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Abstract

Miniature spectrometers are widely used in various fields such as industry and agriculture thanks to their
advantages of easy portability, non-destructive testing, online testing, and high efficiency. By surveying massive
research results at home and abroad, this paper summarizes the current development status of miniature
near-infrared spectrometers at home and abroad, emphatically introduces the application research progress of
miniature spectrometers in precision agriculture. Finally, it outlooks the development prospects of miniature
spectrometers. While improving specificity, miniature spectrometers are developing towards high performance,
new principles, and single chip.
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l. Introduction

Soil forms the basis of agricultural production, and soil nutrient is an important factor affecting the growth of crops.
An important part of modern agriculture is to adjust the soil nutrient content to meet the nutrient requirements of
crops at different growth and development stages. To adjust soil nutrients in real time, it is necessary to detect the
dynamic changes of soil nutrients in real time, and fertilize appropriately according to soil nutrient information,
thereby contributing to digital agriculture and precision agriculture, and increasing crop yields. Soil nutrient
determination plays an important role in precision agriculture. The main soil nutrients nitrogen, phosphorus,
potassium, etc. are important indicators for evaluating soil fertility. The content of nutrients such as nitrogen,
phosphorus, and potassium greatly affects plant growth. In traditional soil nutrient testing, we usually need take the
soil to be tested to the laboratory, and then perform detection using chemical analysis methods, which takes a long
time, and consumes a lot of manpower, material and financial resources. Moreover, different nutrients require
different measurement methods, so the operation is complicated and costly. When it comes to soil management in
intelligent agriculture, considering timeliness, practicality and cost, chemical detection methods cannot meet the
requirements. Therefore, fast, real-time and accurate acquisition of soil nutrient information is a key problem to be
solved in modern precision agriculture.

Spectrometer is a precision instrument able to decompose polychromatic light into monochromatic light for
collection and analysis. For its working principle, polychromatic light is reflected or transmitted by a substance,
and then decomposed into a monochromatic spectral color band by the spectrometer. The color band already
contains material element and content information. By analyzing the proportion of light of different wavelengths in
the color band, it is possible to analyze the composition and content of the material™™>® which is a fast,
non-destructive, simple measurement methods and green analysis detection technology supporting online operation.
Spectrometer has the advantages of non-contact and non-destructive testing, high test accuracy, fast efficiency,
online testing, and convenient secondary development, which is widely used in fields such as agriculture and
forestry, remote sensing, metallurgy, geology, petroleum, chemical engineering, medicine, scientific research,
military, etc. It displays more prominent advantages in applicability and reliability in terms of mass sample quality
analysis, on-site quality analysis and engineering control analysis, which are incomparable by other analysis
techniques!™. Spectrometer analysis technology supports quick detection of soil nutrients including nitrogen,
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phosphorus, potassium and organic matter content in the soil, so near-infrared spectroscopy detection technology
enjoys extensive application prospects in precision agriculture technology. According to the different optical path
structure, spectrometers can be divided into filter type, grating type, Fourier transform type, acousto-optic tunable
filter type, and new micro-electromechanical system (MEMS)-based miniature spectrometers 1.

MEMS miniature spectrometers adopt new MEMS devices to replace traditional spectroscopic optical paths and
detectors, thus making the spectroscopy system more miniaturized and greatly broadening its application fields,
which is a current research hotspot™ ®. MEMS miniature spectrometer possesses unique advantages such as small
size, light weight, fast speed, stable performance, low power consumption, easy integration, and suitability for
harsh outdoor environments, making it show great application potential in real-time measurement and analysis in
industry, agriculture, and forestry. According to the research report released by Research and Markets, the
compound annual growth rate of miniature spectrometer reaches 11%, and the market will reach 300 million US
dollars in 2021, so it has been studied by many domestic and foreign research teamst?%. At present, there are
commercial high-performance MEMS spectrometers abroad, and some mid-low-end MEMS spectrometers have
been developed in China for application in specific scenarios. However, it is still in the research and development
stage domestically as a whole, and there is no high-performance MEMS spectrometer with high resolution, wide
spectral range and high signal-to-noise ratio, which limits its application in many fields.

Il. Research Progress of Miniature Spectrometers

Since 1990, micro spectroscopy systems have gradually appeared. At present, the most famous R&D units are
Ocean Optics of the United States and Avantes of the Netherlands. The two companies have developed a series of
high-performance miniature spectrometers covering ultraviolet light, visible light, near-infrared light, mid-infrared
light, etc. Taking into account the small size (only the size of a card) and high performance requirements, it is
widely used in agriculture, medicine, environment, food fields as the benchmark in the field of miniature
spectrometer products. As is Shown in Figure 1, is a typical miniature spectrometer developed by Ocean Optics
and Avantes ?+#2,

a. Miniature spectrometer by Ocean Optics  b. Miniature spectrometer by Avantes
Fig 1: Physical image of miniature spectrometer

Japan’s Hamamatsu Optical Co.Ltd. uses innovative technology to highly integrate the incident slit, secondary
mirror, and detector into the same chip, and uses nanoimprint technology-based concave blazed gratings to produce
finger-sized miniature spectrometer as shown in Figure 2. The spectrometer can be assembled to portable analytical
instruments, drones with high restrictions on size and weight to achieve on-site, real-time testing 2!,
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Fig2: The miniature spectrometer developed by Hamamatsu

Senorics in Germany and Si-Ware in Egypt have developed disruptive chip-level near-infrared spectroscopy
sensors based on MEMS technology in the past two years, further reducing the spectrometer size, as shown in
Figure 3?8 The chip-level spectrometers can be integrated into agriculture, home appliances, automobiles, smart
phones, wearable devices and portable smart small devices, which enjoy broad application prospects in agricultural
production, food safety, natural gas, petroleum component detection, and drug purity detection, etc.

T oo brortverT e

b. Chip-level spe(':'{'r'&ﬁaer developed by Si-Ware
Fig3: Chip-level miniature spectrometer

In addition, many institutions have carried out research and development on the key technologies of miniature
spectrometers. The Jet Propulsion laboratory in the United States has developed an acousto-optic tunable
filter-based miniature spectrometer using new filter technology, whose optical resolution is up to 0.0125 nm;
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Polychromix in the United States, Honeywell Labs and MIT College have studied diffraction gratings-based
miniature spectrometer with measurable wavelength in the range of 0.9 microns to 2.5 microns. With stable
performance and no interior moving parts, it greatly eliminates the measurement error caused by movement of
parts. Based on the modulation principle, Arizona State University, USA developed a micro thermal emission
spectrometer based on Fourier transform; Texas Instruments developed a new micro imaging spectrometer using
digital micro-mirrors as spectrum synthesis components; at the same time, Thermo Fisher of the United States, CID
and HACH, Fraunhofer Institute of Optical Microsystems of Germany, Astrophysics Laboratory of Joseph Fourier
University, France, University of Nevada, Reno of USA, University of Florida, Neuchatel University of
Switzerland, Delft University of Netherlands, Viavi Solutions (MicroNIR), T1, MicroParts, Brimrose have initiated
the corresponding development of miniature spectrometers, with miniaturized and integrated spectrometers
designed and developed ™%, Table 1 shows the research progress of miniature spectrometers in typical foreign
companies.

Table 1 Research progress of foreign miniature spectrometers -2
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Compared with foreign countries, China has a relatively late start in development of miniature spectrometers. The
main research institutions include Shanghai Chenchang, Fuxiang Optics, Hangzhou brolight, Jingfei Technology,
Wuxi Xunjieyuan Technology, Nanjing Zhongdi Instrument, Beijing Ruili Analytical Instrument, Tsinghua
University, Shanghai Jiaotong University, Zhejiang University, Jinan University, Chongging University,
Changchun Institute of Optics, Fine Mechanics and Physics of Chinese Academy of Sciences and other companies,
scientific research institutes of universities 823, The miniature spectrometer developed by Hangzhou Jingfei
Technology Co., Ltd. adopts the classic cross asymmetric C-T optical path structure for the spectroscopy module.
With a size of merely a business card, it is very portable. By configuration of slits in different sizes, the optical
resolution can reach 0.35nm, and the detection wavelength range is 200nm-1100nm, the signal-to-noise ratio is
greater than 300:1. The Changchun Institute of Optics, Fine Mechanics and Physics of the Chinese Academy of
Sciences has developed a spatially modulated miniature spectrometer, which uses MOEMS multi-stage mirrors as
the core device to achieve high-resolution and wide-spectrum detection. Chongging University uses MEMS
technology to develop the key component of the spectrometer—MOEMS scanning grating. Based on this, a
scanning grating type miniature near-infrared spectrometer is developed P! A typical domestic miniature
spectrometer is shown in Figure 4. The detectors in the spectrometer basically adopt imported CCD, CMOS, or
InGaAs near-infrared detectors.

a. Spectrometer developed by brolights b. Spectromete developed by Jingfei Technology

.-. ‘

.
c. Spectrometer developed by Changchun Institute of Optics, Fine Mechanics and Physics, CAS

d. Miniature near-infrared spectrometer developed by Chongging University
Fig 4: Physical image of typical domestic miniature spectrometers
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Researcher Zongyin Yang from Zhejiang University invented the technology for band gap control on a single
nanowire. Special nanowires with gradually varied band gaps are used to replace the spectroscopic and detection
elements in the traditional spectrometer. Through the chip manufacturing process, an array of light detectors is
fabricated on nanowires. For light with different colors, various detectors can produce different responses, which

marks the birth of the world's smallest spectrometer. The research paper "Single Nanowire Spectrometer" was
33]

published in the top international journal Science in 2019

Normalized PL

500 550 600 650 700
Wavelength (nm)

Fig5: Nanowire spectrometer developed by Zhejiang University

In addition, researchers from Tsinghua University and the Massachusetts Institute of Technology have developed a
small and medium-sized spectrometer based on the principle of quantum dot technology. The Nanjing Geological
Survey Center of China Geological Survey has successfully developed two types of micro-imaging spectrometers
and achieved commercialization. In addition, Zhejiang University, Jinan University, Hefei University of
Technology and other university research institutes have conducted research at different levels on optical
dispersion modules and spectral correction technology ***2’ Table 2 shows the research progress of typical
domestic companies and scientific research institutes in miniature spectrometers.

Table 2 Research progress in domestic miniature spectrometers ™!

Data
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In summary, although domestic research and development on miniature spectrometer has achieved some gratifying
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results, there is still a big gap from foreign countries, and China is still in the key technology research and
development stage as a whole. For example, with the support of the National Instruments project, Chongging
University, Zhejiang University, Changchun Institute of Optics, Fine Mechanics and Physics have achieved a series
of progresses, but high-end products and core components still basically depend on imports. At the same time,
there is insufficient development on original principle prototype and also insufficient research on new materials
and single-chip spectrometers.

Recently, researcher Weiwei Cai from Shanghai Jiaotong University and Zongyin Yang from Zhejiang University,
et al. published a review article "Miniaturization of optical spectrometers” in the top international journal Science.
According to the working principle, the miniature optical spectrometers are divided into four categories, and the
development history of miniature spectrometers in the past 30 years is systematically summarized, with detailed
description given to their working principles, advantages and disadvantages, as shown in Figure 6 (%,
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Fig6: Classification and development history of miniature spectrometers

I11. Research Progress of Miniature Infrared Spectrometers in Precision Agriculture Application
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Precision agriculture represents a new trend of development in the world today, which is a new type of agriculture
that integrates information technology and agricultural production in an all-round way. Precision agriculture takes
information technology as the support and implements a set of modern agricultural operation and management
system based on spatial variation with fixed location, time and quantity **. Soil nutrient determination plays an
important role in precision agriculture. By detecting the dynamic changes of soil nutrients in time, fertilizing
reasonably according to nutrient information, and adjusting soil nutrients in real time, digital agriculture and
precision agriculture wit higher crop yields are possible. Spectral analysis technology has great application
prospects in precision agriculture technology. Through spectral technology, it is possible to detect soil nutrient
information of nitrogen, phosphorus, potassium and organic matter content in time, understand the distribution of
soil composition content in different areas, indirectly understand the growth status of crops, guide farmers to
rational use of chemical fertilizers and improve land utilization.

So far, near-infrared spectrometers are still in the development stage in terms of instrument for soil composition
detection, and there are not many portable ones supporting field applications. Researchers at Zhejiang University
adopted portable short-wave near-infrared spectroscopy technology to detect the total nitrogen content of soil
samples from farmland in Wencheng District, Zhejiang Province, and studied the effects of different soil scales on
accuracy of the test model, concluding that sieved soil samples have higher test precision B The team of
Professor Dongjian He from Northwest A&F University reviewed the basic principles of spectroscopic analysis for
soil composition measurement, the development of instrument prototypes as well as the field experiment results,
and highlighted the scientific issues that still need to be resolved ). Researchers from Shandong Academy of
Sciences discussed the testing methods and applications of soil nutrients such as nitrogen, phosphorus, potassium,
and carbon based on spectroscopy, used genetic algorithms to extract the characteristic wavelengths of soil
nutrients, and established an analysis model using partial least squares to achieve accurate measurement of soil
nutrients ®&. Based on the characteristic spectrum of total nitrogen and organic matter in soil samples in Northeast
China, researchers from the Changchun Institute of Optics, Fine Mechanics and Physics of the Chinese Academy
of Sciences developed a near-infrared spectroscopy measurement system with high signal-to-noise ratio dedicated
to soil detection, whose predicted correlation coefficient exceeds 0.9 %, In view of detection methods of water,
organic matter, nitrogen, and inorganic elements in the soil, researchers at Changchun University of Science and
Technology designed a near-infrared spectrometer optical system using a combination of dual-band coverage and
composite astigmatism, and designed a near-infrared spectrometer optical system to meet the practical
requirements of soil content detection %, Researchers from Huazhong Agricultural University used partial least
squares regression to investigate the effect of particle size on the spectral prediction model of soil total nitrogen
and organic carbon content Y. Scholars from Northwest A&F University used a portable spectrometer to study the
relationship between the spectrum and farmland soil composition with Guanzhong loess soil as the research object.
A mathematical model was established, the experimental model was optimized by comparing the spectral
pretreatment methods, and a content detection model was established for soil organic matter, rapidly available
phosphorus and available nitrogen [“?. Using visible and near-infrared spectroscopy techniques, Zhejiang
University measured soil nutrient content based on chemometric methods, studied the spectral characterization
mechanism and rapid acquisition method of soil total nitrogen, organic carbon, rapidly available phosphorus and
available potassium information, and developed a set of portable soil nutrient rapid analysis system with a good
human-machine interface *!. The University of Electronic Science and Technology of China conducted research
on the determination of total nitrogen in soil by near infrared spectroscopy, and established a regression prediction
model based on the partial least square method “. Harbin University of Science and Technology used
near-infrared spectroscopy to accurately detect soil nutrients online in real time, and studied several key
technologies such as online detection instrument design, near-infrared sensor development, and spectral data
processing methods in near-infrared detection of soil nutrientsi*. The Chinese Academy of Agricultural
Mechanization Sciences took the typical cinnamon soil in the suburbs of Beijing as the research object, explored
the feasibility of applying near-infrared spectroscopy analysis technology to quickly detect soil nutrients, studied
and developed a set of soil near-infrared spectroscopy analysis system, and established a prediction model to meet
the practical application test requirements 1,
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In summary, seen from the recent research progress of spectroscopy in soil field application, it can not only
analyze agricultural and soil organic component samples, but also analyze soil mineral components, predict soil
texture, soil pH and so on. Therefore, near-infrared spectroscopy technology has great potential as a soil testing
technology. The focus of soil nutrient detection based on spectral technology lies in secondary development of the
spectrometer to achieve its specialization, which includes the following aspects: 1. Establishment of a soil nutrient
database. Firstly, use conventional chemical analysis method to determine the content of organic matter, nitrogen,
phosphorus, potassium, etc. of the sample to provide standard data for spectral prediction modeling. At the same
time, collect the spectrum data of the sample to be tested by spectroscopy to establish a spectral database. 2.
Mathematical model establishment. Based on the relationship between soil nutrients and spectral characteristics,
establish the correlation between spectral data and chemical test results, use multiple regression methods to
establish a nutrient measurement model based on near-infrared spectroscopy, and calibrate the mathematical model
of the sample to be tested by calibration. 3. Spectral preprocessing. Scattering interference, instrument noise, and
interference caused by the absorption of other components to the component to be measured will affect the spectral
data analysis as well as the analysis accuracy and stability of the calibration model. To establish a stable calibration
model, acquire reliable, accurate characteristic wavelength, delete various interference noises, multivariate
scattering correction of collected soil samples is beneficial to spectral preprocessing and calibration model
establishment.

V. Conclusion and Prospect

Miniature spectrometers are widely used in many fields such as industry, agriculture, and forestry thanks to their
advantages of easy portability, online non-destructive testing, and high efficiency. Through extensive investigations,
this paper reviews the research progress of miniature spectrometers at home and abroad and their application
progress in precision agriculture. Miniature near-infrared spectrometers are developing towards wide spectral range,
high resolution, high signal-to-noise ratio, high integration, and single chip. At the same time, constant
explorations and researches are made in new principles, new processes, and new materials. The development of
micro-nano technology and optoelectronic technology is bound to provide strong technical support for the further
miniaturization of spectrometers, enabling spectrometers to be integrated into electronic devices such as smart
phones, drones, and wearables, realizing real-time monitoring of substances, and greatly expanding the
spectrometer application scopes. In addition, formation of specialized spectrometer products through secondary
development of miniature spectrometers is also an important development direction. Through the establishment of
material spectrum databases, more accurate mathematical prediction models can be established based on big data
technology to enable high-performance dedicated spectrometers, which shows huge application potential in various
fields such as precision agriculture.
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