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ABSTRACT ARTICLE HISTORY
This article first reviews the main characteristics of the High- Received 30 September 2016
Resolution Hyperspectral Sensor for carbon observation Grating Accepted 3 March 2017
Spectrometer (HRHS-GS) and discusses the impact of spectral

resolution on gas absorption lines. The major content of this

article is the laboratory calibration of HRHS-GS, the signal-to-

noise ratio (SNR), instrument line shape (ILS), and the spectral

resolution of each channel were achieved. The SNR results met

the mission requirements for the 0.76 um band, but missed the

requirement for the two Carbon dioxide (CO,) bands. To address

this problem, the model ‘Multiplex Merging of Spectral Pixels’ was

established to improve the SNR by increasing the incident energy

of a single spectral channel. This process would lead to spectral

broadening; the spectral resolution before and after that process

was obtained. The transmittance spectra before and after multi-

plex merging were compared by the line-by-line radiative transfer

model (LBLRTM) to analyse the impact of spectral broadening on

gas absorption lines. Next, the results were verified by experiment

with a gas absorption cell. The results showed that ‘Multiplex

Merging of Spectral Pixels’ could effectively improve the SNR. For

the 0.76 um band, the transmittance spectra before and after

multiplex merging were almost the same; for the 1.61 um band,

the peak value of the transmittance spectra decays by about 5%;

and for the 2.06 um band, the attenuation of the transmittance

spectra is smaller than 3%. Meanwhile, the spectral resolution after

spectral broadening still satisfied the study’s requirement.

1. Introduction

In view of the significant influence of CO,, countries around the world have developed a
variety of methods to monitor this gas using remote-sensing observations from space
and have launched numerous optical remote-sensing monitoring instruments (Basilio,
Pollock, and Hunyadi-Lay 2014; Crisp, Miller, and De Cola 2008; Kuze et al. 2006;
Laurenza et al. 2014). Carbon Observing Satellite (TanSat) is the first Chinese experi-
mental scientific satellite for monitoring the column densities of CO, in the atmosphere
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and identifying sources and sinks on regions scales. TanSat is under way for whole-
spacecraft environment testing and will be launched in December 2016 (Liu et al. 2012;
Cai, Liu, and Yang 2014; Bi et al. 2015).

TanSat has two instruments, the High-Resolution Hyperspectral Sensor for carbon
observation Grating Spectrometer (HRHS-GS) and the Cloud and Aerosol Polarimetric
Imager (CAPI) (Zhang, Shao, and Yan 2015; Zhang et al. 2015b). This article describes the
laboratory calibration testing of HRHS-GS, mainly measuring instrument line shape (ILS),
spectral resolution, and the signal-to-noise ratio (SNR) under typical illumination (5%
albedo). To improve SNR without reducing spectral sampling, the model ‘Multiplex
Merging of Spectral Pixels’ was established. The influence on transmittance spectra
from spectral broadening was evaluated quantitatively through theoretical simulation
and experimental results.

2. Instrument overview

HRHS-GS, the main payload of TanSat, adopts the optical system of the three-channel
grating spectrometer. It consists of a telescope, a collimating system, a large-area plane
diffraction grating, and a spectral imaging system. Figure 1 illustrates the optical layout
of HRHS-GS. Three spectral bands share one common fore-optics. To eliminate chromatic
aberration and suppress stray/scattered light, an afocal all-reflective optical system with
an intermediate focus is designed as the fore-optics (Eldering et al. 2012; Cu-Nguyen
et al. 2016; Bai et al. 2016). The three spectral bands are separated by the spectral relay
system and isolated by dichroic beam splitters. The three beams of light pass through,
respectively, a narrow bandpass filter to generate narrow-band parallel light with the
wavelength range of the three spectral bands. The parallel light is focused onto the
entrance slit. One large-area plane diffraction grating is used as the dispersive element
to achieve high spectral resolution. The light via the entrance slit falls on the grating, the
first-order diffraction light of the diffraction grating passes through the other two pieces

Imaging lens Focal lens

Collimator
L. LN Non-focal fore-optics
100 mm Pointing mirror P

—_—

Figure 1. Optical layout of HRHS-GS.
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Table 1. Summary of HRHS-GS performance requirements.

Parameter Band 1 (O, A-Band) Band 2 (weak CO, Band) Band 3 (strong CO, Band)
Spectral range (nm) 758-778 1594-1624 2041-2081
Spectral resolution AA 0.033-0.047 0.12-0.15 0.16-0.2
(nm)
SNR >360:1 >240:1 >180:1
@5.8 x 10" photons @2.1 x 10" photons @1.1 x 10" photons
sec ' m2 s pm’1) sec ' m2 s um”) sec ' m2 57! |.1m’1)
Integration time 0.293 s
Observation modes Nadir; Target; Sun-glint; Occultation
Ground sample 1 kmx2 km
distance (@700 km)
Swath (km) >20

of quartz lens and images on a two-dimensional focal plane array (FPA), thereby
obtaining fine absorption information on the atmosphere (Crisp 2015).

The detector E2V55-30 manufactured by E2 V Technologies (UK) is chosen for the
0.76 uym band, the detector is 1252 x 576 pixel arrays with 22.5 um X 22.5 um pixels. 320
pixels are used out of the 576 in the spatial dimension parallel to the entrance slit; in
order to improve SNR, 16 adjacent pixels are merged to produce up to 20 spatially
averaged ‘super pixels'.

For the 1.61 um and 2.06 pm bands, the detector uses mercury cadmium telluride
(HgCdTe) as the photosensitive material. It consists of a 500 x 240 pixels array, with a
pixel pitch of 30 um. Similar to the 0.76 um band, 240 pixels of spatial dimension are
binned to 20 pixels for better SNR. Because the dark noise of HgCdTe detectors increases
with rising temperature, a Stirling cryocooler is used to maintain the HgCdTe detectors
at their operating temperature (150 K). The performance requirements of HRHS-GS are
given in Table 1.

3. Spectral resolution and spectral sampling

Spectral sampling is the ratio of spectral resolution to sampling interval; it represents the
number of sampling points on full-width at half-maximum (FWHM) of the ILS function.
HRHS-GS has high spectral resolution and multi-spectrum channels; continuous spec-
trum dispersed by the diffraction grating is recorded accurately in discrete form using
FPA. If the spectral resolution is equal to or smaller than the pixel interval, the spectral
feature on a smaller scale will be ignored by interpolation, resulting in under-sampling.
Under the same spectral resolution, higher spectral sampling results in smoother and
finer absorption lines. According to the Nyquist Theorem, spectral sampling must be
more than 2 in order to obtain complete spectral information, that is, the image of the
slit on the FPA needs at least two pixels in the dispersion direction to sample.

Taking the 0.76 um O,A-band as an example, the design results of the spectrometer
are given below. The spectral range of the 0.76 um band is 0.758-0.778 um; the spectral
sampling resolution (spectral bandwidth of a single pixel) is 0.0167 nm. Figure 2 shows
the optical system structure diagram of the 0.76 pm band, including four fused silica lens
and one diffraction grating; the angle between the incident optical axis and the
emergent optical axis is 23°% the angle between the incident optical axis and the grating
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Figure 2. Optical system structure diagram of the 0.76 um band.

is 46.2° and the grating groove density is 2157 g mm~' (Zheng et al. 2015; Mei et al.
2016).

Figure 3 illustrates the spot diagram, the modulation transfer function (MTF), the
spectral enclosed energy, and the spectral sampling of the 0.76 um band. Figure 3(a)
shows the long, narrow spots with an aspect ratio consistent with the detector pixel
sampling in both spatial and spectral directions; it represents the feature of the spectro-
meter with high spectral resolution and low spatial resolution. We can see in Figure 3(b)
that the MTF on the spectral dimension of the whole field of view is larger than 0.9, and
it can effectively reduce the bandwidth broadening effect due to light scattering. The
pixel size on the spatial dimension is 360 um, the corresponding Nyquist frequency is
1.39 Ip mm~(line pairs per millimetre), and the MTF is greater than 0.945. Figure 3(c)
illustrates that the disc of confusion on the spectral dimension is extremely small; 50% of
the energy in the dispersion direction is contained within a distance of less than 0.43 pm
from the image centroid, and for 99% of the energy, the energy dispersion circle radius
is less than 4.6 um. The results demonstrate that each spectral channel has high spectral
purity. Figure 3(d) shows the spectral sampling of the 0.76 pm band for different
wavelengths; the spectral sampling is 2.0-2.8 and the spectral resolution is 0.033-
0.047 nm.

4. Laboratory calibration
4.1. Spectral calibration

The laboratory spectral calibration of HRHS-GS was used to determine the ILS function,
the centre wavelength, and the spectral resolution. The ILS profiles were derived from
the tunable diode-laser testing (Day et al. 2011; Sugavanam et al. 2016). Figure 4 shows
the laser-based spectral calibration system. The 0.76 pm, 1.61 pm, and 2.06 pm bands
adopted respective lasers as the light source; each laser was fibre coupled to an
integrating sphere and a wavemeter for wavelength monitoring. The monochromatic
collimated light uniformly illuminated the entrance telescope of HRHS-GS. The three
bands scanned the respective spectral range with an interval of 0.005 nm, 0.01 nm, and
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Figure 3. (a) Spot diagram of the 0.76 um band. (b) MTF of the 0.76 um band. (c) Spectral enclosed
energy of the 0.76 pm band.
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Figure 4. The laser-based spectral calibration system scheme.

0.02 nm. After power correction and normalization, the ILS of each spectral channel was
obtained. The results of the laboratory laser-based calibration are shown in Figure 5-7
(Sakuma et al. 2010; Wan et al. 2015; He et al. 2016).
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Figure 5. Spectral response function (ILS) of several different channels on three spatial positions for
the 0.76 m band (FOV represents spatial pixel; Channel represents spectral pixel). (@) FOV = 3;
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FWHM = 0.0393 nm; Centre wavelength = 777.064 nm.
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FWHM = 0.1279 nm; Centre wavelength = 1609.532 nm; (c) FOV = 17; Channel = 468;
FWHM = 0.1307 nm; Centre wavelength = 1621.053 nm.
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Figure 7. Spectral response function (ILS) of several different channels on three spatial positions for
the 2.06 m band (FOV represents spatial pixel; Channel represents spectral pixel). (a) FOV = 3;
Channel = 23; FWHM = 0.1749 nm; Center wavelength = 2043.368 nm; (b) FOV = 10; Channel = 259;
FWHM = 0.1721 nm; Centre wavelength = 2061.527 nm; (c) FOV = 17; Channel = 431;
FWHM = 0.1723 nm; Centre wavelength = 2074.385 nm.
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According to the above-mentioned results, for the 0.76 um band, the FWHM of the
ILS is 0.04 nm#+2%; for the 1.61 um band, it is 0.13 nm=*3%; and for the 2.06 um band, it
is 0.17 nm=%3%. The results of spectral calibration agree well with the design values,
satisfying the spectral detection requirements for high spectral resolution (Frankenberg
et al. 2015; Zhang et al. 2015a).

4.2. SNR testing

SNR testing was performed in a thermal-vacuum chamber; the integrating sphere was
placed outside of the chamber and the instrument entrance slit was fully illuminated
(O'Dell et al. 2011). Two tungsten bulbs (1000 W) with a variable aperture slot illumi-
nated the sphere; the spectral range of the sphere was 500-2500 nm, the radiation
distribution temperature was 3000-3500 K, the uniformity of radiance illumination on
the sphere port was better than 98%, and the consistency between radiance in all
directions of the whole field of view was better than 99% (Li 2015; Liu et al. 2015).
The illumination of the integrating sphere was adjusted to simulate the typical radiance
on orbit (albedo 0.05). According to Equations (1) and (2), the SNR Xiij) (channel = |,
FOV = j) can be calculated as follows:

i

Xij) = - ;
1 =2
1> Sipu—9) (1)
k=1
1M
S= MZS(LJM, ()
k=1

where S «is the DN value for channel = i, FOV = j, frame = k; M is the number of frames
(M=100); and S is the average DN value.

Figure 8 shows the SNRs of the three bands for different spectral channels under
typical radiance. We can see that the average SNRs of the three bands are 373.9, 221.6,
and 150.7. This met the mission requirement for the 0.76 um O,-A band, but missed the
requirements for the 1.61 pum and 2.06 um bands.

4.3. Multiplex merging of spectral pixels

The SNR is directly proportional to the root mean square (RMS) of the signal
intensity; the conventional approach of improving the SNR is pixel merging.
Currently, sets of 16 pixels in the spatial dimension were binned to one ’'big pixel’,
the corresponding ground resolution was 1 km X 2 km; the pixels in the spatial
dimension cannot be merged again. In addition, merging of spectral pixels would
reduce the spectral sampling, causing under-sampling. The feature of the absorption
lines cannot be accurately described.

To improve the SNR without reducing the spectral sampling, the model ‘Multiplex
Merging of Spectral Pixels’ was established. Specific data conversion method is shown
in Figure 9. The horizontal axis is the spectral dimension, and the vertical axis is the
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Figure 8. (a) Measured SNR for different channels in the 0.76 m band of HRHS-GS under typical
radiance. (b) Measured SNR for different channels in the 1.61 m band of HRHS-GS under typical
radiance. (c) Measured SNR for different channels in the 2.06 m band of HRHS-GS under typical
radiance.

spatial dimension. For the spatial dimension, common pixel binning was conducted,
which is not discussed here. For the spectral dimension, every two columns of data
were implemented to multiplex merging. The data of the first column and the one of
the second column in the spectral dimension were added to serve as the new first
column in the spectral dimension; the data of the second column and the one of the
third column in the spectral dimension were added to serve as the new second column
in the spectral dimension, and so on (iy+iy = ji; i+i3 = jo... iy—1+iy = ju—1). The signal
intensity of each pixel would be doubled and the spectral sampling would almost
remain unchanged (Rehman, Kumar, and Banerjee 2016; Luo et al. 2016). For the two
CO; bands, the number of spectral sampling points would change from 500 to 499.

This kind of data processing method would cause spectral aliasing to some extent,
broadening the ILS and reducing the spectral resolution of each spectral channel.
Decreasing the spectral resolution would reduce the instrument sensitivity to the con-
tent of CO, (Cai, Liu, and Yang 2014; Shanghavi, Lebsock, and Stephens 2015). To
analyse the influence and verify the feasibility of the multiplex merging of spectral
pixels, the ILS and spectral resolution were compared between before and after this
data processing.
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5. Analysis and discussion

The ILS of each spectral channel was obtained before and after the multiplex merging of
spectral pixels, and then the variation of the spectral resolution was achieved. After that,
the influence on absorption lines from reducing the spectral resolution was simulated by
the line-by-line radiative transfer model (LBLRTM). Finally, the results were validated by
the experimental data.

5.1. SNR improvement

Using Equations (1) and (2), the SNRs of before and after the multiplex merging were
compared for the 1.61 pm and 2.06 pm bands as shown in Figure 10. The horizontal axis
is the spectral channel number, and the vertical axis is SNR. It can be seen that the
variation trends of SNR are consistent before and after the multiplex merging. Thus, the
average SNR of 500 spectral channels is used to represent the variation of SNR. It can be
seen that the average SNR increases from 221.6 to 281.8 for the 1.61 um band and it
increases from 150.7 to 187.6 for the 2.06 pm band. In theory, SNR increases with
multiplex merging following the power law, with the exponent of 0.5 of the number
of multiplex pixels. The measured exponent value is 0.32-0.34 owing to diversity
between the different pixels. The SNRs for the two CO, bands are both greatly improved
and meet the mission requirement.
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Figure 10. (a) The SNR before and after the multiplex merging for the 1.61 um band under typical
radiance. (b) The SNR before and after the multiplex merging for the 2.06 pm band under typical
radiance.

5.2. Spectral broadening

Multiplex merging of spectral pixels would result in spectral broadening of each spectral
channel. Here, the quantitative analysis was made for spectral broadening. The spectral
data from laboratory calibration was processed as shown in Figure 9. For the three
bands, a new ILS of each spectral channel was gained. One of them was considered to
compare with the previous ILS as shown in Figure 11-13.

5.3. Centre wavelength shift

Besides improving SNR and spectral broadening, the method ‘Multiplex Merging of
Spectral Pixels’ could result in centre wavelength shift. By comparing the centre wave-
length of each spectral channel before and after the multiplex merging, the average
values of centre wavelength shift for the three bands are given in Table 2, with
0.0104 nm, 0.0315 nm, and 0.0402 nm, respectively.

The reason that causes this shift is that the two adjacent columns of data are
binned to one new column of data. The centre wavelength of the new spectral
channel should infinitely approach the average value between the centre wave-
lengths of the two previous spectral channels. The spectral sampling rates of the
three bands are 0.02 nm, 0.06 nm, and 0.08 nm, respectively. Therefore, the theore-
tical values of the centre wavelength shift for the three bands are 0.01 nm, 0.03 nm,
and 0.04 nm, and overall shift. The experimental results are consistent with the
theoretical analysis. Because of overall shift, there is no impact on gas absorption
lines.
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Blue line represents the ILS before the multiplex merging (FOV = 10; Channel = 157;
FWHM = 0.0408 nm); red line represents the ILS after the multiplex merging (FOV = 10;
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Blue line represents the ILS before the multiplex merging (FOV = 17; Channel = 449;
FWHM = 0.1307 nm); red line represents the ILS after the multiplex merging (FOV = 17;
Channel = 449; FWHM = 0.1407 nm).
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Channel = 222; FWHM = 0.1943 nm).

Table 2. Centre wavelength shift and spectral resolution of the three bands before and after
multiplex merging.

Spectral resolution before Spectral resolution after Centre wavelength
Spectral band multiplex merging multiplex merging Shift
0.76 pm 0.04 nm 0.0425 nm 0.0104 nm
1.61 pm 0.13 nm 0.141 nm 0.0315 nm
2.06 pm 0.169 nm 0.193 nm 0.0402 nm

5.4. Influence on absorption lines by theoretical simulation

‘Multiplex Merging of Spectral Pixels’ would result in spectral broadening. The transmit-
tance spectra before and after merging were calculated by LBLRTM using the HITRAN
2012 database (Rothman et al. 2013), and compared as shown in Figure 14. The
influence on the absorption lines from spectral broadening was analysed quantitatively
(Thompson et al. 2012; Zadvornykh and Gribanov 2015).

As shown, for the 0.76 um O, A-band, the transmittance spectra before and after
merging are almost the same. This is because the band is used to measure atmospheric
oxygen absorption; the oxygen absorption capacity for this band is extremely strong.
Even if the spectral resolution reduces, the instrument can still detect the oxygen
absorption lines finely. For the 1.61 pm weak CO, band, the peak value of the CO,
absorption lines decays 4.2% due to spectral broadening. The atmospheric CO, absorb-
ability for this band is weak; the absorption lines are sensitive to the reduction of
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Figure 14. (a) Transmission spectra of the 0.76 pm band before and after multiplex merging by
theoretical simulation. (b) Transmission spectra of the 1.61 um band before and after multiplex
merging by theoretical simulation. (c) Transmission spectra of the 2.06 um band before and after
multiplex merging by theoretical simulation.
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spectral resolution. For the 2.06 um strong CO, band, spectral broadening causes the
peak value of the CO, absorption lines to decay 2.5%. Absorption of CO, in this band is
relatively strong; despite multiplex merging of spectral pixels, spectral transmittance still
achieves less than 0.3.

5.5. Experimental verification

To verify the theoretical results, the gas absorption cell with 33 m optical path length
and 8.5 | volume was adopted. The gas absorption cell was filled with 100% O, and 50%
CO, successively to measure the transmittance spectra of the three bands. Then the
process of multiplex merging of spectral pixels was implemented. Figure 15 illustrates
the measured transmittance spectra before and after multiplex merging, verifying the
theoretical results above.

Compared with the theoretical results, it was found that the gas transmittance from
the experiment is far larger than that from the theoretical simulation for the 0.76 pm
band. This is because the O, content of the atmosphere is about 21%;the optical path
length under real atmospheric conditions is 10 km (supposing the air above 10 km is
very thin). Even if 100% O, is filled, the concentration-path length product in the gas
absorption cell is still far smaller than that in the real atmosphere. For the two CO,
bands, due to the low level of CO, in the atmosphere (approximately 380 ppm), the
concentration of 11.5% CO, in the gas absorption cell is enough to simulate the real
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Figure 15. (a) The measured transmittance spectra before and after multiplex merging for the
0.76 um band. (b) The measured transmittance spectra before and after multiplex merging for the
1.61 pm band. (c) The measured transmittance spectra before and after multiplex merging for the

2.06 um band.
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atmosphere condition. To describe the characteristics of CO, absorption lines more
clearly and precisely, the concentration of CO, in the gas absorption cell is increased,
and the dynamic range of the measured transmittance spectra is larger. Although the
dynamic ranges of the transmittance spectra in the gas absorption cell and in the real
atmosphere are inconsistent, their relative variations have a good consistency. For the
0.76 um band, there is little difference between the transmittance spectra before and
after multiplex merging. For the 1.61 um and 2.06 pm bands, the maximum attenuations
of the transmittance spectra after merging are, respectively, 5.1% and 2.8%.

Overall, ‘Multiplex Merging of Spectral Pixels’ could effectively improve SNR, but
led to spectral broadening and then reduced the sensitivity of the instrument to gas
contents at the same time. Through theoretical simulation and experimental verifica-
tion, it was found that the spectral resolution after broadening still met the mission
requirement. For the 0.76 um band, the transmittance spectra before and after
merging were almost the same. For the 1.61 uym and 2.06 um bands, ‘Multiplex
Merging of Spectral Pixels’ would lead to about 5% maximum attenuation of trans-
mittance spectra.

6. Conclusion

This article first reviewed the main characteristics of HRHS-GS; the design results of the
spectrometer are given. The impact of spectral sampling on instrument performance
was discussed. The SNR, ILS, and spectral resolution of each channel in the three bands
were obtained in the laboratory calibration. For the two CO, bands that failed to meet
the SNR requirement, the model ‘Multiplex Merging of Spectral Pixels’ was established to
improve the SNR. The transmittance spectra before and after merging were compared
through theoretical simulation and experimental verification. The results showed that
‘Multiplex Merging of Spectral Pixels’ could effectively improve SNR; the spectral resolu-
tion after merging still satisfied the mission requirements and the transmittance spectra
still demonstrated the feature of the gas absorption lines well.
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