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A NEW TECHNOLOGICAL APPROACH FOR DEVELOPING A PORTABLE
PHOTOSPECTROMETER FOR MONITORING THE ENVIRONMENTAL
CONDITIONS

The environmental condition monitoring and climate change is becoming more and
more important in today's fast growing technological and industrial world. The sensing devices
which are providing proper analysis of multiple environmental parameters such as water, soil,
air, and intensity of radiation using the spectroscopy are not easily accessible because of the
device’s size, weight and cost. The studied and developed portable photospectrometer is aimed
at solving these issues with its functionality, single photodetector technology, dynamic range
of spectral measurements (200 ... 1100 nm), high resolution of sensing (~5 nm), small footprint,
portability, and low cost properties which would be accessible for anyone as a multipurpose
environmental condition monitoring and analysis tool.

Keywords: nano-biosystems, portable photospectrometer, photodiode, spectrometer,
environmental monitoring.

Introduction. The number of sensors deployed around the world is growing at
a rapid speed. Over the past decade, the number of sensors installed has significantly
growth and has predicted a significant increment of the growth rate in the future.
These sensors continuously generate enormous amounts of data. However, in order to
add a value to the raw sensor data we need to understand it.

For monitoring the environmental conditions, there is an urgent need for the
development of portable optical sensors for measuring small spectral composition
changes, for the selective (with accuracy close to 1nm) registration of the spectral
intensity of radiation (based on their natural behavior and their response to specific
excitation). The off-the-shelf spectrometer devices that are available for the spectral
analysis of 200...1100 nm are highly expensive and are not feasible for the
environment monitoring porpoises, as of its fixed fixtures and calibrations issues.

A reliable portable device has been developed which accommodates an optical
sensor insight for studying the nano-biosystems and ecological conditions of the
environment. The device could work independently as portable photospectrometer and
be able to transmit the analyzed data to the centralized server infrastructure for an
advanced analysis and distributed data consolidation. This new portable
photospectrometer is designed to cover the specter of 200...1100 nm and be the low
cost to be accessible for the distributed and personal use of environment monitoring
activities.
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The signal processing, data mining, modelling and centralization of distributed
results in relation to sensor data play a critical role in this challenge.

The current state of computational platforms and communication
technologies used for the portable devices in the market

CPU based (Central Processing Unit) computation is a commonly used
technology in the market for the computational power in both PC and mobile
platforms. But the high frequency CPU running devices have a solid amount of energy
consumption which is a significant problem for devices, having a battery.

FPGA technology (FPGA chip) adoption across all industries is driven by the
fact that FPGAs combine the best parts of application-specific integrated circuits
(ASICs) and processor-based systems. FPGAs provide hardware-timed speed and
reliability, but they do not require high volumes to justify the large upfront expense of
a custom ASIC design [1].

Reprogrammable silicon also has the same flexibility of software running on a
processor-based system, but it is not limited by the number of processing cores
available. Unlike processors, FPGAs are truly parallel in nature, so different
processing operations do not have to compete for the same resources. Each
independent processing task is assigned to a dedicated section of the chip, and can
function autonomously without any influence from other logic blocks. As a result, the
performance of one part of the application is not affected when you add more
processing [2,3] (Fig. 1).
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Fig. 1. One of the benefits of FPGAs over processor-based systems is that the application logic
is implemented in hardware circuits rather than executing on top of an OS, drivers, and
application software

The current state of communication technologies in the market for the data
transferring functionality between two computers using different ways of physical
communication. Here are the most commonly used data transfer methods between the
client and the server architectures.

Wired technologies are, roughly, from slowest to fastest transmission speed.
Computer network cabling (wired Ethernet as defined by IEEE 802.3) consists of 4
pairs of copper cabling that can be utilized for both voice and data transmission. The
transmission speed ranges from 2 million bits per second to 10 billion bits per second.
Each form comes in several category ratings, designed for use in various scenarios.
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Wireless technologies are the fastest growing in general communications
where the radio and spread spectrum technologies — Wireless local area networks use
a high-frequency radio technology similar to digital cellular and a low-frequency radio
technology. Wireless LANSs use spread spectrum technology to enable communication
between multiple devices in a limited area. IEEE 802.11 defines a common flavor of
open-standards wireless radio-wave technology known as Wi-Fi. And the cellular
technologies widely known as 3G/LTE are commonly used to transfer data between
the mobile devices and centralized locations [4, 5].

The problem. The goal is to select the technology and the platform to be able
to develop a portable device which will perform the measurements and analysis with
its connected photodetector sensor (a new type of photospectrometric photodetector
for the UV and visible spectrum which has been developed by our team). The
developed device should combine the signal processing, data analysis (with spectral
analysis algorithm) and the data transmission (to the remote located server computer
for distributed data consolidation and centralized analysis and classification coming
from the device(s)) functionalities. Meanwhile, the technology solution should have
compact dimensions and low power consumption. On the other hand, the
communication technology and the computational platform-based solution should be
low cost, to allow to spread the solution in high volumes.

The research objective. The research objective is to find a technology
combination for the small footprint computational platform with the data
communication alternatives to be able to measure the signals from the photodetector
(for efficient high-accuracy registration of narrow spectral bands or specific
wavelengths a specially designed sensor has been used (the high-tech semiconductor
material — silicon)), to carry out the signal processing and analysis algorithm
processing.

The portable device should include:

e An integrated photodetector for investigating the bio-probe;

¢ A small-sized source of integral electromagnetic radiation with the required

intensity and spectral range.

e The ability of signal processing,

e The real-time algorithm execution, spectral analysis and real-time spectral

view of the results

e The proper computational power to perform the networking capability

e The data transmission functionality to the centralized data enrollment server

Meanwhile, the device should be able to carry out the data transmission to the
central server for the distributed analysis where the advanced data processing
algorithms and the result classification should be performed.

During the research process, multiple technologies have been tested for the data
acquisition from the sensors and signal processing on both PC-based platforms and on
mobile-based processor architectures.
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As the primary goal was to have a small size, low power consumption, ease of
usage and ability to produce the device in high volumes, a decision has been made to
focus the attention on using the platform where both the Central Processing Unit
(CPU) and the FPGA technologies could be combined. This approach allows to
distribute our algorithm into two parts, the data acquisition and signal processing
pieces accommodate on the FPGA and the mathematical calculations and visualization
host on real-time CPU where the final results would be displayed on the screen and
preform the real-time spectral view. As for the communication, the wired and wireless
technologies are used (USB (Ethernet) connection to PC and wireless cellular 3G/4G
for the remote communication to server infrastructures) [6].

The research process. During the research, the single-board RIO (sbRIO)
platform from National Instruments has been used, as NI Single-Board RIO product
and LabVIEW embedded software to solve this embedded dilemma with products that
combine a real-time processor, a reconfigurable field-programmable gate array
(FPGA), and I/O all on one printed circuit board (PCB). The entire board is
programmable with NI LabVIEW embedded programming tools including the
LabVIEW FPGA and LabVIEW Real-Time modules with built-in middleware drivers,
making prototyping and deployment more dynamic for ongoing changes during the
prototyping and development process (Fig. 2).

Fig. 2. The sbRIO platform architectural diagram

The photodetector is connected to the sbRIO board through its Analog input and
output channels. We have used the Analog output channel as a power source for the
sensor (power sourcing the sensor with increasingly changing the voltage from 0 to
1.5 V). The incremented step of the sourcing is programmable changing parameter
from the software and could be set from 0.001 V to 1 V. The photovoltaic current
measurement was done through the Analog input channels (the Al channels are
connected to the sensor as differential, to measure the difference of potentials in
between the two channels). One Analog output and four Analog input channels are
used to power-source and measure the signals from the photodetector (Fig. 3) [7-9].
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Fig. 3. The photodetector (sensor) electrical connection schematics to the analog channels.

The analog channels have the following technical characteristics

Table

Analog Input characteristics
Number of channels 16 single-
ended
ADC Resolution 12 bits
Maximum aggregate
sampling rate 500 kS/s
Input range 0-5V nominal
Input impedance
Powered on, idle 250 MQ
Acquiring 500 kS/s 325 kQ
Powered off/overload 1kQ

Analog output characteristics

DAC resolution 16 bits
Max update ratel 336 kS/s
Range 10V
Overrange operating voltage
Minimum 103V
Typical 106 V
Max 109V
Output impedance 0.4 Q typical

Current drive +3 mA/channel max.
Protection Short-circuit to ground
Power-on state2 0V

Real-Time CPU
Algorithm
processing

FPGA
signal processing

Fig. 4. The sensor connected to the computational platform for the data processing in both
onboard and for the advanced distributed data analysis, data transfer to the remote server.

The device should communicate the centralized server through the wireless or
3G/LTE networks, to send the spectral analysis from the device to the server with

synchronized time stamp on every set of

data points (Fig. 4, Table).
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Fig. 5. The device general use as standalone and network connected

The centralized server is running the software which is managing the
connections of the connected devices and getting data from them. The collected
distributed data is stored into the database and processed by the software to analyze
the environmental conditions of the particular geographic place (Fig. 5) [10, 11].

The algorithm. For determination of the spectral composition of the integral
flux of electromagnetic radiation and the definition of its change, the UV radiation of

the Sun has been studied. The photocurrent corresponding to the biggest value of X,

was conditioned by the most deeply penetrated wave. Under these conditions, the
process of the selection of separate waves and their intensities from the integral flux of
radiation was the following. Assume the informative signal to be the photocurrent.

By the external voltage supply of the photodiode, we can obtain the biggest

values of X, —X,;and X, with the difference of 1 nm, and the corresponding
photocurrents |, and |, . From Lambert’s law of the radiation absorption in the
homogeneous environment, we will have the coefficient of the wave absorption [12]:

o ——Inlz (1)
Il

AX

m

where AX,, = X — Xy -
Then, with the help of o = f(ﬂ,,) and with the corresponding program we can

determine the length of the wave for the initial material of the photodetector (for
silicon) (Fig. 6) [13].
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With the help of the expression (1) for the summed current,
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Fig. 6. Optical absorption spectrum in pure Fig. 7. Dependence of the photocurrent
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Fig. 8. Dependence of the summed Fig. 9. Dependence of the summed

photocurrent on X, photocurrent on X, , when the

determined wave is absent

Here, W is the width of the x > d section of the structure, q is the electron
charge, and S is the photosensitive surface. Thus, with the help of (1) and (3), the
absorption coefficient of the most deeply penetrated wave, the wavelength and the
intensity of the wave are determined.
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Then, with the help of the expression

. g™
lph.,-=SqFo(/1)(e m’—lmwj (4)

by forming the dependence |, = f(X,,) as shown in (Fig. 7) and subtract it from the
dependence obtained by (2) (Fig. 8).
As a result, there is a new dependence from the X, of the summed

photocurrent, without the dependence (Fig. 9). By using the developed software, this
method helps us to successively determine the lengths and the intensities of all the
waves in the radiation, and to obtain the dependences of the photocurrent conditioned

by those waves on X, . Then, the dependence for the spectrum is obtained [14, 15].

The results. The developed device prototype has an isolated enclose covered
with aluminum foil (Fig. 12). To avoid the environmental noises and to power the
device, a Li-po battery is used not to deal with 50 Hz noise from the electric power
grid (Fig. 10, 11).
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Fig. 10. The measured photo current in a real-time mode.
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Fig. 11. The real-time signals processed (filtered and averaged) waveform of the measure
photo current
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Fig. 12. The device prototype connected to the notebook computer

Conclusion. The investigated and developed portable photospectrometer is
aimed at solving the issues connected to the environmental condition parameters'
analysis and measurement of data as a standalone device, or the distributed use of
consolidation in centralized server infrastructures for the advanced analysis and
environmental condition change dynamics studies. The photospectrometer device with
its functionality, single photodetector technology, dynamic range of spectral
measurements (1 - 1200 nm), high resolution of sensing (~5 nm), small footprint,
portability, and low cost properties would be accessible for anyone as a multipurpose
environmental condition monitoring and analysis tool.
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U. 2. OUSNR3UL

TrouUuU UPQUIUS P 4hXUYE UTSUNPSU YU UL 2ZUUUL LUNUSEUYUO
BONPLUYbC SNSNUNBUSNUUNNTE UTUUUUL L SEBLALNGPUYUL
UnsesnruU

Cpowlju vhowquyph b Yihuugulwy thnthnpmipniuttph dpnunhwnwpynudp dkp opk-
pnud qupqugnn nktnnghwljut b wpymbwpkpuljut wphrwphmu puntnud £ wydth ot wyth
Juplnp gnpént: Unlju uybklwupnulnuyhly wndhsukpp, npnup httwpwynpnipmit bu pudbonid
Juunuplnt puquuljh wupudbnptph dogphn sunhnudubp (wupunnndusnipniup opoud, hnnmd,
oqnid b fwnwquypnudp), ny Uhown ki hwpdwp npuownwhtt ogrnugnpsdwt hwdwp hpkug ks
surthtiph, puoh b pubjupdtpnipjut Wuwwndwnitipny: Ukp hbnwgnunmpyut wpyniupmd dowy-
b1 £ ymipulhp $nnnuyblnpndbnp, npp poy) £ niwhu hwngpwhwpt) 4ipp wpgwsd uvwhdw-
tuwthwlnulubipp: Unwewnplyws uwpph hhupnd puljwsé b dninnpunniuhy, uyt nith juyt nhtwdhly
dhowljuyp b pnyp E niwjhu juwnwpk] uybklnpuy swhnidubp 200 - 1100 &/ mhpnypend, nith
pupdp Sounipnit (75 &d), thnpp swthubp, gudp ghtt b owpdwljui Yhpwonipmnii: Uu huwn-
Ymipnitiubph oinphhy uwippp Jupnn E oginuugnnpéyt) npujbu pinhwinip ipwbwlnipjut whw-
thwhYy gnpshp b hwuwubkih ponpht, nypp guulnipmnit nibkt junwpkne sppuju dhow-
Juyph wuwpuwdbnpului swihnidubp quonughtt yuydwbubpnud:

Unwbhgpughli pwnkp. twin-phn  hwdwlupglp, owpdwlwib  $nnnuybljnpnulny,
dninnnphny, nyknpndbng, phruyuhyuwitulwh dnthpnphig:
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C.Y.LIATYPSIH

HOBBI TEXHOJIOTMYECKUI NMOJIXO0/1 K PASPABOTKE IOPTATUBHOI'O
CIIEKTPO®OTOMETPA JIJISI MOHUTOPUHT A OKPYKAIOIIEN CPEJbBI

B ycnoBusix OBICTPOro pocTa TEXHOJOTUUSCKOM M IPOMBINIUICHHO!N 0a3bl B MUPE MOCTOSIHHO
pacTeT poJib MOHUTOPHHTA OKPYKAIOIICH CPe/Ibl M KIIMMATHYEeCKUX m3MeHeHui. Kinaccnueckue
CHEKTPOCKOITMYECKNE TATIUKH, MMO3BOJLIOMINE MPOU3BOINTE aHAIN3 HECKOIBKHUX ITapaMeTpoB
COCTOSIHUSI OKpPY’KaIoMIel cpesl (3arpsi3HEeHIE BOMBI, TIOYBEI, BO3AyXa U paJuallii), He Bceraa
MOTYT OBITh HCIIOJB30BAaHBI M3-3a OOJBIIOTO pa3Mepa U Beca, a TAKKE BBICOKOW CTOMMOCTH
moTOOHBIX YCTPOMCTB. B pe3ynbpTare ucciaeaoBaHuii ObUT pa3paboTaH MOPTATHBHBINA CIEKTPO-
(hoToMeTp, TO3BOJSIOINI IPEOAOIIETh ATH OrpaHndeHus. [IpeaaraeMoe yCTpoiicTBO OCHOBAHO Ha
(bOTOHpI/IeMHI/IKe, O6Ha}13}OU_ICM IMUPOKUM AWUHAMHUYCCKUM AHAIla30HOM CHIEKTPAJIbHBIX U3MEC-
pennii (200 - 1100 #m), BBICOKHM pasperieHueM (~5 Hu), HeOOIbIIUME pa3MepaMu, odeceyn-
BAaIOIIMMH BO3MOXXHOCTH IIOPTATUBHOTO MPUMEHEHHS, U HEBBICOKOH CTOMMOCTBIO. Y CTPOHCTBO
MOJKET OBITh UCIIONBE30BAaHO B KAYECTBE AHAIUTHYECKOTO MHCTPYMEHTA OOIIEeT0o Ha3HAYCHHUS U
OyJIeT IOCTYITHO BCEM KTO JKEJIaeT 3aHSThCS MHOTOCTOPOHHHM MOHHTOPHHIOM COCTOSTHHSI OKPY KAk~
LN Cpeasbl.

Kniouesvie cnosa: HaHO-OMOCHCTEMBI, TOPTATHBHBIN criekTpodotomerep, (HoToANO,
CIEKTPOMETP, POTOCTICKTPOMETP, MOHUTOPUHT OKPYKAIOIICH CPEIbI.
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