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High-throughput deconvolution-resolved computational
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A novel high-throughput spectrometer with a wide-slit is presented. In conventional spectrometers, the
slit limited the light throughput. Here, the slit is replaced with a much wider one (200 µm) to increase
throughput. A beam splitter is utilized to construct a dual-path optics to measure both non-dispersed
and dispersed light intensity which comes from the wide-slit. While the dispersed light intensity is result
of the non-dispersed light convoluted spectrum of the source, the spectrum can be acquired by solving
the inverse problem of deconvolution. Experiments show that the reconstructed spectra achieved almost
the same resolution measured by traditional spectrometer, while throughput and peak signal-to-noise ratio
(PSNR) are improved dramatically.
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High-throughput and high spectral resolution are es-
sential demands for spectrometers. Conventional slit-
based spectrometer requires the input slit should be
narrow to achieve a reasonable resolution, due to too
small slit cannot gather enough radiation. A number
of designs have been presented to address the demands.
Also a method could maximize the throughput with-
out sacrificing spectral resolution, we call it having the
Jacquinot advantage[1].

Over past several decades, two most important ap-
proaches were proposed to improve the performance
of spectrometer. One is coded aperture spectrometer
(CAS) and the other is Fourier transform spectrometer
(FTS). CAS replaces the slit with a two dimensional
coded matrix aperture, which is called a mask. And it
was introduced as a multi-slit spectrometer to increase
light throughput without loss of spectral resolution[2].
After more than half century development, the major
CAS is Hadamard- transform spectrometers (HTS)[3,4].
Most encoded aperture theories are based on Hadamard
matrices now. However, in recent years some new static,
multiplex CASs were proposed based on new mathemat-
ical models[2,5]. For a CAS, a better spectral resolution
lays on smaller mask features. Unfortunately, diffraction
and optical blur negate the advantages for the small mask
feature[6]. Apart from CAS, FTS is another method ex-
hibiting Jacquinot advantage, it records interference pat-
terns to estimate the spectrum of the incident light. But
a classic FTS usually containing mechanical scanning el-
ements prevents itself to be assembled easily, compactly
and cheaply. Hence, attempting on eliminating moving
parts to make a smaller, more reliable and inexpensive
system is studied in recent years[7−9].

The key component of CAS is that it measures
weighted multiple spectral channels instead of a sin-
gle one for improving throughput and signal-to-noise
ratio (SNR). However, there were several critical draw-
backs caused by coded aperture. First of all, high preci-
sion and high resolution coded aperture is not available
now. Then, the system needs small mask feature to

achieve high spectral resolution, but it will bring un-
expected diffraction and optical blur. In this letter, a
novel high-throughput, spectral-channel-multiplied spec-
trometer without a spatial filter is presented, wherein
spectrum is reconstructed by solving an inverse problem
of deconvolution. The new design will achieve higher
resolution or longer spectral range without bringing any
aberration in by eliminating physical spatial modulator
such as a coded aperture. Furthermore, the proposed
system is stationary without any moving parts; and it is
not much sensitive to shake compared with FTS. Figure
1 shows a schematic of the deconvolution-resolved com-
putational spectrometer (DSCS).

In Fig. 1, there are two optical paths, both non-
dispersed and dispersed light intensity can be measured.
One path is based on a typical slit-based spectrometer,
which it is indicated as dispersed-branch. The other path
is called non-dispersed-branch. Based on this structure,
lights intensity measured by CCD 2nd is the result of
light intensity measured by CCD 1st convoluted spec-
trum of the light source. This relation is demonstrated
in following paragraphs.

The detail about the system is described as follows.
Light of the source is focused on a wide-slit (width of
200 μm) by objective lens (focal length (FL): 50 mm,

Fig. 1. (Color online) Schematic of the DSCS system.
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f -number: 1.4). The image plane of collimating lens is
also fixed on the slit to make sure that the light passed
though would be collimated light. Then the light beam
is split into two by the beam-splitter. Considering that
light is projected on much more pixels of CCD 2nd in
dispersed-branch, unequal splitting (30% reflection, 70%
transmission) tries to make SNR of the two branches
equal. After that, the reflected light is refocused on
CCD 1st by the re-imaging 1st lens. According to the
reversibility principle of optical path, the image on the
slit would be the same as image on the CCD 1st. In
the dispersed-branch, the transmitted light irradiates on
the grating vertically, and dispersed following the grating
equation:

d(sin θi ± sin θ) = jλ, (1)

where θi is the incident angle and θ is the diffraction an-
gel. If the slit is more than one pixel along x-axis, which
is the direction spectrum dispersed, it causes overlapping
of different wavelengths from adjacent pixels. This phe-
nomenon is described in Fig. 2 in a brief way.

Figure 2 shows an ideal physical mechanism. Images
on the two CCDs obey one rule: if a pixel on the slit is
shifted L pixels along x-axis, the related non-dispersed
pixel on CCD 1st and dispersed pixels on CCD 2nd
would shift the same distance and direction, which it is
called shift invariability. A brief derivation is presented
as follows. Two pixels on the slit along the x-axis are
taken as an example. Lights from the two pixels are
turned into two beams of collimated light individually.
The two beams of light have different incident angles,
θi1 and θi2 before traveling into the grating. Accord-
ing to Eq. (1), diffraction angels related to different
incident angles, θi1 and θi2 at wavelength λ can be ex-
pressed as d(sinθi1 ± sinθd1) = jλ = d(sinθi2 ± sinθd2).
Then, a difference equation about diffraction angles and
incident angles is obtained, which can be expressed:
sinθi1 − sinθi2 = ±(sinθd2 − sinθd1). Base on the precon-
dition that re-imaging 1st lens and re-imaging 2nd lens
have the same focal length f , both sides of the previous
difference equation multiply f . And then it is turned
into f(sin θi1 − sin θi2) = ±f(sin θd2 − sin θd1). As we
know, f sin θd1 is the dispersing distance of wavelength
λ on the image sensor. Right side of the equation is the
distance of the two pixels at wavelength λ on dispersed
image. Left side is distance of the two pixels on non-
dispersed image. So the feature shift invariability shown
in Fig. 2 is demonstrated. Base on the shift invariabil-
ity, an equation (Eq. (2)) to describe relation between
light intensity on CCD 1st and CCD 2nd is obtained.
Specifically, this relation can be expressed as that the
dispersed image on CCD 2nd f(x) equals the convolu-
tion between non-dispersed image observed on CCD 1st
ϕ(x) and the spectral of source.

f(x) = ϕ(x) ∗ S(x; λ), (2)

where f(x) is dispersed image observed on CCD 2nd;
ϕ(x) is non-dispersed image observed on CCD 1st; ∗
denotes the convolution; S(x; λ) is the spectral function
which can be acquired by solving inverse problem decon-
volution of f(x) and ϕ(x).

In this experiment, a 200-μm wide slit is used to acquire
overlapped data and a 5-μm wide slit is used to obtain

standard spectrum to evaluate accuracy of reconstructed
spectrum. 5-μm wide slit is chosen, because the pixel of
CCD is about 5-μm too. Smaller slit would not improve
the spectral resolution. All lenses except objective lens
are the same CCTV lens (FL: 25 mm, f -number: 1.4),
which has a better aberration correction and makes the
system easily assembled. A plane beam splitter (30% re-
flection, 70% transmission; BSS16 ThorLab, USA) is em-
ployed to construct two function-different optical paths.
A bladed grating with 300 grooves/mm groove intensity
(blade angle: 4◦18′; GR50-0305, ThorLab, USA) is used
as dispersing component. The two image sensors are the
same industrial camera with 1280×1024 resolution (pixel
width: 5.2 μm; DH-HV1351UM Daheng, China).

The first light source used is a deuterium lamp, which
is placed 50 cm in front of the objective lens. In order to
quantify the proposed method high-throughput advan-
tage, a filter is utilized to weaken the deuterium. The
direction of dispersing is only along x-axis, pixels along
y-axis have the same spectrum distribution, and they can
be treated as one pixel. So, pixels in the same column
are summed as one pixel to turn an image into a curve.
Data pre-processing is described in Fig. 3.

The measured non-dispersed and dispersed light inten-
sity are shown in Fig. 4, with background noise removed.
The blue curve is light intensity of non-dispersed and red
curve is spectrum-overlapped from different pixels along
x-axis.

However, deconvolution belongs to the class of so-called
ill-posed problems. Both observation and convolution

Fig. 2. (Color online) Demonstration of double shifting
caused by different pixels and wavelengths.

Fig. 3. (Color online) Flow of data pre-processing.
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Fig. 4. (Color online) Measured light intensity of both non-
dispersed and dispersed for deuterium lamp.

Fig. 5. (Color online) Dispersed light intensity of 200-µm slit
both measured and fit for deuterium lamp.

kernel are not acquired precisely every measurement, so
the noise is inevitable. And even worse, small noise may
cause large perturbation in the solution of deconvolution.
Moreover, the response of the CCD is not very linear,
and it causes distinct difference between measured and
fit light intensity of 200-μm slit. This unexpected error
of CCD is shown in Fig. 7. Accurately, pixels is a little
oversaturation while measuring the peak of red curve in
Fig. 5, the measured value is a little smaller than the
real light intensity.

As a mathematic problem, deconvolution is well devel-
oped and several great solutions are proposed to deal with
this problem, such as Richardson-Lucy deconvolution[10],
which is employed to reconstruct spectrum in Ref. [11].
In Fig. 5, two similar curves can be seen. The blue one is
the convolution result between measured spectrum with a
5-μm slit and non-dispersed light intensity with a 200-μm
slit (blue curve in Fig. 4). The red one is measured dis-
persing data with a 200-μm slit which already has shown
in Fig. 4 (red curve). As a matter of fact, the observation
(red curve in Fig. 5) does not fit the ideal data perfectly
due to non-linear response of CCD.

Figure 6 shows both the reconstructed spectrum data
(blue) and measured spectrum with a 5-μm slit (red). We
can see that two characteristic spectrum of deuterium
lamp are significantly recovered and the reconstructed
spectrum fitted the standard spectrum well, except that
there are a few periodic perturbations in the restored
data. The unexpected perturbation is caused by sev-
eral reasons: image aberration, non-linear response of
CCD, and noise (introduced by ill-pose of deconvolution).
Due to high-throughput, the peak signal-to-noise ratio

(PSNR)=15.2 dB of proposed method is much higher
than traditional spectrometer (PSNR=9.8 dB). And the
measured spectrum with 200-μm slit exhibits about 17.2
dB, if the fitted curve (blue curve in Fig. 5) is regard as
standard spectrum of 200-μm-slit.

Another light source we used is LED with two types of
LED combined. The measured and fitted light intensity
of 200 μm slit are showed in Fig. 8, the PSNR of mea-
sured light intensity is 24.8 dB. It is much smoother with-
out many weak peaks compared to the spectrum of the
first light source. Due to the smooth of LED’s spectrum,
the reconstructed data (Fig. 9) matches standard data
very well. Moreover, there is about 6-dB improvement
contributed by the proposed method (PSNR=24.1 dB)
compared with traditional spectrometer (PSNR=18.4
dB).

Fig. 6. (Color online) Results of reconstructed spectrum and
measured spectrum with 5-µm slit for deuterium lamp.

Fig. 7. (Color online) Demonstration of non-linear response
of CCD.

Fig. 8. (Color online) Dispersed light intensity of 200-µm slit
both measured and fit for two combined LEDs.
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Fig. 9. (Color online) Results of reconstructed spectrum and
measured spectrum with 5-µm slit for two combined LEDs.

In conclusion, using a beam splitter to construct two
function-different light paths, both non-dispersed and
dispersed light intensity can be measured. Based on
shift invariability, the spectrum of light source is recon-
structed by solving the deconvolution problem. This new
design of spectrometer can achieve a high resolution and
remain high-throughput without any spatial modulation.
This method is an effective realization to improve the
performance of traditional spectrometer, especially the
light source tends to be weak. We are currently work-
ing on obtaining more reliable and accurate spectrum
by decreasing errors from the system and reconstruction
algorithm, such as finding a better linear response CCD
and analyzing the errors associated with deconvolution

procedures.
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