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Wavelength calibration of a new monolithically integrated spectral sensor
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Abstract: A new near-infrared monolithically integrated multichannel spectral sensor ( MCSS) serves as a key
component of Spectral-sensing Internet of Things ( SSIOT). A wavelength calibration method for the MCSS was
proposed. The method is based on the relative spectral response and includes specific principles of wavelength allo-
cation. Several pixels comprised a channel with the calibrated wavelength. Experimental tests were conducted in the
calibrated MCSS and other two commercial spectrometers. The compared spectrum results demonstrated calibration
accuracy of 1.8 nm on average, with performance as good as a commercial spectrometer equipped with similar
FWHM and sampling intervals, which can meet the application demand.
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Introduction

Spectral-sensing Internet of Things ( SSIOT) is a
complementarily technological integration of near-infrared
(NIR) spectroscopic analysis and communication net-
works. It can offer nondestructive, accurate and real-
time composition-analysis results of detected objects
thanks to the spectroscopic analysis'' *'. Additionally, it
also can transfer the useful data to users instantly via the
advanced communication network which is attributed to
the conventional Internet of Things” 7'. Therefore, the
SSIOT has a variety of potential applications in the field
of agriculture, industry, environmental protection, medi-
cal treatment and others® "',

Serving as a core component of the SSIOT, the
spectroscopic sensor has changed from a laboratory curi-
osity to being qualified for the outdoor condition which is
affected inevitably by changeable temperature, humidity,
and even frequent vibration. Accordingly, it requires
miniaturization, stability, and low-power consumption as
the distinguishing features of the sensor. Therefore, a
monolithically integrated multichannel spectral sensor
(MCSS) is presented, which has rarely been reported
before. The MCSS comprises three main components; 1)
a multichannel integrated narrowband filter array; 2) a
128-array uncooled InGaAs detector; 3) a readout circuit
chip. As to the multichannel integrated filter array, the
central wavelength of each filter channel varies with the
position along the length of the filter array. Thus the in-
cident light is separated into distinct monochromatic
lights along with the direction. Although an optical filter
array of this kind was developed by Wang et al'"*', it did
not cover the shortwave infrared range. For applications
in this range, a new MCSS (Fig. 1), with a designed
sampling interval of 5 nm, has been developed by Shang-
hai Institute of Technical Physics of the Chinese Acade-
my of Science (SITP).

Fig.1 Photograph of the new monolithically integrated multi-
channel spectral sensor ( MCSS) and a one RMB coin (in the
lower right corner)
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In order to obtain reliable detection or analysis re-
sults and then to apply the MCSS into the field of spec-
troscopic analysis'”™*’ | the MCSS needs calibrating rig-
orously. Normally, for conventional spectrometers such
as grating ones, polynomial fitting is a widely-used meth-
od and needs the sufficient number of distributed stand-
ard emission or absorption lines in the calibrated spec-

trum range. However, that sometimes cannot meet high-
accuracy calibration due to the lack of specific standard
lamps or materials. So some researches employed ad-
vanced optical devices such as waveguide comb filter'"’
and white light spectral interferometry''®' to support more
available standard lines. Also, by studying the system
parameters for calibrated spectrometer '’ | more relia-
ble and accurate calibration relationship between wave-
lengths and pixels could be deduced. Yet, to our knowl-
edge, these approaches have not been used to calibrate
the MCSS. Previous researches about new-type spectro-
scopic sensors emphasize the results of optical perform-
ance, especially the relative spectral response
( RSR )" Nevertheless, details about both the
process of calibration and the spectra of objects detected
by these sensors are rarely given.

To address the above calibration issues, a method
for calibrating the MCSS was introduced based on the
RSR results. Spectra collected by this device and other
two commercial spectrometers were compared to test the
calibration accuracy. This work enables the MCSS to
measure spectra of objects accurately.

1 Wavelength calibration

The calibration method mainly depends upon the
RSR results of the MCSS, which are obtained by the
spectral comparator. This testing system has been previ-
ously described in detail ' **'. Briefly, the system in-
corporates four main components: a 500 mm focal length
monochromator ( Omni-A500, Zolix, China) that was
calibrated before measurement, a standard pyroelectric
detector, a tungsten halogen lamp and a translation
stage.

During the process of calibrating wavelengths of
each channel, three fundamental principles are consid-
ered apart from the RSR: 1) Pixels with the same or
close peak response wavelength are combined for a chan-
nel, with 1 nm tolerance for differences between close
peak wavelengths; 2) the calibrated wavelength of each
channel is the mean value of peak wavelengths of all pix-
els belonging to the same channel; 3) the wavelength in-
terval between adjacent channels is within a tolerance of
an interval difference of 1 nm. It is true that the first and
third principle are mutually restricted sometimes, which
needs wavelength rearrangement between pixels and
channels with a different tolerance. However all of those
are formulated for increasing both the smoothness of
measured spectra and the repeatability of measurement.
After calibration process, the calibration accuracy was
tested by two standards-an optical glass filter ( doped by
5% Sm,0,) and a laser diode (LD). The spectrum re-
sults were measured by three separate devices: the MC-
SS, an optical spectrum analyzer ( AQ6370C, YOKOGA-
WA, Japan) and a spectrometer ( AvaSpec-NIR256-2.
STEC, AVANTES, the Netherlands). Those two widely-
used commercial devices were calibrated before measure-
ment.

2 Results and discussion

Figure 2 presents the RSR ranging from 1355 nm to
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Fig.2 Relative spectral responsivity of each pixel within the
MCSS: (a) NO. 1 to NO. 67 pixels except dead pixels; NO.
1, NO.3 and NO. 4 pixels; (b) NO. 68 to NO. 128 pixels.
Each curve represents the responsivity of a pixel. The position
of the responsivity curves moves towards longer wavelength
with ordinal number of pixels increasing
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1565 nm. The FWHM (full width at half maximum) of
each pixel distributes between 7.5 nm and 11.5 nm.
The distribution of peak response wavelength is not uni-
form or linear enough as desired, which is evidenced by
two aspects. Firstly, not merely two but more (3, 4 or e-
ven 5) adjacent pixels have similar spectral characteris-
tics. Second, the wavelength interval between two adja-
cent channels varies from 3 nm to 6 nm, instead of e-
qually fixing on the original design of 5 nm. These two
unexpected results can be explained by two main rea-
sons: 1) During the process of manufacturing the MCSS,
some uncontrollable factors affect its performance nega-
tively'?'; 2) the wavelength of the monochromator em-
ployed in the spectral comparator is not accurate enough.
To solve the problem of non-uniformity, several adjacent
pixels form a new channel, as long as the maximum devi-
ation between peak response wavelengths of those pixels
is less than 2.5 nm (half of the designed sampling inter-
val). Also, every wavelength interval is controlled a-
round 5 nm, with the tolerance that is given in principle
3) relaxed to 2 nm. Needless to say, certain solutions
comply with the principles of this calibration method as
far as possible and, meanwhile, are inevitably at the cost
of the calibration accuracy to some extent.

The calibration results of all pixels allocated to 34
different channels are demonstrated in Fig. 3. Generally,
one channel contains four pixels, while channels with two
or six pixels occur occasionally. It is not recommended
that a channel consists of only one pixel, since the size of
a single pixel is too small to have high measurement re-
peatability. In addition, the modified wavelength interval
ranges from 4 nm to 8§ nm and mainly focus on 5 nm.
Thus, it is evident from Fig. 3 that the wavelength distri-
bution is nearly linear.

As shown in Fig. 4 and Fig. 5, the overall trend of
spectra measured by the MCSS approximates to that
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Fig.3 Calibration results of the whole pixels
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Fig.4 Transmittance spectra of an optical filter meas-
ured by Avantes, MCSS, and Yokogawa
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Fig.5 Spectra of an infrared laser diode (LD) measured
by Avantes, MCSS, and Yokogawa
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measured by the others well. Moreover, wavelengths of
these spectra’ s peaks and bottoms and corresponding
measurement deviations are illustrated in Table 1. Refer-
ence standards in the brackets were obtained by Yokoga-
wa, because of its high accuracy and precision. For the
MCSS, the minimum wavelength deviation is negligibly-
0.8 nm at Bottom 2, while the maximum one is -3.0 nm
at Peak 2. This seemingly deficient occurrence results
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from calibrated wavelengths of the two adjacent channels
around Peak 2. In front of the 1511-nm channel, the
nearby one is calibrated to 1505 nm. By coincidence,
Peak 2 of 1508 nm lies at the central of the two channels
precisely. Thus, the location of Peak 2-1511 nm-meas-
ured by the MCSS is not incorrect but reasonable, which
indicates an intrinsic performance of the MCSS. Modif-
ying this wavelength towards a shorter value can lead to
measurement errors existing in the next sampling interval
from 1511 nm to 1516 nm. Equipped with a similar
FWHM ( the nominal minimum of 6.0 nm) and sampling
intervals (nominal 5.9 nm on average) , Avantes gener-
ates a relatively larger deviation of 3.9 nm in Bottom 1
by comparison. It was also found that the mean deviation
of the MCSS is 1.8 nm which is merely 0. 2 nm more
than that of Avantes. The calibration accuracy of 1.8 nm
on average is 29. 1% of the mean sampling interval and
24.0% of the minimum FWHM. Avantes, by contrast,
has two similar results; 27.1% and 26.7% , respective-
ly. In consequence, the calibration is feasible and com-
petent to some spectroscopic applications.

In terms of the absolute transmittance illustrated in
Fig. 4, it is impossible that three devices can provide us
with the identical results, simply because the perform-
ance of InGaAs detectors installed in separate equipment
differs greatly due to different working temperature of de-
tectors ™', Moreover, the accuracy of 1.8 nm is possibly
not enough for some high-accuracy applications, so that
the calibration method based on rigorous mathematics
should be worked out. However, the mathematics meth-
od leads to complex classified discussion about the wave-
length interval and the number of pixels within a chan-
nel. In contrast, our method without complicated math-
ematic computation is not only relatively simple but also
effective. In the future, improvements of the MCSS will
be carried on to simplify the calibration method and real-
ize higher accuracy.

3 Conclusion

In conclusion, the wavelength of the versatile MCSS
was calibrated, which was a crucial premise for applying
this MCSS and for spectroscopic analysis. With the
FWHM of each pixel distributing between 7.5 nm and
11.5 nm, the spectral region of the MCSS ranges from
1355 nm to 1565 nm. The calibration accuracy is tested
to be 1.8 nm on average. By comparing the measurement
results, the MCSS presents comparable performance with
a commercial spectrometer-Avantes. The results confirm
that the calibration method is effective and qualified to
spectroscopic analysis. It would be beneficial to study not
only the more accurate but also more complicated calibra-
tion method based on rigorous mathematics.
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