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Abstract —Monitoring and maintaining the air quality in confined
spaces have become crucial in recent years due to various reasons.
This paper presents the design and implementation of an
atmospheric testing device for confined spaces using FPGASs.
Specifically, the device connects multiple gas sensors such as
oxygen, methane, and nitrogen dioxide to an FPGA architecture
that outputs a warning signal to the user in the field. Field usage
warnings include a camera for image capturing, a buzzer for audio
feedback, an LED for visual feedback, and a display for the gas
level in the space. The device also outputs to Matlab for graphing
to illustrate the accuracy of the sensors. The project seeks to
design, simulate, and implement an expandable device that
monitors different gases within a confined space with various
safety levels and respective warning systems.
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I. INTRODUCTION

Atmospheric testing examines different environments to
verify whether certain requirements are met such as air
quality, soil quality, and water quality [1]. This paper
specifically focuses on air quality monitoring in a confined
space such as the International Space Station (ISS) and
mining tunnels. The atmospheric testing involves both
commercial and industrial applications including the space
industry and our homes ensuring that the environment is
habitable [2].

The importance of atmospheric testing, particularly confined
space air monitoring, lies in the importance of surveilling and
tracking possible habitable environments. In addition to
examining new habitats, confined space air monitoring is
utilized for maintaining safe levels of breathable air in homes,
offices and hospitals in addition to artificial environments like
the ISS. The Environmental Control and Life Support System
(ECLSS) on the ISS both monitors and maintains the
environment for astronauts to have the ability to sustain
themselves in space for extended periods of time. The system
measures the displacement of oxygen by the carbon dioxide
produced by humans and injects more oxygen as needed to
sustain a normal amount of oxygen level that is needed for
humans to survive [3].
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OSHA (Occupational Safety and Health Administration)
describes the procedures for testing in a confined space [1]. A
permit space where confined space testing occurs is a space
that could contain a hazardous chemical, a material that
engulfs any subjects that enter it, or something that could trap
a subject. For confined space testing, first, an evaluation
testing must be completed. Then, verification testing and re-
testing follow before re-entry. Evaluation testing determines
the steps and what chemicals may be present in space.
Verification testing examines the environment for the
hazardous materials tentatively identified during evaluation
testing. Before re-entering the confined space, re-testing must
be completed to verify that the space is safe.

In this paper, we present our ongoing work to design and
implement a multi-sensor FPGA based device that measures
the levels of various gasses and warns the user if the level is
outside a certain range. Currently, the device measures the
levels of Oxygen (O;) and Carbon Dioxide (CO,). We are
working on expanding the capabilities of the device to
interface more sensors for Carbon Monoxide (CO), Methane
(CHa4), Nitrogen Dioxide (NO>) as the design approaches its
final stages of completion and miniaturization.

The rest of the paper is organized as follows: Section II
presents the background information and the related work.
Section III discusses the system modeling including the
overall system architecture and algorithms utilized. Section
IV concludes the paper with future directions.

II. RELATED WORK

[2] gives an overview of the guidelines and methodology
behind testing in confined spaces and describes the hazards
that arise in a confined space. [3] presents the importance of
confined space monitoring and an in-depth explanation of the
ECLSS that is a critical system on the International Space
Station that monitors and maintains key support systems for
astronauts during space missions. [15] gives an overview of
how to carry out atmospheric testing and describes common
mistakes that occur in testing such as improper zero reference,
incorrect sensors, wrong remote sampling equipment, failure
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to pre-test, not accurately testing for combustible gases, etc.
These mistakes can cause serious hazards if the testing comes
back that the space is safe for entry when it not. [16] describes
a gas leakage identification system implemented using an
Internet of Things (IoT) approach to reduce memory and
storage costs by implementing cloud storage and the ability
to speak to other devices. The system uses a gas sensor (MQ5)
that detects gas leakage and sounds a buzzer if the threshold
is exceeded. [4] presents the reasons for identifying the FPGA
board used in this project. [5] describes why Xilinx delivers
the highest latency with evidence in standard benchmark tests
on GoogleNet V1, the Xilinx Alveo U250 platform. This is
important for determining the Al system that will be used
throughout the duration of this project. The Nexys 4 manual
[8] provides a useful resource of information to refer to in
case of malfunction and monitoring.

[6] presents how an air sensor is programed and the data is
transferred to a website. In the discussion of atom aspheric
sensors, [7] describes the appropriate gas levels necessary for
a confined space and what levels this project will need to take
into consideration to alert when the level of gas accumulates
to a dangerously large level. [9] describes the design of an
FPGA based device that measures the levels of gas emissions
from an automotive vehicle. The device uses Oxygen, Carbon
Monoxide, Carbon Dioxide gas sensors to monitor the levels
of emission of the gases from the exhaust manifold using
different methods of analysis to relay the results. [10]
describes the implementation of an IoT (Internet of Things)
Smart-Air device to monitor air quality within subway
tunnels. The purpose of the experiment is to discriminate
particulate matter in the air accurately to determine whether
the location is safe to inhabit. [11] describes the design and
implementation of a chemical gas sensor (MOXx) to measure
Ethanol and Nitrogen Dioxide in a space. The MOx sensor
detects and measures the levels of gases based on the
conductivity of the sensing layer. [12] delineates design and
implementation of a digital multilayer neural network that
discriminates between different gases commonly found in
industrial  applications. The system describes the
implementation of an electronic nose and pattern recognition
with an array of micro-hotplate gas sensors to identify and
classify gases in a chamber.

[13] gives a description of the systems involved in ECLSS
and presents how the water recovery, air revitalization, and
oxygen generation systems operate. [14] describes the design
of an electronic nose system that uses a committee machine
classifier (CM). This CM combines 5 classification systems
into one system to improve the chance of correctly identifying
gases in a space. The use of FPGA’s allows for the design to
be reconfigurable and transportable for whatever use. Each
sensor is a micro-hotplate gas sensor that allows for easier
identification of combustible gases due to measuring
temperature. [ 17] describes the implementation and design of
a water quality monitoring system. The design utilizes a pH
level sensor, temperature sensor, and gas sensor. [18]

describes the materials and necessity for wireless gas sensors
and describes chemical interference that occurs when sensing
gases. Some interference that occurs includes water vapor
which can cause issues in accuracy with sensitivity. [19]
Chapter 1 introduces the fundamentals of sensors and the
design methodology behind these devices and provides a
basic description of the building blocks for sensor design and
the importance of sensors. Chapter 7 conversely focuses on
the design and usage of chemical sensors.

[20] describes the fundamentals of choosing an FPGA board
including the interfaces, LED’s, displays, memory, and
resources. Overall, it outlines how to choose an FPGA board
and provides some suggestions such as the PYNQ boards
using Python for programming. For our project, we use
VHDL so we will use another board, specifically the Digilent
Nexys 4 board for initial design and modeling.

III. SYSTEM MODELING

This project was inspired by the Environmental Control and
Life Support System (ECLSS), where the goal is to provide
clean air and water for the inhibitors residing on the space
station. According to OSHA’s confined space standard, the
way to safely test a potentially hazardous atmosphere is with
a "calibrated direct reading instrument.” Though a gas
monitor is not the only instrument needed to properly detect
a safe air capacity, it is a vital component that is the first
source of alert when it comes to identifying the forensics of a
situation. To properly test whether a gas monitor is ideal for
OSHA'’s standards, it must be tested in a confined and
regulated space with proper tools being used for an accurate
measurement. When testing for a more marketable product, it
is required that this be under the supervision of a qualified
individual. However, for the purpose of this project, the idea
is to create a provisional vacuum chamber or pressure pot.
This will allow for proper monitoring within a financial and
physical limit.

The Digilent Nexys 4 FPGA board was selected for use due
to the large number of I/O ports and a Universal
Asynchronous Receiver-Transmitter/Universal Serial Bus
(UART/USB) interface. Initially, this board was also chosen
due to the onboard Analog-to-Digital Converter (ADC) that
converts analog signals from the sensors into digital data that
can then be processed by the board and output to various
peripherals. We chose sensors that have digital outputs via
UART instead of analog voltages, therefore, nullifying the
need for the ADC. However, future expansion with different
sensors could once again involve the need for the ADC. The
VHDL design includes code for multiple peripherals such as
a buzzer, LED, and seven segment displays. The buzzer and
LED are auditory and visual cues for when the minimum safe
level of oxygen is exceeded. The seven-segment display is
used to display the sensor output constantly so that the device
wearer always has a digital reading of the oxygen and carbon
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dioxide levels within the confined space. Since the design
implements two or more sensors a digital 2-to-1 multiplexer
is required to switch between the sensors with a given select
signal. In addition to the peripheral design, the FPGA board
interfaces with a PC and output the data to MATLAB for
graphing and experimental evaluation.

Figure 1 illustrates the algorithm for gas level monitoring.
More specifically, it presents the main steps for measuring the
displacement of oxygen compared to the gas mixture within
the confined space. First, it measures the oxygen level in the
space. Then, if the oxygen level is above 19.5%, then the
device will notify the user that it is safe to proceed. Otherwise,
it will generate a warning message. Note that, our algorithm
can easily be modified to monitor if the level is in a desired
range (e.g., 19.5% < Oy level <23.5).

Sensing Element (02 & C0O2)

Displacement of 02 vs CO2
(02 & CO2 sensor)

02 is not
displaced
(Level normal)

02 is displaced

If 02 is above 19.5%

LED camera
on

Fig. 1. The flow-chart of gas level monitoring

Figure 2 describes the architectural flow of the system with
the different interfaces. The process begins with the sensors
that are multiplexed and sent to the FPGA for processing
using the algorithm described in Figure 1. Then, several
external devices (LCD, LED, and PC) use the processed data
to perform several functions such as displaying the output on
the LCD screen or sending data to Matlab. Figure 3 describes
the interface of the FPGA architecture with external devices
via UART protocols for communication.

IV. CONCLUSION

This paper presents an ongoing work to monitor various gas
levels in a confined space using a multi-sensor FPGA based
device. FPGA sends instructions to the sensors and receives
the inputs that will then be output on a screen. The presented
atmospheric testing device has the ability to monitor specific
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Fig. 2. A Block Diagram of the System Architectural Flow
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Fig. 3. Interface of the FPGA Architecture with external
devices

gases and alert the user when a certain safety threshold is
exceeded. In the case of oxygen, the minimum safe level of
oxygen in a confined space is 19.5%. With the use of an
FPGA for the design, modularity of the design is expansive
and allows for different use cases to be applied as needed.

Future work includes miniaturization into a wearable device,
and designing a wireless/Bluetooth interface with smart
devices. The device can also be modified to be integrated into
a drone for remote monitoring of environments that cannot be
accessed by humans directly.

REFERENCES

[1] “Procedure for Atmospheric Testing in Confined Spaces,” osha.gov (OSHA),
https://www.osha.gov/sites/default/files/publications/atmospheric_test confi
ned.pdf, accessed April 23, 2021.

[2] “Testing Confined Spaces.” ISHN RSS. ISHN, July 6, 2011.
https://www.ishn.com/articles/82518-testing-confined-spaces

[3] “Environmental Control and Life-support Subsystem (ECLSS)”, faa.gov,
https://www.faa.gov/about/office_org/headquarters offices/avs/offices/aam/
cami/library/online_libraries/acrospace medicine/tutorial/media/Il1.4.4.1 E
nvironmental Control and life support.pdf, Basics of Life Support,
accessed June 9, 2021

[4] “What Is an FPGA? Programming and FPGA Basics - INTEL® FPGAS,”,

https://www.intel.com/content/www/us/en/products/details/fpga/resources/o
verview.html, Intel, What is an FPGA?, accessed April 24, 2021.

[5] “What Is an FPGA? Field Programmable Gate Array,” Xilinx, accessed April
24, 2021, https://www.xilinx.com/products/silicon-devices/fpga/what-is-an-
fpga.html, FPGA Applications.

[6] Al Williams et al, “Air Quality,” Hackaday, April 23, 2021,
https://hackaday.com/tag/air-quality/.

[7] Moore, Dante. “Acceptable and Dangerous Gas Levels in Confined Spaces.”
June 8, 2020. https://www.indsci.com/en/the-monitor-blog/acceptable-and-
dangerous-gas-levels-in-confined-spaces/.

0330

Authorized licensed use limited to: University of Houston Clear Lake. Downloaded on July 19,2022 at 21:16:14 UTC from IEEE Xplore. Restrictions apply.



[8] Martha. “Nexys 4 Reference Manual.” Nexys 4 Reference Manual - Digilent.
Accessed August 26, 2021. https://digilent.com/reference/programmable-
logic/nexys-4/reference-manual.

[9] Tatikonda, Ratan, and Vinayak Kulkarni. “FPGA Based Exhaust Gas
Analysis for Automotive Vehicles.” 2016 International Conference on
Internet of Things and Applications (IOTA), 2016, pp. 197-201.

[10] Jo, J. H. "Implementation of IoT-based air quality." 2020.
https://www.proquest.com/docview/2429555879?pq-origsite=primo.

[11] Salamo, Marti P. "FPGA-based Control System for a Chemical Gas Sensor."
DSpace Home. Last modified 2019.
https://upcommons.upc.edu/handle/2117/166022.

[12] Attari, Mokhtar, and Mounir Bouhedda. "Gas Sensors Characterization and
Multilayer Perceptron (MLP) Hardware Implementation for Gas
Identification Using a Field Programmable Gate Array (FPGA)." Sensors
2013, 13, 2967-2985.

[13] "Environmental Control and Life Support System (ECLSS)." NASA.
https://www.nasa.gov/sites/default/files/atoms/files/g-281237 eclss_0.pdf,
Accessed October 22, 2021.

[14] M. Shi, A. Bermak, S. Chandrasekaran, A. Amira and S. Brahim-Belhouari,
"A Committee Machine Gas Identification System Based on Dynamically
Reconfigurable FPGA," in IEEE Sensors Journal, vol. 8, no. 4, pp. 403-414,
2008.

[15] Wagner, Dave D. "The Dos and Don'ts of Atmospheric Testing -
Occupational Health & Safety." Occupational Health & Safety,
https://ohsonline.com/Articles/2019/09/19/The-Dos-and-Donts-of-
Atmospheric-Testing.aspx?Page=1.

[16] "IoT Based Gas Leakage Monitoring System Using FPGA." Pantech
ProLabs India Pvt Ltd. Last modified February 4, 2021.
https://www.pantechsolutions.net/iot-based-gas-leakage-monitoring-
system-using-fpga.

[17] Balaji, N. "FPGA Implementation of Smart Water Quality Monitoring
System." International Journal of Innovative Technology and Exploring
Engineering (IJITEE), 8(11), 2019.

[18] Radislav A. Potyrailo, Cheryl Surman, Nandini Nagraj, and Andrew Burns
Potyrailo, "Materials and Transducers Toward Selective Wireless Gas
Sensing.", Chemical Reviews 2011 111 (11), 7315-7354.

[19] Wilson, Jon S. "Sensor Technology Handbook.", Elsevier, 2005.

[20] “How to Choose an FPGA Dev Board in 2020. A Comprehensive Guide."
TheDataBus.io. https:/thedatabus.io/fpga-buying-guide, Last modified
September 5, 2020.

Authorized licensed use limited to: University of Houston Clear Lake. Downloaded on July 19,2022 at 21:16:14 UTC from IEEE Xplore. Restrictions apply.

0331



