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Abstract: We propose a spectral super-resolution method to utilize additional rows using
an area sensor tilting to enhance spectral measurement. To verify our method, we conducted
preliminary experiments measuring sunlight and a low-pressure mercury-vapor lamp. ©
2020 The Author(s)

1.

Introduction

The spectral resolution of the multi-channel spectrometer is determined by multiple factors such as the slit width,
groove of the grating, aberration of the lens and pixel pitch of the linear sensor. Konishi et al. [1] discussed that
the main factor of the determination of the spectral resolution is the pixel pitch because the optical point spread
function (PSF) in the spectrometer is smaller than the pixel pitch. They propose a super-resolution method of using
two different stripes to create a Moiré pattern for limiting the wavelength bandwidth on each pixel. However, this
method narrows the bandwidth of the spectrometer. We propose a method that utilizes additional rows captured by
a tilted area sensor to enhance spectral measurement. By tilting the sensor slightly, each line measures a slightly
different spectrum. We computationally recover the fine spectrum using the differences. This method has a better
signal to noise ratio than the measurement using a linear sensor since it allows to utilize multiple rows of the area
sensor.
2.

Methodology

Our method targets a dispersive spectrometer as shown in Fig. 1(a). In the multi-channel spectrometer, the grating
disperses an incident ray and the linear sensor samples the dispersed ray. The wavelength resolution is determined
by the pixel pitch of the sensor, meanwhile, our method utilizes an area sensor as a detector.
By inserting a vertical diffuser in front of the slit, we can assume that each line of the area sensor parallel to
the grating grooves outputs the same spectral measurement when the area sensor is perfectly aligned along the
grating. Meanwhile, we slightly tilt the area sensor, hence each line outputs a slightly different measurement.
Similar to our method, Watanabe and Furukawa [2] propose an oversampling method by tilting the image sensor
in the Fourier transfer spectrometer, however, the pixel width is ignored. In this study, we take the pixel width as
a blur on the spectral measurement along wavelength. The outputs are equivalent to the measurements by shifting
the line sensor with subpixel accuracy. Therefore, it is straightforward to apply a sensor-shifting method [3] to
estimate the super-resolved spectrum.
Specifically, the tilt angle of the sensor corresponds to the magnification of the super-resolution. The blur kernel
is the line spread function (LSF) of the spectrometer, which can be estimated using a light source with known
emission lines such as a low-pressure mercury-vapor lamp. The super-resolved spectrum can be recovered from
a sequence of the blurred measurements on slightly shifted spectra by applying the non-negative least squares
(NNLS) method [4].

Fig. 1. (a) Optical configuration of the transmission spectrometer. (b) The process of our method.

3.

Experimental results

We built a transmission spectrometer as shown in Fig. 1(a). The grating groove is 600 lines/mm, the slit width is
3 µm in experiment 1 and 15 µm in experiment 2. The area sensor can rotate around the optical axis. We validated
our method through two experiments below.
3.1.

Verification of the spectral super-resolution using downsampled data

Firstly, we verify our method using the downsampling that simulates a tilted area sensor. In this experiment, we
downsample the measurement, super-resolve it, and compare it to the original spectrum. We use the sunlight
as a light source. The original spectrum is 5472×1 pixels captured by the central row of the area sensor. The
measurement is downsampled to 72×76 pixels, where the vertical row is shifted to emulate the sensor tilt. Fig. 2(a)
shows the experimental result. While the downsampled spectrum does not show the exact peaks of the spectrum,
the estimated result is much sharper and similar to the original spectrum.
3.2.

Estimate the mercury bright lines in the Real Environment

In the second experiment, we show the effectiveness of our method by estimating the mercury lines in the real
environment. In this experiment, we use the low-pressure mercury-vapor lamp. The bright line which can measure
from the mercury is 576.960 nm and 579.066 nm. The width of the two bright lines is about 2 nm, and the baseline
spectrometer cannot separate two peaks. The raw measurement and the estimated result are shown in Fig. 2(b).
Although there should be two separate lines around 577 nm, the bright lines are blurred and cannot be observed in
the ordinary measurement. In contrast, the estimated spectrum by the proposed method can successfully separate
two bright lines.
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Fig. 2. Experimental results. (a) Original, downsampled, and reconstructed spectrum. The sharp
spectrum is reconstructed. (b) Super-resolved spectrum of the mercury bright lines.
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