces the measured interferogram,
given by the following:

Im(x) = a(x)[I(x)+1o(x)], (1)

where I, (x) is the measured interferogram, a(x) is the apodization function, I(x) is the
interferogram without offset, Iy(x) is the interferogram offset (also known as the DC compo-
nent), and x is the OPD [26]. If no apodization is applied, a(x) is replaced by the truncation
function, which defines the limits of the measured interferogram. Notably, the term “inter-
ferogram” is used inconsistently in the literature. It is used to refer to both I, (x) and I(x),
depending on the source [27]. This inconsistency may have contributed to discrepancies
between theoretical predictions and experimental results in the literature. Kick and Young’s
theoretical analyses begin with I(x), the interferogram without offset, while Mitchell and
Manzardo’s results are based on processing I (x), the measured interferogram.

For scenes with a constant observed spectrum, the interferogram offset is also constant
and can be estimated by averaging the measured interferogram [28]. Subtracting this
estimate from the measured interferogram yields the interferogram without offset estimate,
given by the following:

Iest(X) :Im(x) — Lo est, (2)

However, when the input spectrum varies, the interferogram offset estimate becomes
inaccurate, leaving a residual term that introduces SCAs into the resulting spectra when
processed. Substituting Equation (1) into Equation (2) and applying the Fourier transform
yields the raw spectrum, given by the following:

LraW(V) :j{a(x) [I(X)+IO(X) - Io,est]}/ (3)

where Ly (v) is the raw spectrum, and J denotes the Fourier transform given by
the following:

J[f(x)] = /_0; f(x)e 2™ dx 4)
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where v is the wavenumber [29]. For numerical data, the interferogram without offset
is zero-filled and transformed using the fast Fourier transform (FFT) [30]. The trunca-
tion of the interferogram at the maximum optical path difference (MOPD) limits spectral
resolution and introduces oscillations near sharp features in the spectrum. To decrease
these oscillations, it is common to apply an apodization function to the interferogram.
The apodization function approaches zero at MOPD, thus eliminating the discontinuity.
This reduces oscillations in the spectra around sharp changes at the expense of worsening
spectral resolution [31]. This work focuses on the truncation of the interferogram, and
therefore, a(x) will be replaced by the rectangular (rect) function given by the following:

a(x) = rect< ()

x=x\ _ J1, xe—%3 <x<xc+%
Xa ) 10, else
where x. is the center of the interferogram, and x, is the full width of the apodization
function. For a double-sided interferogram, the center x. is near ZPD, and the interferogram
width x, is approximately twice the MOPD. For a single-sided interferogram, the center is
near half of the MOPD, and the interferogram width is close to the MOPD.

The raw spectrum is measured in detector-specific units, such as volts or counts, and
must be calibrated before it can be compared to the target spectrum. The raw spectrum is
calibrated using the following:

Lt,cal (V) = Iw - Oest(v) (6)
where Lt raw (V) is the target’s raw spectrum, Gest(v) is the estimated calibration gain, and
Oest () is the estimated calibration offset. Estimating the calibration gain and offset requires
two additional raw spectra from known sources. These are typically obtained from a hot
and cold blackbody source. The raw spectra from these blackbodies are used to estimate
calibration gain and offset, using the following:

_ Lhot,raw (V) B Lcold,raw (V)
GQSt(v) B Lhot(v) - Lcold (V) (7)

and
Lcold,raw (V ) Lhot (V) — Lhot,raw (V ) Lcold (V)

Lhot,raw (V) - Lcold,raw (V)

Oest(v) = ’ 8)
where Lyt raw (V) and Leoig raw (V) are the raw spectra of the hot and cold blackbody sources,
respectively, and Ly (v) and L4 (v) are their corresponding known spectra [32,33]. The
calibration offset depends on the detector characteristics and is distinct from the interfero-
gram offset, which depends on the incoming spectrum. The calibrated spectrum obtained
from Equation (6) provides an estimate of the target’s true spectrum. The estimated spec-
trum, raw spectra, calibration gain, and calibration offset are each complex variables;
however, the imaginary component of the estimated spectrum is discarded, and only the
real components are examined in this work.

SCAs observed in the calibrated spectrum originate from the inaccuracies in the
interferogram offset estimate used in Equation (3). The SCAs in the raw spectrum arise
from taking the Fourier transform of the interferogram offset estimation error:

Lraw,SCA(V) = j{a(x) [Io (X) - Io,est”’ ’ )

The SCAs in the calibrated spectrum are obtained by dividing the raw spectrum SCAs
by the estimated gain. These artifacts can be corrected by improving the estimation of the
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interferogram offset. Rather than using an average to estimate a constant interferogram
offset, this approach fits a smooth function to the measured interferogram to determine the
variable interferogram offset. Once the interferogram offset is accurately estimated and
subtracted, the associated SCAs in the resulting spectrum are eliminated.

SCAs will be simulated under a variety of conditions to demonstrate their appearance
in the calibrated spectrum, identify factors that influence their severity, and evaluate the
effectiveness of the correction. The impact of SCAs and the effectiveness of the correction
will then be validated through experimental measurements.

2.2. FTS FOV Simulation

Before the experiments, simulations were performed to observe the expected depen-
dencies. For the simulations, measured spectra were built from truth spectra by working
backwards through the measurement process to create simulated measured interferograms.
The simulation assumed a cold blackbody and a hot blackbody, with their spectra defined
by the Planck blackbody radiation law:

L(v,T) = e2hc®? (10)

et —1’
where € is the emissivity set to 1, h is Planck’s constant, c is the speed of light, k is
Boltzmann'’s constant, and T is the temperature in kelvin [34]. Unless otherwise specified,
the truth spectrum was simulated with 1 cm~! resolution. The FTS detector response was
simulated by applying a calibration gain and offset to the truth spectrum, yielding the
uncalibrated spectrum given by the following:

Lunca(v) =G(v)[L(v)+O(v)] (11)

where G(v) is the calibration gain, L(v) is the incoming spectrum, and O(v) is the calibra-
tion offset [35]. While the uncalibrated spectrum is similar to the raw spectrum, it does not
include apodization effects, which are present in the raw spectrum.

The uncalibrated spectrum is then turned into a simulated interferogram without
offset by reflecting the spectrum across the y-axis and then taking the inverse Fourier
transform [36]. The interferogram without offset, I(x), in Equation (1) is given by

the following:
-1

I(X): %3 [Luncal(v) +Luncal(_v)]/ (12)

where 37! is the inverse Fourier transform given by the following:
37 YR(v)] = / F(v)e2™dy. (13)

Although in practice, the inverse Fourier transform is computed using an inverse fast
Fourier transform (IFFT). The interferogram offset, I, in Equation (1), can be determined
using Equation (12):

Io =1(0), (14)

which corresponds to the value of the interferogram without offset at ZPD [37]. It is
important to note that for a constant target spectrum, the interferogram offset remains
constant. Adding together the interferogram without offset and the interferogram offset
gives the measured interferogram for the target spectrum. This process is outlined in
Figure 1.
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Figure 1. Flow chart for simulating a measured interferogram. The blackbody spectrum has the
calibration gain and offset applied to generate the uncalibrated spectrum. Applying an IFFT to the
uncalibrated spectrum produces the interferogram without offset. The interferogram offset is then
added, producing a simulated measured interferogram.

Repeating the process for the second target produces the simulated measured inter-
ferogram for the second target. A scene function, s(x), is then applied to the measured
interferograms of both targets. The scene function represents the fraction of the FOV filled
by the targets, varying between zero and one. Applying the scene function to the targets’
measured interferogram and summing the result yields the measured interferogram of the
combined simulated scene given by the following:

I () = 200 { [1 = 801 () + () l2m(x) | (15)

where I; i (x) and I i (x) are the measured interferograms of the simulated targets. Substi-
tuting Equation (1) into Equation (15) yields the following:

I (%) = a(){[1 = s(][L; (%) + 0] + 50 [I2(x) + L0} (16)

Separating the interferogram offsets and subtracting the estimated interferogram
offsets yields the following:

Im(x) = a(){[1 —s(x)]T1(x) +s(x)I2(x) + [1 = s(x)]I1,0 +5(X)20 = Toest(x)},  (17)
Applying a Fourier transform then yields the following:

Lraw (V) = Lraw,ZPD(V) + Lraw,SCA (V)/ (18)

where Lyayw,zpp (V) is the spectrum observed at ZPD, as derived by Kick [12]. Lyaw sca (V)
represents the SCAs in the spectrum caused by inaccurate offset estimation during the FOV
transition. This expression is similar to Equation (9), except that the interferogram offset
here is a weighted sum of the target interferogram offsets. The weighting is determined by
the scene function. If the interferogram offset is accurately estimated, this term vanishes.
However, performing in this way requires a variable, rather than constant, interferogram
offset estimate.

To enable calibration, two additional blackbodies were simulated and the raw spec-
trum from Equation (18) was calibrated using Equation (6). The resulting calibrated
spectrum is then compared to the spectrum at ZPD to calculate the normalized root mean
square error (NRMSE) given by the following:

NRMSE = 1 il \/é{Re[Lcal(Vi)] —Lzep(w)}?,  (19)

n?{max[Lzpp(v)] — min[Lzpp (v

where the range of the ZPD spectrum is given by max[Lzpp(v)] — min[Lzpp(v)]. Here,
L(v;) is the measured spectrum at wavenumber vy, Lzpp (v;) is the truth spectrum at ZPD
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and the ith wavenumber, and n is the total number of spectral points [38,39]. Only the real
part of the spectrum is analyzed, and only within the wavenumber range covered by the
simulated detector response.

For each simulated scenario, two interferogram offset estimation methods were used.
The first used the standard method, which estimates the interferogram offset by averaging
the measured interferogram. The second interferogram offset estimate was determined
by fitting a smoothing function to the measured interferogram. Each interferogram offset
estimate was subtracted from the measured interferogram and then processed to produce
a calibrated spectrum. The NRMSE was then compared before and after applying the
correction. Lastly, a static scene without SCAs was simulated as a control case. This
control is an important comparison because apodization and Gibbs phenomena prevent
the elimination of error, even in the absence of SCAs.

2.3. FOV Scene-Change Experiment

The FTS used was a Telops Hyper-cam LW (Telops, Quebec City, QC, Canada). It
operates in the longwave infrared (LWIR) spectrum range from 861 cm~! to 1306 cm™1.
Spectral data was collected at 1 cm ™! resolution with a 64 x 64 pixel grid, requiring 2 s per
interferogram scan [40]. The FOV of the 64 x 64 grid is 1.28°. The OPD for each pixel is
modified by a factor of cos6, where 0 is the half angle from the optical axis to the pixel line
of sight (chief ray). For our setup, this value was a maximum of 0.99987, corresponding
to a 0.12 cm™~! correction to the spectral axis. This is much smaller than the measured
wavenumber values of 800-1350 cm ™!, and so it was neglected [41]. A 6-inch Fluke 4181
blackbody (Fluke, Everett, WA, USA), with an emissivity of 0.96, was positioned 3.67 m
from the FTS and used for the calibration and transition. For calibration, the blackbody
was set to 323 K (50 °C) and 473 K (200 °C). During FOV transitions tests, the blackbody
was set to 423 K (150 °C) [42].

A flat paper, with emissivity between 0.90 and 0.98, was mounted on a ThorLabs
LTS150 Long Travel Linear Stage (ThorLabs, Newton, NJ, USA) [43,44]. The stage was
positioned between the blackbody and the FTS, 25 cm from the blackbody. The experimental
setup is displayed in Figure 2. The experiment was conducted indoors on 07 August 2025
and completed in under two hours. Atmospheric transmission and path radiance were
assumed to be constant and incorporated into the calibration gain and offset estimates [45].
The translation stage required 10 s to move the paper across the entire 8 cm, 64-pixel wide
FOV, allowing several scans to be collected with different pixels affected by SCAs [46].
Additional scans were collected with the paper fully obscuring the blackbody and with the
blackbody fully unobscured. While not required for SCA correction, these scans were used
to determine the expected spectrum at ZPD.

Each interferogram was first processed using the standard offset estimation method
and then reprocessed using the updated interferogram offset estimation. For each inter-
ferogram, the fraction of the FOV occupied by the paper and the blackbody at ZPD was
estimated. These fractions, along with the fully obscured and unobscured spectra, were
used to estimate the expected spectrum at ZPD. The calibrated spectrum, with and without
correction, was compared to the expected ZPD spectrum to assess accuracy. This process
was repeated for each pixel.
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stage with FTS
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Xa ){ [2 - XJ L(x)+ E + ;;] L(x)+ E - ):]ILO + B + XJ Io— Io,est(x)}. (22)

Figure 2. Experimental setup. (a) A blackbody was observed by a Telops FTS hyperspectral imager at
a distance of 3.67 m. Between the two, a paper target, positioned 25 cm away from the blackbody,
was moved through the FOV. Diagram not to scale. (b) Photograph of the experimental setup. The
equipment was temporarily moved closer together for the image.

3. Results
3.1. FOV Transition Simulation Results

The first simulation models a hot blackbody entering the FOV at constant speed. At
the initial OPD position, the FOV is completely filled by the cold, 293 K (20 °C) blackbody.
At this point, the transitional measured interferogram matches the measured interferogram
of the cold blackbody. At the final OPD position, the FOV is completely filled by the
hot, 423 K (150 °C), blackbody. Here, the transitional measured interferogram matches
the measured interferogram of the hot blackbody. This scenario is referred to as a linear
symmetric FOV transition, represented by the scene function:

S(x) =2 + = 20)
where x;, is the full width of the apodization function, defined by the following;:
Xa= 2 xmopD — dX, (21)

where xpopp is the MOPD and dx is the spacing between two interferogram positions. The
scene function starts at zero at the beginning of the interferogram and linearly increases to
one by the end. The apodization function, given in Equation (5), truncates the measured in-
terferogram. Substituting the apodization and scene functions from Equations (5) and (20)
into Equation (17) yields the following:

1 X

X

Figure 3 shows the measured interferogram for the simulated linear symmetric
FOV transition.
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Figure 3. Measured interferogram for the simulated linear symmetric FOV transition. The blue
and red lines represent the interferograms for the 293 K (20 °C) blackbody and the 423 K (150 °C)
blackbody, respectively. The green line shows the measured interferogram for the FOV transition.
The non-constant interferogram offset is not accurately removed.

When the Fourier transform is applied to Equation (22), the first two terms in the
curly brackets yield the raw spectrum at ZPD. In traditional processing, the interferogram
offset is estimated as constant. This estimate is sufficient to eliminate the constant terms,
with the third and fourth terms shown in red in Equation (22), but terms with a linear
dependence on x will remain. Substituting the remainder into Equation (9) and factoring
out the constants yields the following:

Lo—1 —
Lrawsca (V)= 20" loy [rect(xxc)x] . (23)

Xa Xa

Applying the Fourier transform yields the SCAs, given by the following;:

Lraw,SCA (V) = (IZ,O - I1,0){

XaXcSINC(XaV)SINC(2XcV) 4 XaXcSINC(XaV ) COS(27TX V) — XaXcCOS(7TXaV)sine(2X V) (24)

+i27tvXax2sine(xav)sine (2xcv) —

iXa
2mv

iXa
2mv

sinc(xav)cos(27txcV) + 22 cos(7mmxav)cos(27tx V) }.

For a full derivation of Equation (24), see Appendix A. This analysis considers only
the real part of the spectrum; the imaginary component of the SCAs is discarded. The
SCAs contain four frequencies determined by the width and center of the interferogram.
These SCAs can easily be mistaken for noise in the spectrum. The interferogram width
is proportional to the MOPD, which is set by the desired spectral resolution. Improving
spectral resolution increases MOPD, which also increases the magnitude of SCAs. The
interferogram center is near zero for double-sided interferograms, but it significantly
affects the appearance of SCAs when comparing SCAs from single-sided interferograms or
double-sided interferograms.

Additionally, a cold blackbody, 323 K (50 °C), and a hot blackbody, 473 K (200 °C),
were simulated for calibration. When the green interferogram in Figure 3 is processed
using the standard method, significant SCAs appear in the resulting spectrum, as shown in
Figure 4.
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Figure 4. Calibrated spectrum for the simulated linear symmetric FOV transition. The red and blue
lines represent the spectra for the cold blackbody and hot blackbody, respectively. The green line is
the calibrated spectrum obtained from processing the transition interferogram shown in Figure 3.
The black line shows the spectrum at ZPD. The non-constant interferogram offset produces SCAs
when it is removed by subtracting a constant offset estimate.

While the calibrated spectrum is centered on the ZPD spectrum, as predicted by Kick,
it contains significant SCAs. A large peak near-zero wavenumber is expected due to the
slow changes in interferogram offset shown in Figure 3. Additionally, the SCA oscillations
slowly decrease in magnitude, leading to lower errors at higher wavenumbers. SCAs are
also observed in the imaginary component of the spectrum. After complex calibration
or phase correction, SCAs present in the imaginary component of the raw spectrum can
affect the real component of the calibrated spectrum. Fortunately, accurate removal of the
interferogram offset eliminates SCAs in both the real and imaginary components of the
spectrum. Based on Equation (9) and Figure 3, replacing the constant interferogram offset
with a linear fit provides a more accurate estimate and removes the SCAs described in
Equations (24) and (25) and shown in Figure 5. With this correction, the corrected spectrum
closely matches the ZPD spectrum.

5 x10°
SCAs removed with proper offset subtraction
45 - ) \
Ve \
41 \\ %Ll + %Lz
~_ 3.5 '

w
L

423.15K/150°C

i e

17 W
0.5

293.15K/20°C

Calibrated radiance (W/[cm” sr cm'1])
N
[}

0 500 1000 1500 2000 2500 3000
Wavenumber (cm'1)

Figure 5. Calibrated spectrum after correction for the simulated linear symmetric FOV transition. The
red and blue lines represent the spectra for the cold blackbody and hot blackbody, respectively. The green
line shows the calibrated spectrum after SCA correction. The black line represents the ZPD spectrum.
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Interferogram (AU)

After correction, there is strong agreement between the ZPD spectrum (black) and the
calibrated spectrum (green). However, in practice, it is unlikely that an object will begin
and complete its transition exactly at the start and end of the interferogram. Instead, most
transitions will be asymmetric, as illustrated in Figure 6a. In these cases, the calibrated
spectrum remains centered around the ZPD spectrum, but the ZPD spectrum is no longer
the average of the blackbodies. For FOV transitions, the ZPD spectrum is a weighted
average of the blackbody spectra, based on their respective fractions of the FOV.
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Figure 6. Measured interferogram and calibrated spectrum for simulated linear asymmetric FOV
transition with SCAs. (a) The red and blue lines represent the measured interferograms for the
293 K (20 °C) cold blackbody and the 423K (150 °C) hot blackbody, respectively. The green line
shows the measured interferogram as the hot blackbody transits the FOV. (b) The red and blue
lines show the calibrated spectra of the hot and cold blackbodies, respectively. The green line is the
calibrated spectrum resulting from processing the interferogram in (a). The black line represents the
ZPD spectra.

The same correction process used for the symmetric case is applied to the asymmetric
case, with minor modifications. In the symmetric case, a single linear fit is sufficient to
estimate the interferogram offset across the entire interferogram. For the asymmetric
case, an accurate interferogram offset estimation requires a piecewise linear fit. Similarly,
a quadratic transition can be corrected by using a piecewise quadratic fit to estimate
the interferogram offset. More complex transitions, for example, those represented by a
polynomial, can be accommodated by adapting the fit methodology as needed.

Next, consider the effects of using a realistic detector with a finite spectral response
range. A flat calibration gain was applied to the simulated incident spectrum. The gain
was set to one between 861 and 1306 cm ™!, and zero outside this range, corresponding to
the Telops Hyper-cam LW spectral limits [47]. A calibration offset of zero was assumed for
simplicity. Figure 7 shows the raw and calibrated spectra, with SCAs caused by a linear
symmetric FOV transition, for an LWIR instrument.

When comparing the SCAs in Figure 7 to those in Figure 4, the SCAs appear smaller
when the detector gain is taken into account. This result is expected since much of the
signal lies outside the detector’s response range, as shown in Figure 7a. A reduced signal
results in a smaller interferogram offset, which, in turn, reduces the magnitude of the SCAs.
Typically, detectors will not have the sharp cut-off shown in Figure 7a. Most detectors have
some response outside their stated range, and this additional signal can contribute to the
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interferogram offset and thus to SCAs. Instruments with narrower spectral ranges and
sharper cut-offs are expected to exhibit smaller SCAs than those with broader ranges and
gradual roll-offs.
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Figure 7. (a) Raw spectrum and (b) calibrated spectrum for simulated linear symmetric FOV transition
with SCAs for an LWIR instrument. The red and blue lines represent the spectra of the hot and cold
blackbodies, respectively. The green line represents the calibrated spectrum. The black line represents
the ZPD spectrum.

Several scenarios were simulated, in which each scenario changes a parameter com-
pared to the linear symmetric scenario analyzed in Figures 3-5. For each scenario, the
calibrated spectrum containing SCAs was compared to the ZPD spectrum to calculate
the NRMSE before and after correction. The asymmetric case is shown in Figure 6. The
LWIR gain case is shown in Figure 7. Simulating 16 cm ! resolution is associated with an
interferogram with a smaller MOPD. The one-sided interferogram eliminates all but 50 mea-
surements near ZPD on the positive side of the OPD axis. The quadratic case replaces the
linear transition with a quadratic transition, still beginning with the FOV filled by the cold
blackbody and ending with the FOV filled by the hot blackbody. Lastly, no transition was
used as a control to see the effect of the correction method on data without transitions. The
NRMSE values, before and after applying the SCA corrections, are summarized in Table 1.

Table 1. Simulated NRMSE before and after SCA correction.

Transition/Setting NRMSE Pre-Correction NRMSE Post-Correction

Linear symmetric 10.29 3.21 x 1078
Linear Asymmetric 5.27 2.34 x 1077
Linear symmetric _4

(LWIR Gain) 0.14 2.84 x 10
Linear symmetric _5

(16 cm™~! resolution) 2.2 110> 10
Linear symmetric -6

(One-sided interferogram) 5.65 47510
Quadratic symmetric 2.24 9.27 x 1078
No transition 3.19 x 10710 3.19 x 10710
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The magnitude of SCAs decreases when the interferogram offset is smaller, such as
when the smaller detector has a limited spectral range. Additionally, SCAs are reduced
when the interferogram offset is estimated more accurately. This occurs when the OPD
range is smaller, as in one-sided interferograms or worse spectral resolution. SCAs are
prominent at a low wavenumber, which is consistent with the sinc relationship described
in Equation (24) and the low-frequency changes in the interferogram offset.

For each transition examined, the correction significantly improves the NRMSE. The
largest remaining error occurs in the LWIR case. This outcome is expected, as some er-
rors near the lower and upper bounds of the detector’s spectral range result from the
discontinuity there. This result is due to Gibbs phenomena, which commonly arise in FTS
measurements around sharp spectral cut-offs [48]. Importantly, applying the correction
to a blackbody measurement without transition does not increase the error. Therefore,
the correction technique can be confidently applied to datasets both with and without
transitions. The correction provides substantial improvement when SCAs are present and
does not degrade performance when SCAs are not present. The simulated results align
with theoretical predictions. First, the calibrated spectrum is centered on the spectrum
observed at ZPD. Second, SCAs are significant, resulting in increased NRMSE. Finally, cor-
recting the interferogram offset estimation effectively removes SCAs, leading to substantial
improvements in NRMSE. Based on these results, similar improvements are anticipated in
the experimental measurements.

3.2. FOV Transition Experiment Results

Each Telops Hyper-cam LW scan produced a double-sided interferogram for every
pixel, resulting in 4096 measured interferograms for the 64 x 64 pixel array, each with
6320 discrete measurements. With these settings, the Hyper-cam requires two seconds
to collect an interferogram hypercube; however, for the full 320 x 256 pixel array, a full
minute can be required. These measured interferograms were processed into calibrated
spectra both with and without SCA correction. For the translation stage and hyper-cam
settings used, ten scans were collected while the paper transitioned the hyper-cam FOV. In
the first scan, the entire FOV was filled by the blackbody. In the last scan, the entire FOV
was filled by the paper. The intermediate scans captured the gradual transition. The band
radiance of each pixel from each scan provides a clear indication of the paper’s position, as
shown in Figure 8.

Figure 8. Band radiance images from a from the Telops Hyper-cam LW as a room-temperature
paper linearly transitions across a 423 K (150 °C) blackbody. Each frame corresponds to a different

interferogram scan during transition. The black speckles are caused by bad pixels on the detector
array, which is known to occur with Telops Hyper-cams [49].

As the paper transitions across the FOV, three potential situations arise for each
individual pixel. The first situation is that the blackbody fills the pixel’s FOV at the start
and end of the scan. The next situation is that the paper fills the pixel’s FOV at the start
and end of the scan. In these two situations, no SCAs are expected as the scene remains
constant. Lastly, the pixel may start or end with some combination of blackbody and paper
in its FOV. Pixels in this last situation are expected to have SCAs. These pixels occur near
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Blackbody

the paper-blackbody boundary, which appears as a gray area between the bright blackbody
and dark paper in Figure 8. Measured interferograms for three of these scenarios are shown
in Figure 9.
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Figure 9. Measured interferogram averaged from three different pixel columns during a linear
FOV transition. Red corresponds to the measured interferogram from the 423 K (150 °C) blackbody.
Blue represents the measured interferogram from the room-temperature paper. Green indicates
the measured interferogram from the FOV transition. (a) The pixel’s FOV initially includes both
paper and blackbody, then transitions to only the paper. (b) The pixel’s FOV begins and ends with a
combination of paper and blackbody. (c) The pixel’s FOV starts with only the blackbody, then ends
with a combination of the paper and the blackbody.

Each pixel’s FOV is slightly different, and thus, the correction method discussed in
Sections 2.2 and 3.1 is most effective when applied individually to each pixel’s interferogram.
Fortunately, as shown in Table 1, applying correction to pixels without FOV transitions is
not expected to decrease accuracy. The main drawback for those pixels is a slight increase in
computational processing time. Taking this into account, the SCA correction methodology
is applied uniformly to all pixels.

In Section 3.1, a piecewise polynomial fit was used to estimate the interferogram offset.
However, applying this method to experimental data resulted in inaccurate interferogram
offset estimates. In the experiment, the paper transition produced a more gradual change
to the incoming signal, in contrast to the sharp target entry modeled in the simulations.
This discrepancy may be due to various factors, such as optical focus, diffraction, or
vibration [50]. As a result, appropriate breakpoints for the piecewise polynomial fit became
challenging, leading to incorrect interferogram offset estimates. Although higher-order
polynomials and additional breakpoints were tested, these configurations had to be tailored
to specific cases, making the approach impractical.

To avoid these issues, the interferogram offset estimation was performed using the
built-in MATLABR 2024B smoothing function, specifically the locally weighted scatter-plot
smoothing (LOWESS) option [51]. LOWESS performs weighted linear regression over
small windows defined by the user [52]. Other smoothing options, such as moving mean,
produced large estimate errors when the centerburst enters the window due to the large
oscillations present near ZPD, as shown in Figure 10.

The weighting scheme in LOWESS is particularly advantageous for fitting across the
centerburst. The larger variations are dampened by the lower weights when near the
window edge. As the weights increase toward the center of the window, contributions from
large positive values in the centerburst are balanced by large negative values. A window
size of 100 points was selected for the measured interferograms containing 6320 points.
Small windows can cause an overestimate of the interferogram offset near ZPD due to the
large signal spike at ZPD. This can be seen by the small upward bulge in the offset estimate
near ZPD in Figure 10. While this does not result in large changes in calibrated spectra, it
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does cause an overestimate of the brighter target’s scene function at ZPD. Despite this, the
smooth offset correction (SOC) performed similarly across a wide range of window sizes
from 25 to 400 measurements, corresponding to windows both smaller and larger than the
centerburst. The SOC preserves the slowly varying interferogram offset while removing
the rapid fluctuations in the measured interferogram, especially around the centerburst.
Moreover, SOC worked across a variety of transition speeds, eliminating the need to adjust
the fit to each scenario. SOC reliably estimates the interferogram offset without requiring
knowledge of the transition. SOC is an improvement over other fitting techniques that
require the assumption of a scene function. The interferogram offset can then be used to
infer information about the scene and the transition.

4
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Figure 10. Interferogram offset estimation with smoothing near ZPD. Green indicates the measured
interferogram from the FOV transition. Red indicates the interferogram offset estimate using a
moving mean smoothing. Black indicates the LOWESS offset estimate. The LOWESS estimate
accurately fits the interferogram offset, even across the centerburst, while the moving mean estimate
contains significant variation when fitting across the centerburst.

The fraction of the FOV filled by the blackbody and paper at ZPD was estimated with
the data shown in Figure 9 using the following:

Io,zpp — o1

25
Tz —Tos @)

SzZPD =
where s,,4 represents the scene function at ZPD, corresponding to the fraction of the FOV
filled by the blackbody. Accordingly, 1 — s,,q represents the fraction of the FOV filled by
the paper. I, zpp is the estimated interferogram offset at ZPD. I, ; and L, are the estimated
interferogram offset of the blackbody and paper, respectively. The values of I, ; and I, are
obtained by averaging the red and blue lines shown in Figure 9, respectively. Estimating
these interferogram offsets requires an additional pair of measured interferograms beyond
the one collected during the transition. These additional collections are taken from the
same pixels as those used during the transition, but from the first and last scans, when the
blackbody and paper filled the entire instrument FOV.

Using measurements from different scans but the same pixels yields higher accuracy
than using measurements from different pixels within the same scan, since each pixel has
a slightly different response. Applying Equation (26) to each pixel’s interferogram offset
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provides an estimate of the fraction of the FOV filled by the blackbody or paper for that
pixel, as illustrated in Figure 11.
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Figure 11. Estimated fraction of the FOV filled by the blackbody at ZPD. Yellow represents pixels
where the FOV is filled by the blackbody at ZPD, while blue indicates pixels where the FOV is filled
with paper. A small subset of pixels in between shows a combination of the blackbody and the paper.

Figure 11 identifies pixels of interest where SCAs are likely to occur. Pixels that are fully
filled by either the blackbody or the paper are unlikely to exhibit SCAs. In contrast, pixels
that contain a mixture of both are more likely to experience transitions and, consequently,
SCAs. Pixel columns 38, 43, and 48 are located on the left, center, and right sides of the
transition region, respectively. Their corresponding measured interferograms are shown
in Figure 9. The calibrated spectra from these pixel columns contain significant SCAs, as
illustrated in Figure 12.
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Figure 12. Calibrated spectra containing SCAs, averaged from different pixel columns from a linear
FOV transition. Red indicates the calibrated spectra for the 423 K (150 °C) blackbody. Blue represents
the calibrated spectra for the room-temperature paper. Green shows the calibrated spectra using
standard processing techniques. Black represents the estimated spectra at ZPD. (a) The pixel’s FOV
initially includes both paper and blackbody, then transitions to only the paper. (b) The pixel’s FOV
begins and ends with a combination of paper and blackbody. (c) The pixel’s FOV starts with only the
blackbody, then ends with a combination of the paper and the blackbody.
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The calibrated spectra in Figure 12 exhibit significant SCAs when a transition is present.
However, they are centered around the expected spectrum at ZPD, shown in black. This
behavior is consistent with both the theoretical prediction and simulation results. The
ZPD spectra are determined by the weighted average of the blackbody and paper spectra,
which are determined by their respective contributions to the FOV at each pixel during the
transition, given by the following:

Lzpp(v) = szppLi(v) + (1 — szpp)La(v), (26)

where szpp is given by Equation (26) and shown in Figure 11, L;(v) is the calibrated
spectrum of the blackbody shown in red in Figure 12, and L, (v) is the calibrated spectrum
of the paper shown in blue in Figure 12. Correcting the interferogram offset estimate using
the smoothed measured interferogram significantly reduces SCAs, as demonstrated in

Figure 13.
5 5
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Figure 13. Calibrated spectra with SCAs and after SOC, averaged from different pixel columns from
a linear FOV transition. Green shows the calibrated spectra using standard processing techniques.
Black represents the estimated spectra at ZPD. Red represents the corrected spectra after improving
interferogram offset estimation. (a) The pixel’s FOV initially includes both paper and blackbody, then
transitions to only the paper. (b) The pixel’s FOV begins and ends with a combination of paper and
blackbody. (c) The pixel’s FOV starts with only the blackbody, then ends with a combination of the
paper and the blackbody.

The expected and corrected spectra are nearly indistinguishable in Figure 13, indi-
cating that SOC is effective on experimental data. Since SCAs are centered on the ZPD
spectrum, smoothing the data produces a similar effect. However, smoothing the spectrum
also smooths sharp spectral features present in the data. In contrast, SOC operates on the
interferogram, preserving spectral features while eliminating SCAs. The NRMSE was cal-
culated for both uncorrected and corrected spectra shown in Figure 13, using the expected
spectra at ZPD as truth. The average and standard deviation of NRMSEs for each column
are shown in Table 2.

Table 2. Experimental NRMSE before and after SCA correction.

Pixel Set NRMSE Pre-Correction NRMSE Post-Correction
Figure 13a 0.12 £0.01 0.047 4+ 0.005
Figure 13b 0.16 =0.02 0.049 + 0.004
Figure 13c 0.12 +0.01 0.049 £ 0.008

No transition 0.051 £ 0.007 0.051 £+ 0.007
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Prior to SOC, SCAs caused significant errors in the calibrated spectra. The NRMSE
was highest in the center of the transition region, where the change in interferogram offset is
greatest. These errors are comparable to the simulated predictions for an LWIR instrument.
After applying the SOC, the NRMSE values were reduced to levels similar to those observed
in measurements without any FOV transition. SOC was applied on a per-pixel basis across
the full 64 x 64 array, and the NRMSE values before and after correction are shown in
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(a) (b)

Figure 14.

Figure 14. (a) NRMSE calculated for each pixel prior to SOC. The highest error appears in the yellow
band around column 40, corresponding to the region where the FOV transitions from blackbody to
paper. (b) NRMSE calculated for each pixel after SOC. The elevated error around column 40 has been
effectively eliminated, resulting in consistent NRMSE values across the entire FOV.

As expected, pixels that observed either the paper or the blackbody for the duration of
the interferogram exhibited minimal error. In contrast, pixels that experienced a transition
between the two demonstrated significant errors due to SCAs. After applying SOC, all
pixels exhibited low error levels. This demonstrates that SOC effectively reduced SCA-
related errors without introducing additional errors in pixels that were not affected by SCAs.

4. Discussion

This work experimentally confirmed Kick’s theoretical prediction that the measured
spectrum reflects scene conditions when ZPD occurs [12]. Furthermore, it demonstrated
that this prediction holds under a wider range of conditions than the linear symmetric
transition previously examined by Kick. Additionally, this study provides a theoretical basis
for experimentally observed SCAs and demonstrates that they can introduce substantial
errors into FTS spectra.

The discrepancy between previous theoretical predictions and experimental observa-
tions of SCAs can be attributed to differences in how the interferogram offset is estimated.
Previous authors based their theoretical development on the interferogram without offset.
SCAs arising from incorrect interferogram offset estimation were not considered. SCAs
were found to be directly proportional to the Fourier transform of the interferogram offset
estimate error. Since SCAs are centered on the ZPD spectrum, researchers often dismiss
them as noise. Smoothing the spectra can mitigate SCAs, but it also smooths spectral
features. Ongoing efforts aim to compare SCA mitigation using SOC to conventional noise
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reduction techniques. Correcting the interferogram offset estimate removes SCAs while
preserving the underlying spectrum.

SCAs are more pronounced when the interferogram offset error is large. Brighter
targets will produce larger SCAs than dimmer targets. Detectors with broader spectral
response ranges will exhibit larger SCAs than those with narrower ranges. Measurements
with larger MOPDs will show larger SCAs than those with smaller MOPDs. Correspond-
ingly, measurements with better spectral resolution will contain larger SCAs than those
with worse spectral resolution. Transitions across targets with a larger temperature dif-
ference will result in larger SCAs than transitions across targets with smaller tempera-
ture differences. Lastly, SCAs are more significant at lower wavenumbers than at higher
wavenumbers.

The experiment confirmed the expectations from simulations that the observed spec-
tra were centered on the ZPD spectra. Similarly, the experiment confirmed that SCAs
were superimposed on the ZPD spectra. Unfortunately, the polynomial fitting technique
used in the simulations was incompatible with the experimental transitions. While sharp
transitions from one target to another were possible in the simulations, such transitions
were more gradual in the experiment and not well represented by polynomial fits. The
development of SOC overcame these challenges when determining the interferogram offset.
SOC uses LOWESS for interferogram offset estimation. This is a standard smoothing
technique and is easily implementable. SOC correctly predicts the interferogram offset
across the entire measured interferogram, including the large variations around ZPD. This
is particularly advantageous as many smoothing techniques have significant problems
near ZPD. Furthermore, the SOC interferogram offset estimate provides information about
changes in brightness within the FOV. This means that SOC provides additional informa-
tion about the scene change that previously had to be assumed or known to properly fit
the interferogram offset. By allowing for a variable interferogram offset estimate, SOC
effectively eliminates SCAs from the resulting spectrum. SOC has been validated through
experiments, showing a reduction in error, as measured by NRMSE, to levels comparable to
those expected in the absence of SCAs. Applying SOC when scene changes are not present
does not decrease accuracy. SOC is simple to implement, provides transition information,
significantly reduces SCAs, and preserves accuracy when scene changes are not present.

Previous theoretical predictions have been experimentally confirmed. An additional
source of SCAs has been theoretically established and experimentally validated. These
SCAs adequately explain the discrepancies between previous experimental results and
theoretical predictions. SOC is simple to implement and does not require changes to the
experiment. Thus, SOC can be applied to improve the spectral accuracy of previously
collected and future datasets.

This work primarily addressed smooth spectra obtained from blackbody sources. For
highly structured spectra, SCAs originating from incorrect interferogram offset estimation
are expected to appear and can be corrected using SOC. The interferogram offset depends
on scene brightness, rather than spectral structure. This indicates that the largest source of
SCAs can still be mitigated, even in highly structured spectra. However, there may still be
SCAs. Kick predicted SCAs near sudden spectral changes for non-linear transitions. These
SCAs are small compared to those discussed in this paper and were considered negligible
by Kick [12]. Additionally, spectral accuracy near these locations is constrained by the
Gibbs phenomenon. Thus, after SOC, spectral accuracy is not expected to be limited by
SCAs, even for highly structured spectra.
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Abbreviations

The following abbreviations are used in this manuscript:

FFT Fast Fourier transform

FOV Field of view

FTS Fourier-transform spectrometer
IFFT Inverse fast Fourier transform
LOWESS  Locally weighted scatter-plot smoothing
LWIR Longwave infrared

NRMSE  Normalized root mean square error
OPD Optical path difference

RCM Recombobulate correction method
SCA Scene-change artifact

SOC Smooth offset correction

ZPD Zero path difference

Appendix A

Derivation of SCAs from Linear FOV Change

Begin with the raw SCAs for a linear symmetric transition given in Equation (23):

ILL,—1 —
Lsca(v) = 20)(13{ rect(> Xa"c )x}. (A1)

Apply the Fourier transform definition in Equation (4):

o—Tlg [ - ~
Loca(v) = 22— / rect( X=X )xe2mxgx. (A2)
a

[eS) Xa

Apply the rect truncation to the limits of integration:

L, —1 XetF
Lsca (1/) = M/ ’ xe 27X dx. (A3)
X

Xa Xa

c 2

Perform the integration:

Lo — D10 e 21 4+ i271vx] xe+ %
N 3 A4
Xa 471212 s (A4)

Xc—7%

Lsca(v) =
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Apply the limits of integration:

Iz,o _Il,o 1

o Lsca(v) = 22 o { (A5)
e 2Ot ) [1 4 2710 (xc + %)) - e 127V (x— %) [1+i2mv(x. — %)]}

Factor out e 127V%c:

_bo-he 1 —i27vX,
e | seAl) = S g T (A6)
2T 1 +i2mv(xe + %)) —e PV 1+ 2nv(xe — %) -
Expand:
_bo-ho 1 —i2
.LSCA(V) — 20xa.1o 47T2V2e 1. ﬂVXC{
e IMVXa +i27T1/XC€_lm/Xa —I—i?‘[l/Xae_lm/Xa (A7)
—el™Xa _ D ryx el™Xa 4 im/xaeimxa}.
Group terms:
_ Dol 1 _-i2
LSCA(V) _. 20Xa 10We 1 7T1/Xc{
_(emvxa _ e—lTL'l/Xa) (Ag)

—i27TUXC (emvx;,1 _ e—mvxa)

i7T1/Xa (eim/xa + e—im/xa)}.

Apply Euler e 727V = cos(27rx V) + isin(27xcV), 2isin(7x,v) = e — e~1Xa and
2c0s(7xaV) = e 4 e~V [53],

! o_I 0 . .
Lsca (v) =252 i [cos(27txev) + isin(27xcv) |{
—2isin(7TxaV) (A9)
—127Tvx2isin(7tXav)
i7tvx,2cos(mxav) }.
Expand:
Lo—l1o .
Lsca(v) = 2/)(781'4;21/2 [cos(27txcv) + isin(27txcv)]{
—1i2sin(7rxaV)cos (27X V)
+47vXcsin (71xav)cos (27X V)
+i27tUx,c08(7TXaV ) cos (27X V) (A10)
+2sin(7tx,v)sin(27rxc V)
+idrvxcsin(mx,v)sin(27rxc V)
—27UX,008 (7TXaV)sin(27txc V) }.
Group real and imaginary terms:
Lo—lio
Lsca(v) = 222 — {
2sin(7txaV)sin(27rxcV) + 47vxesin(7txa V) cos (27X V) — 27TUXac0o8(TXaV)sin (271X V) (A11)
—128in(7xa V) cos (27X V) + M4 TVXSIn(7TXaV)sin(27tXc V) + 127TUXac08 (7TXaV)cos(27txc V) }-
Distribute the 47?12
Lo—T1o
Lsca(v) Z%{
sin(7mxav) . sin(27xcv) sin(7rxav) cos(27rxcv) cos(7mmxav)  sin(27mxcv)
2Xa 27T(Xav ) c (%NXCV) +4m/xcxa‘ Z(m(av) '2?21/ )—271’1/Xa 2m(/ x)C 2(75XCV | (A12)
. sin(7txav) cos(27rxcv . sin(7txav sin(27txcv . cos(7TXaV) cos(27TXcV
—i2x, 27XV 27V + 147TVXCX3 27mXav € 27XV +1271UXa 2mtv 2mtv }

Apply the sinc definition sinc(x,v) = sin(7tx,v) / X,V and sinc(2x.v) = sin(27wxcv)/
27txcv. This definition of sinc is useful as it matches the definition used by MATLAB R2024B,
which was used to process the data in this work [54]:
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I o1
Lsca(v) = 22={
cos(27xcv)

e — Zm/xawxcsinc(Zxcv) (A13)

27y
cos(7TXaV) cos(27TXcV) }
2mv 2mv

XaSINC(XaV)XcSINC(2X V) 4 27TVXXaSINC(Xa V)
cos(27xcv)
2y

—ixasine(Xav) + 127TUXXaSINC(XaV ) XcSINC(2X V) + 127TVX,

Simplifying the above yields,

Lsca(v) = (Lo —I10){
XaXcSINC(XaV)SINC(2XcV) 4 XaXcSINC(XaV ) COS(27TX V) — XaXcCOS(7TXav)sine (2X V) (A14)
iXa
27y

iXa

+i27TUxaX2sinc(Xav)sine(2xcv) — 22

sinc(xav)cos(27txcV) + 722 cos(7mmxav)cos(27tx V) }.

which represents the expected real and imaginary SCAs for a linear FOV transition.
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