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The principle of a 2D coded aperture spectrometer is described in this paper. The crosstalk of adjacent rows,
which is caused by the optical system’s point-spread function and the nonuniform illumination of the apertures, is
the main source of the system decoded errors. Through the analysis of the effect of the crosstalk and nonuniform
illumination on the decoded spectrum, the encoding matrix is modified. Based on the new encoding equation, an
algorithm using Gold’s deconvolution method is proposed to remove the crosstalk of adjacent rows. In the end,
we evaluate the effect of this method through a series of contrast experiments. © 2016 Optical Society of America
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1. INTRODUCTION

In a traditional single-slit spectrometer, shift images of the en-
trance slit are generated by the optics and dispersive elements
at the detector plane by wavelength. However, the narrow slit,
which can enhance the spectrometer resolution, results in a loss
of light, which reduces the signal-to-noise ratio (SNR) of the
spectrometer [1]. In order to balance this trade-off, a coded
aperture spectrometer, which uses the Hadamard transform,
was designed and constructed. An encoding mask with a coded
slit array functions together with an image CCD to realize
multichannel encoding of the incident light instead of the tradi-
tional single slit, which will bring about a higher SNR and a
reasonable spectra resolution at the same time [2–4].

Because of the point-spread function (PSF) and nonuniform
illumination, the optical system cannot implement the encod-
ing process perfectly, which will lead to system errors in the
decoded spectrum. The encoding process of the coded aperture
spectrometer can be seen as a series of compound measure-
ments of all the spectral channels. In theory, these compound
measurements should be independent of each other. However,
affected by the optical system’s PSF in the direction perpen-
dicular to the diffusion direction, the encoded signal generated
by one row of the slit array will be widened and will multiply
with the signal generated by adjacent rows. If this crosstalk is
ignored, there will be system errors in the decoded spectrum.
So there were completely opaque rows of one CCD pixel height
placed between each row in the code in the traditional design
[5]. These dead rows were used to reduce the crosstalk between

adjacent codes of the slit array. Unfortunately, the dead rows
will cause a large waste of CCD pixels and then decrease the
SNR enhancement ratio. The SNR enhancement ratio is pro-
portional to the order of the encoding matrix or the number of
compound measurements [3]. A larger order means a larger
number of the dead rows, which will decrease the SNR en-
hancement ratio in turn. When using the mask with opaque
rows, a much larger CCD is needed to realize a proper SNR
enhancement ratio, which will be an obstacle to the practicality
of this spectrometer.

The foundation of the encoding process is that apertures in
the same column or same channel generate the same spectrum
on the detector. When using a fiber to transmit the incident
light from a diffuse source, the illumination on the apertures
is nonuniform. The traditional solution is using an engineered
diffuser. But the diffuser will cause a loss of light and make the
mechanics of the spectrometer more complex. What is more,
even with the help of the diffuser, the illumination cannot be
absolutely uniform.

In this paper, we propose a signal-processing method to deal
with these system errors. First, we analyze how the crosstalk and
nonuniform illumination affect the encoding process of this
spectrometer, and use a modified encoding equation to describe
the real encoding process. Then we propose the calibration
method based on the deconvolution and modified encoding
matrix. In Section 3, we describe the details of contrast experi-
ments to experimentally verify the effectiveness of this method.
Furthermore, this method can also be useful in compressive
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coded aperture spectral imaging, which also uses coded aper-
tures [6,7].

2. THEORETICAL ANALYSIS

A. Principle of the Coded Aperture Spectrometer
The encoding and decoding process of the coded aperture spec-
trometer is shown in Fig. 1. The coded apertures we used are
encoded in an N � N binary matrix, which usually utilizes a
Hadamard S matrix [8]. Ignoring the effect of optical distortion
and other system errors, the apertures in the same column gen-
erate the same spectral distribution on the detector plane as
they have the same location along the dispersion direction
of the spectrometer. In other words, they belong to the same
spectra-detecting channel. The spectra signal generated by the
apertures in the same row multiplies on the same pixel of the
detector and this can be seen as a compound measurement of
these spectra channels. In each measurement, the code “1”
means that the corresponding channel is included and code “0”
means not. With the results ofN compound measurements, we
can get a spectrum with a higher SNR and reasonable spectra
resolution after decoding and other signal-processing processes.
The sets of spectra channels can be represented by a vector, ψ ,
the encoding matrix is denoted by S, and the results of the com-
pound measurements are denoted by η. Thus, the encoding
process corresponds to the matrix equation as follows:

η � Sψ : (1)

If we use S− to denote the inverse of S, then the decoding
equation can be shown as follows:

ψ � S−η: (2)

Then we can get the decoded spectra of all the spectral chan-
nels. Any of the two decoded spectra are the same, except a
wavelength shift caused by the distance between the two col-
umns of apertures in the diffusion direction. After the calibra-
tion of the wavelength shift, we can multiply all the decoded
spectra to get a much larger SNR enhancement.

B. Calibration of System Errors Caused by the
Crosstalk between Adjacent Rows of Apertures
The encoded signals of every two rows of the coded aperture
should be independent of each other. However, affected by the
PSF of the optical system in the direction perpendicular to the

diffusion direction, the encoded signal of one row of the coded
apertures will be widened and spread into the signals of its ad-
jacent rows. If we use Δη to denote the crosstalk and ψ 0 to
denote the decoded spectrum affected by the crosstalk, then
the real decoding equation can be described as follows:

ψ 0 � S−η� S−Δη 0: (3)

As the crosstalk Δη 0 is not encoded in matrix S, we cannot
get the correct decoded spectrum by just using the theoretical
decoding Eq. (2) with the existence of the decoded error S−Δη.

Figure 2(a) is a schematic of the crosstalk between adjacent
compound measurements on one column of detector pixels.
As shown in Fig. 2(a), the encoded signal of one compound
measurement (η1, η2, or η3) spreads into adjacent rows and
multiplies with the signal of the other compound measure-
ments, which will cause an overlap. The encoded data we prac-
tically get (η 01, η

0
2, η

0
3) are blurred by the crosstalk. If (η

0
1, η

0
2, η

0
3)

is directly used in the decoding Eq. (2), there will be system
decoded errors in the decoded spectrum as shown by Eq. (3).
Figure 2(b) shows how the opaque rows between two rows of
coded apertures weaken the influence of the crosstalk. With the
opaque rows placed between every two rows of coded apertures,
most of the crosstalk will spread into the detector pixels corre-
sponding to the opaque rows. So the encoded data we practi-
cally get are nearly proportional to the original correctly
encoded data.

However, as we can see from Fig. 2(b), the pixels corre-
sponding to the opaque rows are wasted and the encoding area
will become larger, which means a larger detector is needed
whereas the order of the encoding matrix remains the same.
In other words, the order of the encoding matrix should de-
crease because of the design of the opaque rows when function-
ing together with a CCD with proper size. If the imaging CCD
has m rows of pixels and the subaperture corresponds to only
one row of pixels, then the maximum order of the encoding
matrix is m. For a large m, the theoretical SNR gain brought
about by the Hadamard transform is as follows [3]:

GH �
ffiffiffiffi
m

p
2

: (4)

If the opaque rows of one pixel height are placed between
every two rows of subapertures, then the maximum order of the
encoding matrix we can realize is near m∕2. If we describe G 0

H
as the Hadamard transform SNR gain using this coded aper-
tures, then we get

Fig. 1. Encoding and decoding principle of the coded aperture
spectrometer.

Fig. 2. (a) Schematic of the crosstalk caused by the PSF of the
optical system. (b) The schematic of the signal distribution when
the opaque rows are placed between the coded apertures.
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Then we can see that if the opaque rows are used to weaken
the crosstalk, then the order of the encoding matrix we can
realize with a proper CCD will be seriously decreased and this
will cause a loss of the SNR gain. However, if we do not use the
opaque rows and directly implement the decoding algorithm on
the row data, then there will be decoded errors in the decoded
spectrum. So a new method is needed because of this trade-off.

The minimum unit in the encoding and decoding process of
the coded aperture spectrometer is the subaperture, whose size
is an integer times pixels and much larger than the wavelength
of the incident light. The optical system of this spectrometer
is a noncoherent imaging system. For the example shown in
Fig. 2, we just use �a1; a2; a3�T to represent the discrete distri-
bution of one subaperture’s image on the detector in the direc-
tion perpendicular to the diffusion direction. The sample
interval is equal to the height of the subaperture. In this paper,
this distribution is called the subaperture spread function,
which in fact is the convolution of the height function of the
subaperture and the PSF of the optical system. When using
coded apertures without the opaque rows as shown in Fig. 2(a),
a2 is the influence coefficient of one measurement’s impact on
itself, whereas a1 and a3 are the influence coefficients of this
measurement’s impact on its adjacent two measurements.
The other influence coefficients are assumed to be 0 to simplify
the analysis. If the impact of the optical system’s aberration is
ignored, then this distribution is nearly space constant. So the
crosstalk between the compound measurements can be ex-
pressed mathematically as follows:2

64
a2 a1 0

a3 a2 a1
0 a3 a2

3
75

2
64
η1

η2

η3

3
75 �

2
64
η 01
η 02
η 03

3
75: (6)

If the distorting matrix constructed by �a1; a2; a3�T in
Eq. (4) is denoted by P, then Eq. (6) can be written as

η 0 � Pη; (7)

and then we can get the ideal encoded data η through the
following equation where P− represents the inverse of the
matrix P:

η � P−η 0: (8)

According to Eq. (2), the practical decoding equation con-
sidering the effect of the crosstalk should be described as

ψ � S−P−η 0: (9)

As shown in Eq. (6), if the subaperture spread function is
used as the convolution kernel, then the encoded data affected
by the crosstalk can be seen as the convolution of the ideal en-
coded data and the subaperture spread function. Equation (8)
is the simplest deconvolution process, which may be affected
badly by the random noise in the original data of the measure-
ments. A stable deconvolution method is needed and we choose
the Gold iterative algorithm because its solution is positive
[9,10]. Because the subaperture spread function is the convo-
lution of the subaperture’s height function and the optical sys-
tem’s PSF, it follows a Gauss distribution. Thus, the coefficient

a2 is usually much larger than the other coefficients and all the
coefficients are positive. So the distorting matrix P is symmetric
and has diagonal dominance, which can be easily derived from
Eq. (6). Therefore, P is nonsingular and it satisfies the conver-
gence condition of the Gold iterative algorithm of deconvolu-
tion. Then we should use this algorithm on the raw data to
remove the effect of the crosstalk before the decoding process
with the measurement of the subaperture spread function; oth-
erwise there will be system errors in the decoded spectrum.

C. Calibration of the System Errors Caused
by Nonuniform Illumination
If the coded apertures are directly illuminated by the diffuse
source, then the light falling on the apertures will differ from
each other. This will break the foundation of the coded aperture
spectrometer in that the apertures in the same column generate
the same distribution. For example, when using a 3 � 3 cyclic S
matrix as the encoding matrix, light of different wavelengths
(λ1, λ2, λ3) from three channels overlap on the same column
of detector pixels. The intensities of the three channels are
denoted by ϕλ1, ϕλ2, and ϕλ3, respectively. Given that the
intensity deviation caused by the nonuniform illumination only
exists in the first channel, the practical encoding process can be
represented by a modified matrix as shown in Eq. (10) where
η 01, η 02, and η 03 represent the measurement result on the
detector: 2

64
η 01
η 02
η 03

3
75 �

2
64
1� ε1 1 0

1� ε2 0 1

0 1 1

3
75

2
64
ϕλ1

ϕλ2

ϕλ3

3
75: (10)

If we ignore the effect of the nonuniform illumination and
use the ideal binary encoding matrix in the decoding process,
then the system decoded errors shown in Eq. (11) will arise:8><

>:

δϕλ1
� 1

2 �ε1 � ε2�ϕλ1

δϕλ2
� 1

2 �ε1 − ε2�ϕλ1

δϕλ3
� 1

2 �ε2 − ε1�ϕλ1

: (11)

As we can see from the above equation, the decoded spectra
of channels 2 and 3 will be affected by channel 1, which has
nonuniform illumination. The larger the degree of the nonuni-
form illumination (ε1 − ε2) and the intensity of channel 1 at
wavelength λ1, the larger the decoded errors of channels 2
and 3. So the detection of a light source with discrete spectrum
will be badly affected by the nonuniform illumination because
the spectral intensity of the source changes a lot with wave-
length in the peak region and there are huge differences
between the intensities of the spectral channels on the same
detector pixel. For example, when the spectral region of channel
2 or 3 whose intensity is near 0 multiplies with the peak region
of channel 1, it can be easily derived from Eq. (11) that there
will be a nonexistent peak in this region of the decoded spec-
trum of channel 2 or 3 in the detection of an Hg lamp.

So to avoid this system error, a measurement of ε1 and ε2
should be made to modify the encoding matrix S. Using a
source with a discrete spectrum such as an Hg lamp, we can
measure the intensity of each of the apertures at the same wave-
length, which is proportional to the whole intensity of the cor-
responding aperture. Take the ratio of the intensity of one slit
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and the largest intensity in the same column or the same chan-
nel to replace the corresponding code “1” in the ideal encoding
matrix. This means that only a part of the spectra signal of this
channel is taken into the corresponding compound measure-
ment. If the modified encoding matrix is denoted by Sm, then
the real encoding process can be expressed as follows:

η � PSmψ : (12)

Thus, in order to remove the system errors caused by the
PSF and nonuniform illumination, the modified decoding
equation can be described by Eq. (13):

ψ � S−mP−η: (13)

3. EXPERIMENTS AND ANALYSIS

Figure 3 illustrates the experimental setup of the coded aperture
spectrometer. The optical system of the spectrometer is the
same as that of a traditional single-slit spectrometer, except
for the coded apertures. The incident light from the light source
transmits through the coded apertures and is collimated by a
collimating mirror. The collimated light is subsequently dis-
persed by a grating and imaged on an imaging detector by a
condensing mirror. The CCD detector translates the encoded
light signal into a digital signal and transmits it to a computer
for the decoding process.

As shown in Fig. 4, we manufactured two kinds of masks
with coded apertures curved on them to perform contrast ex-
periments with the help of MEMS technology. The two masks
have the same order of coded apertures (N � 19), but one of
them is designed without the opaque rows and the other has
opaque rows. On both the masks, one row of coded apertures
corresponds to two rows of CCD pixels. The opaque row be-
tween two adjacent rows takes one row of CCD pixels. When
functioning with the coded apertures with opaque rows, the
imaging CCD should have 57 rows of pixels at least, and it
is 50% more than the size of the CCD needed when function-
ing with the coded apertures without the opaque rows, which
only needs 38 rows of pixels.

In order to implement Gold’s deconvolution algorithm, we
must first construct the convolution kernel or the subaperture
spread function. We replaced the coded apertures of the spec-
trometer with a single slit that has the same size as the suba-
perture in the coded apertures. Then we use the spectrometer
to detect a light source that has a discrete spectrum with sharp
peaks, for example, an Hg lamp or a laser. Through the slit

image on the CCD, we can get the intensity distribution of
one subaperture in the direction perpendicular to the diffusion
direction and then we can get the influence coefficient we
needed.

We have detected the spectrum of the Hg lamp using the
two kinds of coded apertures shown in Fig. 4. First, we used
the coded apertures that use the opaque rows to weaken the
effect of the crosstalk, and the decoded spectrum is shown
in Fig. 5(a). The full width at half-maximum (FWHM) of
the peaks is 1.5 nm. Then we just changed the encoding mask
to the coded apertures without the opaque rows, whereas the
other settings of the spectrometer remained the same. Affected
by the crosstalk, the FWHM of the peaks of the spectrum,
which is directly decoded from the data without any signal
processing, is 1.8 nm. As we can see from Fig. 5(b), the peak
at 577 nm could be hardly distinguished from the peak at
579 nm. After removing the crosstalk with the method we

Fig. 3. Schematic of the coded aperture spectrometer.

Fig. 4. (a) Coded apertures without opaque rows. (b) The coded
apertures with opaque rows.

Fig. 5. (a) Decoded spectrum of the Hg lamp using the opaque rows
to remove the crosstalk. (b) The spectrum decoded directly from the
data without any processing when using the coded apertures without
the opaque rows. (c) The decoded spectrum using the algorithm based
on deconvolution to remove the crosstalk. (d) The encoded data of one
column of pixels before and after removing the crosstalk when using
the coded apertures without opaque rows.
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proposed, the FWHM of the decoded peak is 1.4 nm. In
Fig. 5(c), the peaks can be well distinguished from each other.
The resolution of the spectrometer that we constructed has im-
proved nearly 25% with the help of the method we proposed,
which is a little better than that of the decoded spectrum using
the opaque rows to remove the crosstalk.

Through the contrast of Figs. 5(b) and 5(c), we can find that
the crosstalk caused by the PSF will widen the FWHM of the
decoded spectrum when ignoring the crosstalk in the decoding
process. The results of one group of compound measurements
before and after removing the crosstalk when using the coded
apertures without opaque rows are shown in Fig. 5(d). In the
Hg lamp spectrum, the spectral intensity changes rapidly with
wavelength in the spectral region that contains a sharp peak and
the spectra of different encoding channels have a wavelength
shift between each other as shown in Fig. 1. In one group of
the compound measurements in this region, the intensity of
one channel may be very large whereas the intensity of the other
channels may be near 0. As shown in Fig. 5(d), the intensities of
the compound measurements that only include weak spectral
channels are near 0 and increase with adjacent measurements
through the crosstalk. Then it can be concluded that the de-
coded intensities of the weak spectral channels are increased
and the decoded intensity of the intense spectral channel is de-
creased. In other words, in the decoded spectra of all the spec-
tral channels, for example, the intensity at the weak spectral
regions of channel A is increased, affected by the peak region
of channel B through the crosstalk; the decoded intensity at the
weak spectral regions beside the peak of channel B is also in-
creased in the same way. This will lead to the fact that the
FWHM of the decoded spectrum of one spectral channel will
be widened, as its peak intensity will decrease and the decoded
intensity at the region around the peak increases. That also
means that the resolution of the decoded spectrum will decrease
because of the crosstalk that is caused by the optical system’s
PSF in the direction perpendicular to the diffusion direction.

We have measured the intensity of the peak at 546 nm
in the decoded Hg lamp spectra 30 times, using the signal-
processing algorithm based on deconvolution and opaque rows
to remove the crosstalk. The two measurements are made using
the same light source, optical system, detector, and integration
time. The only difference lies in the encoding mask. The results
are shown in Fig. 6. To evaluate the quality of the two mea-
surements, we compute the SNR of the decoded spectra, which
is defined as the ratio of the mean and standard deviation of the
measured peak intensity. For the decoded spectrum that used
the algorithm based on deconvolution, the mean and SNR of
the measured intensity at 546 nm are 1428.6 and 549.5, re-
spectively. When using the coded apertures with the opaque
rows, the mean and SNR are 858.4 and 357.7, respectively.

From the above experiment results, we can find that the res-
olution and SNR of the decoded spectrum using the algorithm
based on deconvolution are better than those of the decoded
spectrum that uses the opaque rows to remove the crosstalk.
In the design of the coded apertures with the opaque rows, the
opaque rows only take one row of pixels to make full use of the
CCD as much as possible. The adjacent rows of the coded aper-
ture could still affect each other through crosstalk, although the

opaque rows can remove most of the effect of the crosstalk. But
when using the signal-processing algorithm, the influences of
one row of coded apertures on the other rows are all taken into
consideration. On the other hand, when using the coded aper-
tures with the opaque rows, only part of the incident light was
actually used in the compound measurements. When using the
algorithm based on deconvolution, the light signal spread into
adjacent rows was taken back to its source and used in the en-
coding and decoding process. Thus, the decoded intensity of
the spectrum using the algorithm is much higher than that
of the spectrum that used the opaque row. This will still lead
to an increase of the SNR, although the standard deviation of
the decoded intensities using the signal processing is a little
larger. In one word, the calibration effect of the algorithm based
on deconvolution is better than the effect when using the
opaque rows, besides the need of a smaller CCD.

We used the coded apertures without the opaque rows to
detect the spectrum of a deuterium lamp, which is continuous
and also has a sharp peak at 656 nm. The spectra directly de-
coded from the raw data and the calibrated spectrum, which
gets rid of the influence of the crosstalk based on the algorithm
we proposed, are shown in Fig. 7(a). In the previous experi-
ment, we have proved that the algorithm we proposed has a
very good effect on the removal of the decoded error caused
by the crosstalk. Therefore, we use the difference between the
two decoded spectra to make an approximate estimate of the
decoded errors caused by the crosstalk as shown in Fig. 7(b).
By comparing Figs. 7(a) and 7(b), it can be derived that
the decoded error caused by the crosstalk is dependent on the
type of the spectrum. The decoded errors in the wave band of
600–650 nm, in which the spectral intensity changes little with
wavelength, are near 0, whereas there are large decoded errors in
the band near the spectral line at 656 nm, in which the spectral
intensity changes a lot with wavelength.

In one group of compound measurements, the wavelengths
of the spectral channels are different and belong to a small wave
band whose width is proportional to the order of the encoding
matrix or the number of spectral channels. If the spectrum is
nearly flat and smooth in this band, then the intensities of the

Fig. 6. (a) Measured intensity of the peak at 546 nm in the decoded
Hg lamp spectrum that used the signal-processing algorithm to remove
the crosstalk. (b) Measured intensity of the peak at 546 nm in the
decoded Hg lamp spectrum that used the opaque rows.
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spectral channels are almost the same. As each compound mea-
surement includes the same number of spectral channels, the
intensity of one compound measurement has no significant
variation from that of another. The energy that transforms from
one measurement to adjacent measurements through the cross-
talk is nearly equal to the energy it gets from the others. In this
case, the crosstalk has little effect on the decoded spectrum.
On the contrary, the spectral intensity will change greatly with
wavelength in the case where there is a sharp spectral line in this
band. So the intensities of the compound measurements in this
band may differ a lot from each other and the measurement
with low intensity will be affected badly by the measurement
with high intensity through the crosstalk, which will lead to a
large decoded error.

Having removed the crosstalk, there are still some intensity
differences between the compound measurements as shown in
Fig. 5(d). These differences are mainly caused by the nonuni-
form illumination. Figure 8 illustrates the spectra decoded with
the unmodified encoding matrix and the modified matrix. The
intensity of the spectral region beside the peak at 546 nm in
the Hg lamp spectrum should be near 0. However, affected
by the nonuniform illumination, there are nonexistent peaks
besides the peak at 546 nm in the spectrum decoded using

the unmodified encoding matrix, which is consistent with
the previous analysis in Section 2.C. The maximum decoded
error in the region beside 546 nm is near 10% of the decoded
intensity at 546 nm. The impact of the nonuniform illumina-
tion on the region beside the peaks at 577 and 579 nm is not as
significant as that on the region beside the peak at 546 nm
because the spectral signal at 577 or 579 nm is much weaker
than that at 546 nm. Then we acquired the encoded images of
the Hg lamp at 546 nm 30 times to modify the encoding ma-
trix in the way we proposed in this paper. Decoded with this
modified matrix, the ratio of the largest decoded error in the
region beside 546 nm and the peak intensity at 546 nm is less
than 2% as shown in Fig. 8.

4. DISCUSSION

Equation (13) describes the practical decoded process of the
coded aperture spectrometer to remove the system decoded er-
rors caused by the crosstalk and nonuniform illumination. The
crosstalk removal algorithm based on the Gold deconvolution
method should first be implemented on the raw data, and then
the decoding algorithm should be implemented using the
matrix modified by the measurement of the nonuniformity
of the illumination. The modification of the encoding matrix
to calibrate the nonuniform illumination and the usage of the
diffuser are not in conflict. The modified matrix can be used as
a supplement to the diffuser because the diffuser cannot make
the illumination on the apertures absolutely uniform. With the
help of the removal algorithm of the crosstalk proposed in this
paper, the resolution of the coded aperture spectrometer we
constructed has improved nearly 25%, which is higher than
that in the method using the opaque rows as well as the SNR.
Furthermore, this method will not cause a waste of the CCD
pixels, which has great significance for practical application of
the coded aperture spectrometer.

Based on the detection of the deuterium lamp’s spectrum,
we made a qualitative analysis of the relationship between the
decoded errors caused by the crosstalk and the types of spectra.
When the spectral intensity varies significantly with wave-
length, there will be large decoded errors caused by the crosstalk

Fig. 7. (a) Decoded spectra of the deuterium lamp before and after
removing the effect of the crosstalk with the algorithm we proposed.
(b) The difference between the two decoded spectra.

Fig. 8. Normalized spectra decoded using the unmodified matrix
and modified matrix after removing the crosstalk.
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in this band. However, if the spectral intensity changes little in
some wave band, there is almost no decoded error caused by the
crosstalk. Furthermore, the width of the wave band included
in one group of compound measurements is proportional to
the order of the encoding matrix or the spectral channels.
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