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ABSTRACT

EVALUATION AND APPLICATIONS OF GAS SENSORS

Publication No.

Hung Viet Cao, M.S.
The University of Texas at Arlington, 2007

Supervising Professor: Dr. Jung-Chih Chiao

Gas sensors are used widely for environmental and biomedical uses. This work
focuses on verifying specifications of commercial-off-the-shelf (COTS) gas sensors and
their particular applications.

The first chapter in this thesis gives a literature review on gas sensors, especially
metal-oxide based sensors and their advantages. The second chapter focuses on
evaluation of COTS NO; sensors. The purpose is to establish a characterization method
to evaluate gas sensors. I have evaluated three COTS metal-oxide based NO, sensors
and a COTS electrochemical sensor for comparison. Four different tests have been
implemented to investigate the sensitivity, humidity effects, temperature effects, and
selectivity for each sensor. A general method for calibration and uses of metal-oxide

based NO; sensor for environmental monitoring is discussed.
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Chapter 3 focuses on a specific metal-oxide based CO, sensor and its
application to fight the Sudden Infant Death Syndrome (SIDS) problem. In this chapter,
I discuss SIDS and the importance to prevent it. A COTS CO, sensor has been
characterized for designing the system. A complete system using the radio frequency
identification (RFID) technique to monitor multiple infants has been proposed and
designed. A system that can be used to monitor two infants simultaneously has been
designed and assembled with printed circuit boards (PCBs). The overall system has
been characterized under practical considerations. The results are as predicted.

Chapter 4 discusses a web-based search engine system from which users can
search for specific sensors with desired specifications. An Active Server Page (ASP)
using VBscript and Microsoft Access Database is used to implement the system. The
database of sensors is stored in the server.

Chapter 5 concludes the thesis with discussions of future works and the trend of

utilizing gas sensors to improve human life.
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CHAPTER 1

GAS SENSOR REVIEW

1.1. Introduction

Gas sensors have been used for years for both indoor and outdoor gas
monitoring systems. Users’ concerns are the accuracy, working range and lifetime. All
sensors have the datasheet supported by the manufacturer; however, the datasheet may
not be always accurate measured by different standards and it lacks certain information
about the product. Therefore, systematic evaluation and calibration of COTS sensors
will give users better ideas about available sensors.

Currently, commercial gas sensors are available in the market. They include
electrochemical sensors [1-3], metal-oxide sensors [1-5] and infrared sensors [1-3]. In
general, metal-oxide sensors have relatively longer lifetimes and smaller sizes [1],
making them suitable for a wide range of applications in which the sensor needs to
remain functional for several years while confined inside a machine for monitoring
local environment and equipment health.

Performance of sensors can be affected by various environment parameters,
such as changes in temperature, humidity and the presence of other gases [6-10].
Typically, this type of information is not well defined as standards since these

commercially available sensors are often tested individually.



Tang et al. [11] reported an automated precision gas sensor characterization
system for integrated or discrete gas sensors. It was used for both dynamic and steady-
state measurements to characterize two types of commercial gas sensors. A gas sensor
characterization system was developed by Chen ef al. [12] to test electrical
characteristics (e.g., resistance and capacitance) and performance of gas sensors
exposed to various stimuli and gas flow rates. There were several gas sensor
measurement systems proposed in the literatures [13-14], however, comprehensive
comparative test results for COTS metal-oxide sensors have not been available. In
Chapter 2 of this thesis, a systematic evaluation which characterizes and compares
different COTS NO, sensors in sensitivity, selectivity, humidity and temperature
dependence, and linearity is presented. The results provide sensor performance data
obtained in various environmental conditions and target gas concentrations.

Chapter 3 discusses a specific metal-oxide based CO, sensor and its application
to fight Sudden Infant Death Syndrome (SIDS). In this chapter, I discuss SIDS and the
importance to prevent it. A COTS CO, sensor was chosen and tested to have the exact
specifications before designing the system. A system using Radio Frequency
Identification (RFID) to be used for monitoring multiple infants has been proposed.
Finally, a simple system that can be used for two infants has been designed and
assembled in printed circuit boards (PCB). The overall system has been tested showing

predictable results.



1.2. Metal-oxide sensors

1.2.1 Working principle of metal-oxide sensors

There are three main components in a metal-oxide sensor: sensing material,

electrodes, and a heater as shown in Fig. 1.1

Electrodes Sensing material
. . _‘/ Substrate
Side view
— Heater
Electrodes
Top view . .
Sensing material
Bottom view Heater

Figure 1.1 Sensor elements [15].

The commonly used sensing materials include SnO,, WO; or In,O3 [16]. These
materials react with the target gas molecules inducing chemical potential changes [17-
18]. The electrodes connect to the sensing material to form a closed-loop circuit [10,
16]. A heating element at the substrate is used to regulate the sensor temperature, since
metal-oxides exhibit different gas response characteristics at different temperatures [10,
16]. A typical packaged metal-oxide sensor has four electrical connections. Two

connections are used to measure the resistance of the sensing material while the other



two to provide powers to the resistive heater [17]. The resistance changes are typically

measured using a simple voltage divider as shown in Fig. 1.2.
Supply voltage Ve

Heater supply ; Sensor resistance Rs
voltage Vy

o Vout

é Load resistor Ry

Figure 1.2 Schematic of circuit used in metal-oxide sensors.

The circuit requires two voltage supplies: one for the heater (Vi) and one for the
sensor (Vc). Vcis applied for measuring the output voltage (Vout) across a load resistor

(Rr) [19] and the sensor resistance (Rs) is calculated as

V. -V
_ C t
R S ==X R, (1.1)
out

1.2.2 Characteristics

Metal-oxide sensors, or solid-state sensors, are among the most versatile of all
sensors, since they detect a wide variety of gases, and can be used in many different
applications.

The main strength of the metal-oxide sensor is its life expectancy. Theoretically,

it can last 10 years or more in clean applications. This is a major advantage compared to

other sensors such as electrochemical sensors, which typically last only 6 months to 2
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years. Nevertheless, metal-oxide sensors are more susceptible to interference gases than
the other types of sensors; requiring users to test them carefully. This problem can be
resolved by adding a charcoal filter to eliminate the affect of interference gases [1].

Among their advantages are the abilities of the sensor to detect both low levels
of gases, as well as high combustible levels. Often, in chemical plants, the lower ranges
need to be monitored for certain gases at toxic concentrations while simultaneously, the
combustible range for explosive concentrations. The metal-oxide sensor is capable of
detecting gas in both ranges. This will simplify the system design and maintenance
required because it minimizes the use of multiple sensor technologies [1].
1.2.3 Commercial metal-oxide sensors

There is variety of available COTS metal-oxide gas sensors in the market. All
gas sensors from Figaro Inc. [44] are metal-oxide base sensors including oxygen,
carbon monoxide, carbon dioxide and many others while products from Applied sensors
[18] are based on the metal-oxide-semiconductor principle. In general, those products
are compact, inexpensive and have long lifetimes. Their performances are acceptable in

many popular applications.



CHAPTER 2

EVALUATION OF COMMERCIAL NO; SENSORS

2.1 Introduction

Nitrogen dioxide (NO>) is an extremely toxic gas generated primarily from the
liberation of nitrogen contained in fuel as a byproduct of combustion processes [20-21].
Any form of nitrogen oxide (NOxy) at levels greater than 1ppm can cause serious damage
to human respiration systems and lung tissues. The small molecules can penetrate
deeply into the sensitive parts of lungs causing or worsening respiratory diseases such
as emphysema and bronchitis or aggravate existing heart disease [20]. NO; is also a
source of acid rain, damaging buildings and polluting water sources [22-23]. Thus,
monitoring NO, plays an important role in making our environment safer and cleaner

[1-2].

2.2 Experimental setup

Three COTS metal-oxide NO; sensors were evaluated. A COTS electrochemical
sensor was also evaluated as a reference. Specifications of the sensors supplied by their

respective manufacturers are summarized in Table 2.1.



Table 2.1 Specifications of the evaluated sensors.

Specifications Sensor A Sensor B Sensor C Sensor D

Working mechanism | Electrochemical | Metal-oxide | Metal-oxide | Metal-oxide

Sensing range 0-20ppm 0-200ppm Ippm 0.1-2ppm

Response time T90* < 60s T90 <90s N/A Seconds

Temperature range -40t0 50 °C | -40to 100 °C | -40 to 85 °C | -40 to 120 °C

Humidity range 15-90% 0-99% 5-95% 0-95%
Power consumption N/A N/A 750mW 35mW
Cell life 6 months > 5 Years N/A Years

‘ Diameter | ©:32.3mm ©: 10mm @: 15mm @: 10mm
Sz Height 16.5mm I 1mm 21.6mm 11mm

*T90 is defined as the time for a sensor to reach 90% of its stable value.

A gas mixing system from Environics (Series 4000) was used to generate
required concentrations of the target gas. The system also provides humidity control.
Fig. 2.1 shows the configuration of the experimental setup. A gas fume hood in a class-
10000 cleanroom provides a safe and isolated environment for testing toxic gases such
as NO,. The gas mixing system can dilute the NO, down to ppb levels. A hot plate was

used in a stainless steel chamber to heat up the gases for temperature variations.



T T Exhaust

—* Glass sash
Gas leak : / window
detector Stainless steel A
chamber & rd
PCB board D?t.i.
Environics ¥ acquisition
OO O
Mass flow \ / board
controller
l LE g
Computer
Gas flow I I
NO
0 co, N

Figure 2.1 System diagram for NO, sensor evaluation.

The four sensors were mounted in the sockets (#1, #2, #3, #4) on a home-made
PCB board as shown in Fig. 2.2. A common testing environment is maintained for all
sensors. A combined humidity and temperature sensor Honeywell (HIH-3602-C) was
integrated on the PCB board (at the socket #5) to monitor the environmental conditions.
An additional socket (#6) was placed on the board for our in-house NO, sensor under
development. The board can also be used for other gas sensors (CO; and O,) to monitor
mixed gases during the selectivity tests. The sensor A, B and D manufacturers provided
evaluation boards with the sensors. The evaluation boards could be connected to the
sensors through the ribbon cable on the PCB board. A LabVIEW data acquisition card

was used to acquire the sensor signals for the sensors A, B, and C. A software package



provided by the manufacturer was used for the sensor D. A stainless steel chamber with
dimensions of 7x7x3 cm’ was used to enclose the PCB. The mixed gas was supplied

through a tube at the top of the chamber.

(b)

(a)

1. Sensor A. 2. Sensor B. 3. Sensor C. 4. Sensor D. 5. Humidity and temperature
sensor. 6. Socket for an in-house sensor. 7. ICs 8. CO, or O, sensor. 9. Ribbon cable
Figure 2.2 The home-made PCB board for evaluating (a)

and the enclosure chamber (b).

2.3 Evaluation procedures and results

Four different tests were implemented to investigate the sensitivity, humidity
effects, temperature effects, and selectivity for each sensor [14, 17, 24-27]. The
objectives for each test are:

2.3.1 Sensitivity

The sensitivity indicates how well the sensor can distinguish various

concentration levels of NO,. In the sensitivity tests, we also verify the sensing ranges

and response time at various concentrations of NO,.



2.3.2 Humidity effect

Water molecules tend to adhere to the surface of the sensing membranes in
metal-oxide sensors. We examine the performance change for each sensor with different
levels of humidity.
2.3.3 Temperature effect

We test for changes in sensor performance at temperatures above room
temperature.
2.3.4 Selectivity

The selectivity of metal-oxide gas sensors depends on the oxidization of the gas
molecule with the membrane. We examine the sensor performance dependence of other

oxidization gases such as CO, and O».

The NO, concentrations chosen for the sensitivity tests were 1.2, 2.0, 5.0, 8.0,
and 10.0ppm [27] with a gas flow rate of 1000ccm at the room temperature (24°C) and
zero humidity. The tests were done by first purging the chamber with N, for 3 minutes
and supplying diluted NO; for measurement. This procedure was repeated for various
concentrations. The tests were performed both by increasing and decreasing the NO,
concentration between 1.2 and 10.0ppm. Fig. 2.3 shows the results. In the plots, a and A
are defined as the noise amplitude and the inaccuracy among various runs, respectively.

Based on the manufacturer data sheets, the maximum operating ranges of

sensors C and D are 1 and 2ppm, respectively. However the sensors were tested in

10



ranges up to 10ppm. The results showed that the sensor C was able to distinguish the
NO; concentrations of 2 and Sppm. For higher concentration, the sensor started to
saturate since the sensor response shows very little changes above Sppm. Sensor D
showed good responses to the NO, concentration up to 10ppm when the concentration
kept increasing from 1 to 10ppm. However when the concentration of NO, deceased
from 10 to 1ppm, the sensor showed saturation for the concentration higher than Sppm.
This saturation might be caused from a compensation mechanism in the evaluation
board from the manufacturer.

The data from Fig. 2.3 were normalized and plotted in Fig. 2.4 to compare the
output of each sensor. For the sensor A, the output of 3.5mA was normalized as 0% and
the output of 6.5mA was normalized as 100%. For the sensor B, C and D, their outputs
of 0-0.8V, 0-0.18V and 0-10M£Q were normalized as 0-100%, respectively.

From figure 2.3, the inaccuracy (A) of all metal-oxide sensors was high when
compared with the sensor A, and it also varies with different NO, concentrations. The A
of the sensor B was less than 10% at all concentrations and it was the most consistent
among three metal-oxide sensors. However, sensor B was not sensitive at

concentrations below Sppm.

11
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Figure 2.3 Sensor responses for (left) increasing concentrations of NO,
(1.2, 2.0, 5.0, 8.0 and 10.0ppm) and (right) decreasing concentrations of

NO; (10.0, 8.0, 5.0, 2.0 and 1.2ppm).
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Figure 2.4 Normalized sensor responses.

For the sensor C, the A tended to increase when the concentration of NO,
decreased, and the A was 30% at 1.2ppm. The A of the sensor D was 50% at 10ppm. It
is likely due to the fact that it was tested out of the specification ranges.

The linearity of each sensor was examined using the data in Fig. 2.3 where the
sensors were tested by monotonously increasing or decreasing concentrations. Ideal
sensors should demonstrate a high degree of linearity for a simple calibration. For each
sensor, five data points at concentrations of 1.2, 2, 5, 8 and 10ppm were calculated by
averaging the raw data for 10 seconds at each concentration. The correlation coefficient,
R, indicates linear reliability [28]. When value R’ is close to unity, this indicates a
better performance. Fig. 2.5 shows the linearity of each sensor and the corresponding R’

values.
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As shown in Fig. 2.5, sensor A has the highest correlation coefficient and
similar responses for both increasing and decreasing concentration measurements. The
metal-oxide sensors have acceptable linearity, but the linearity slopes are different for
the increasing and decreasing concentration cases. The slope in Fig. 2.5 is defined as
sensing resolution and the results are shown in Table 2.2. The response times (T90) is
defined as the time for a sensor to reach 90% of its stable value. The response times of
the sensors in Table 2.2 were measured at 10ppm. They were measured with a chamber
size of 7x7x3 c¢cm’ and a flow rate of 1000ccm. The response time may vary for

different chamber sizes or gas flow rates.

6.5 0.8
6 [ SensorA ] SensorB
S 06 | o ]
Df E >
b R2=0.968 A
3 R =0.9994 1 2 04} ]
4.5 E <>D 2
0.2 R2=0.9475
4 ]
3.5 0
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Concentration(ppm) Concentration(ppm)
02 ——— ‘ ‘ ‘ ‘ 10000
SensorC 8000 [ SensorD A ]
.15 a .
RE=08641 1 = (00 | R? =0.9606 ]
01} © i §
R2 = 0.8063 £ 4000 | .
.05 F A 1 &2 r
2000 R?=0.9603
0 ‘ 0 ‘ ‘
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Concentration(ppm) Concentration(ppm)

Figure 2.5 Linearity and squared linear reliability of each sensor as
increasing and decreasing the gas concentrations.
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Figure 2.6 Signal to noise ratio (SNR) of sensors with increasing
and decreasing gas concentrations.
Table 2.2 Sensor resolution and response time.
Sensor A B C D
Resolution | 0.1879mA/ppm | 69.6mV/ppm 4.5mV/ppm | 933.12kQ/ppm
Response time 44s 131s 103s 170s

Fig. 2.6 compares the signal to noise ratio (SNR), defined as the ratio of the

average signal level for each NO, concentration to the noise amplitude o in a 20-second

period. This SNR value quantifies measurement fluctuations due to noises. The SNR of

the sensor D is negligible due to its small signal fluctuation, and the fact that it did not

reach to a saturation point in the given test time.

The SNR of the sensor A is the highest and most consistent one because of the

small and stable values of noise. The sensors B and C have lower SNRs but the values

vary with NO, concentrations. Moreover, the noise amplitudes vary with time and

consequently vary the SNRs dramatically.
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2.5 Humidity effects

The sensors were tested at three different humidity levels of 20%, 50% and 70%
with an NO, concentration of 10ppm and a flow rate of 1000ccm. The humidity level
was varied with a certain profile as shown in Fig. 2.7. The right graph in Fig. 2.7 shows
the result of sensors under humidity variation. The electrochemical sensor A was
slightly affected by humidity while others showed noticeable changes. In general,
higher humidity levels tend to decrease the signal levels of metal-oxide sensors. This is
due to the reduction of the sensor resistance, Rs, as water vapor adsorbed by the sensing
membrane [10]. The output signal of the sensor B, however, increased as the humidity
increased. We investigated the reason and verified the results with another experiment.
The result is shown in Fig. 10. The sensor was first exposed to 0% relative humidity
(R.H.), and then a humidity of 20% was introduced. The output signals decreased
quickly and then increased gradually as the relative humidity level increased. Knowing
that the evaluation board of the sensor B has a humidity compensation circuit, it might
be the reason of signal increasing when the humidity increases.

The sensor C shows the smallest decrease among all the test results. The sensor
D showed a large reduction in resistance at high humidity levels. The humidity was
controlled using the tuning valves in the gas mixing system. As a result, there were
instantaneous changes in the flow rate and short-term effects on the sensors. The transits
last about 46 and 35 seconds while 20% and 40% of humidity levels were introduced,
respectively. The results were verified again by decreasing the humidity from 70% to

20% at the same concentration of NO, as shown in Fig. 2.9. The signals from the
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sensors A, C, and D increased with lower humidity, and the signal from the sensor B
slightly decreased with lower humidity, which is consistent with the previous results.
Additional tests using an NO, concentration of S5ppm were performed to evaluate the

effect of humidity on the sensors. The results showed very similar effects of humidity

on the sensors when compared of 10-ppm NO; concentration.
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2.6 Temperature effects
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Figure 2.10 Measured temperature and humidity levels.
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A hot plate was used to heat up the whole stainless steel chamber to 40°C. The

NO; concentration was set at Sppm, and the total flow rate was controlled at 1000ccm.

The gas humidity level was set at 50% while the temperature and humidity were

18

monitored (Fig. 2.10) in the chamber. We verified the humidity changes on the test
board during the temperature changes. The sensor responses are shown in Fig. 2.11 with

real time measurements and relative outputs normalized to the responses at 25°C. The



humidity decrease with the temperature increase reduced the sensor outputs of sensors
B, C and D significantly. The same experiment was performed again at 60°C and all

sensor outputs decreased.
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Figure 2.11 Sensor responses and normalized data
for an NO, concentration of Sppm.

Although the working temperature ranges of all evaluated metal-oxide sensors
specify upper limits higher than 40°C, each of the sensors malfunctioned when the
temperature exceeded 40°C. One possible reason for this result might be due to
thermally induced air turbulence inside the chamber. According to the working
mechanism of a metal-oxide sensor, a built-in heater is used to heat the sensor film to
around 300°C, enabling the chemical reactions to occur on the sensing material.
However, it is possible that the response of the metal-oxide gas sensors might, in some
instances, be dominated by air turbulence and temperature effects rather than
concentration differences [29]. The local gas circulation in the small stainless steel

chamber at higher temperatures might be faster than the chemical reaction of NO,
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molecules at the solid-gas interface on the metal-oxide sensor, and thus gave very weak
responses. For the sensor A, on the other hand, the chemical reaction of electrochemical

sensor is based on a liquid-gas interface and worked properly above 40°C.

2.7 Gas selectivity

NO; and CO;, were mixed together with N, balance gas in the gas mixing
system. Three NO, concentrations of 10.0, 5.0 and 1.0ppm with 50,000 and
100,000ppm of CO, were chosen in our test. The total flow rate was controlled at
1000ccm and the measured temperature was set at 24°C. The humidity level was
controlled at 50% and the chamber was purged with nitrogen gas prior to the testing.
Fig. 2.12 (a) shows results of exposing the sensors first to Sppm of NO; until the output
stabilized and then to the mixture of Sppm NO, and 50,000-ppm CO, starting at the
400"s. The sensors A, B, and C did not show any noticeable changes, and the sensor D
showed a deviation of approximately 10%. Fig. 2.12 (b) shows the results when the
sensors were exposed to 1ppm of NO, then mixed with 50,000 and 100,000ppm of CO;
at the 400™s and 800"s, respectively. The response of the sensor B increases even
though the sensor should stay near zero when the NO, concentration is below 5ppm (as
shown in Fig. 2.5). The sensor D showed a deviation greater than 10% when it was
exposed to mixtures of 1ppm of NO, and 50,000 and 100,000ppm of CO,. The results
show that the sensors function well even with the presence of CO, at NO,
concentrations of 10ppm and Sppm. At a lower concentration of NO, (Ippm), the

sensors appeared to be affected by CO; gas, especially sensor B.
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Similar conditions were used to test the selectivity in the presence of O,. The
total flow rate was controlled at 1000ccm, and the temperature was 24°C, with a
humidity level at 50%. Three NO, concentrations (10.0, 5.0, and 1.0ppm) were used
with three O, concentrations 50,000, 200,000, and 400,000ppm. The gas mixture with
50,000ppm O, and 5ppm NO, was supplied first and Fig. 2.13 (a) shows the results. The
Sppm concentration of NO, was detected by each sensor without much performance
degradation with the addition of 50,000ppm O,. Fig. 2.13 (b) shows when 200,000 and
400,000ppm O, were supplied with 1ppm of NO,, the outputs of the sensors B and D
were also affected by O,, but the effects were less than when compared to similar

results using CO; as the interference gas.
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Figure 2.12 Sensor selectivity testing with CO, as the interference gas.
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2.8 Conclusions

Three metal-oxide NO, sensors were evaluated and compared to an
electrochemical NO, sensor as a reference. All metal-oxide sensors showed reasonable
responses in the ranges provided by their respective datasheets; however, their
performance was inferior to that of the electrochemical sensor. The sensors showed
responses at levels out of their specified ranges, but with low accuracy. Humidity
changes affected the performance of metal-oxide sensors. Therefore, recalibration of the
sensors should be performed to compensate for the humidity effects. In investigating the
temperature effects, the sensor responses were significantly affected, which might be
due to thermally-induced air turbulence on the sensing material. In applications where
the space is small and heated by nearby high-temperature sources, this may be a source
for sensor signal deviation. To resolve the variations due to the humidity and

temperature changes in practical cases, a compensation circuit or software using a

22



temperature and a humidity sensor is needed. Both sensors can be integrated along with

the gas sensor. A block diagram to demonstrate the idea is shown in Fig. 2.14.

Humidity
sensor

Gas
sensor

Hardware/Software
Compensator

Temperature
sensor

A

Compensated
output

Figure 2.14 Block diagram of compensation systems.

The results of the selectivity tests showed that at lower target gas concentrations, the

sensors had more difficulty providing accurate measurements in the presence of

interference gases. Also, the tested NO, metal-oxide gas sensors are less affected by the

presence of O, than by CO,. Based on our results, provided that metal-oxide sensors

have advantages of being small in sizes, low in costs and having long useful lifetimes,

careful consideration should be exercised when choosing a sensor that will be suitable

to a specific application.
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CHAPTER 3
A MONITORING SYSTEM
USING CO; SENSORS TO FIGHT SIDS
3.1 Motivation

Healthcare cost is an urgent issue globally. In the U.S., the cost for healthcare
reached 16% of the Gross National Product in 2004, equaling US$1.88 trillion [30]. The
costs for infant care are high due to the facts that the work is highly labor intensive. For
healthy infants, SIDS is the most critical problem needed to be addressed. SIDS is
defined as any sudden and unexplained death of an apparently healthy infant aged one
month to one year [31-32]. According to the National SIDS/Infant Death Resource
Center, SIDS is responsible for roughly 50 deaths per 100,000 births in the U.S. in 2004
(Fig. 3.1). Although the SIDS rate has been reducing, due to the awareness in parents
and nurses, it is still too high for any family that suffers trauma and loss. Reducing the
sudden death rate in infants by an effective monitoring and alarm system is a challenge
for researchers.

Although the causes of SIDS have not been explained thoroughly in the
literature, trouble with breathing has been known as the most common reason. Inborn
factors such as disorders in the lungs or glands, respiratory infections, and improper
sleeping positions are possible causes [31-32]. SIDS may happen to healthy infants

without any identifiable physiological preconditions and it usually happens during sleep
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without any warning signs, such as crying, struggling or suffering. Therefore, an

effective respiratory monitoring system may be a good way for early warning to reduce

SIDS risk.
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Figure 3.1 The SIDS rate in the U.S. from 1990 to 2004 [3].

There were some proposed infant monitoring systems, such as cardiopulmonary
monitoring [33-36], vision monitoring [37], oxygen consumption monitoring [38] and
multi-purpose monitoring [39]. Some approaches are invasive [33-36, 38-39], making
both the infant and his/her parents uncomfortable. Some are not as effective as expected
such as baby monitoring cameras due to the unrecognized signs of SIDS [37].

We propose a new method using CO, sensors placed in the crib around an infant
to non-invasively monitor the exhaled air concentration variation from him/her. By

monitoring the outputs of CO; sensors, we can detect if there is anything wrong with the
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infant’s respiration. The output data can be used to activate an alarm or logged for
further diagnoses. With RFID integration, our system can be used to monitor a large

number of infants in the nursery room of a hospital.

3.2 Methodology

3.2.1 System design
3.2.1.1 Crib design

CO; sensors processing board

Figure 3.2 Our crib design with CO; sensors implemented.
The sensors are connected to a processing circuit board.
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Infants may take various sleeping positions and the exhaled air may spread in
many directions due to air circulation. Thus, an array of CO, sensors is placed around
the crib on the bars to provide sufficient information. A circuit board connected to the
sensors is placed outside the crib to process the data (Fig. 3.2). The circuit board
includes a wireless module for transmitting and receiving data. The module is away
from the infant to ease parents’ concern of electromagnetic waves from the wireless
module. A drastic variation of CO, concentration will produce an abrupt change in
sensor outputs and the processor will be activated to send out an alarm signal. With the
RFID approach, an identification (ID) signal of the infant will be sent out to correlate
the sensing/alarm signals with the ID. This will significantly reduce the labor costs and
time. The sensor data and ID can be pulled periodically for monitoring and calibration.
The stored vital sign data can help doctors to identify or diagnose any potential health
problems in infants.

3.2.1.2 System overview

Fig. 3.3 shows the tag system diagram. Each sensor is mounted inside the bar of
the crib and connected to the processing board. A battery is used as power supply. The
wireless transmitter is at the output of an analog multiplexer. Commercial baby
monitors, such as a webcam or microphone, can be also connected to the multiplexer.

The receiver separates the signals by a demultiplexer for multi-modality monitoring.
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Figure 3.3 Block diagram of the transmitter.

The sensor circuit has a two-stage amplifier. The first stage is for buffering and
is followed by a differential amplifier. An analog multiplexer or an AND gate,
depending on the application, multiplexes the signals in the time domain. For simple
monitoring, an AND gate provides the functionality of an alarm signal. The ID of infant
will be sent out along with the alarm if the outputs from sensors are lower than the
threshold. A comparator for each sensor is implemented after the two-stage amplifier
and the threshold is adjustable for different environmental conditions. For some infants
who have already suffered from respiratory inborn disorders, we might need to examine
the CO, concentration in their exhaled air regularly and frequently. Besides the alarm

signal, we multiplex and transmit all sensor signals along with the infant’s ID for
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diagnosis purposes. At the receiver side, an alarm will be triggered as soon as an alarm

is sent by the identified transmitter while the server starts to record the data (Fig. 3.4).

Processing User Interface and
Recetver - unit server

A 4

Figure 3.4 Block diagram of the receiver.

3.2.1.3 CO; sensor

A human’s exhaled air roughly consists of 79.5% nitrogen (N;), 16.5% oxygen
(O2) and 4% CO; [40]. The CO» is then diffused quickly to a much lower concentration
between 2000ppm and 5000ppm in the air [41]. Therefore, the working range of our
CO; sensor has to cover the range from 2000 to 5000ppm of CO,. The exhaled air has a
saturated humidity, even after diffusion, the relative humidity (RH) of the air
composition is still high. This might introduce errors in the sensor performance,
requiring us to design the system to work in a wide range of humidity. Furthermore, a
short response time sensor is needed for real time monitoring purposes.

There are commercial off-the-shelf CO, sensors in the market with various
sensing principles, such as electrochemical based, infrared based and metal-oxide based

sensors. According to our previous sensor review results [42], we found that
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electrochemical based sensors give the best performance but the short lifetime prohibits
the use. Infrared based sensors are sensitive but bulky in size and more costly [1]. With
the goal to achieve a low-cost and long-term system, we chose metal-oxide based CO,
sensors. We do realize the shortcomings of metal-oxide sensing, such as humidity and
temperature dependence. We have carried out testing and calibration experiments that
will be described in later sections.
3.2.2 RFID transmission

As we mentioned above, this kind of system can be used for one infant at home
or a large number of infants in the hospital nursery room. Obviously, for home uses
with one infant, we do not need to use RFID to take its advantages. The transmitter will
send the alarm signal to warn the parents and/or the CO, sensor data to a recording
server. The data can also be locally logged into a memory card. The receiver for
monitoring purposes should be compact and mobile for the convenience to caregivers.

A monitoring system with integration of RFID is needed for a hospital nursery
room full of infants to quickly identify individuals. A block diagram of the system

architecture is shown in Fig. 3.5.

30



ID of infant 1 Y

Alarm signal/Sensor outputs

ID of infant 2 Y
Alarm signal/Sensor outputs
. Base

station

ID of infant N Y

Alarm signal/Sensor outputs

Figure 3.5. Block diagram of the system used in a hospital nursery room.

The passive RFID tags can be utilized to identify the infant, however, the power
consumption for the sensor (250mW) [43] is much higher than the transmitted power in
a typical active RFID system which is around ImW [44-45] and the nursery room can
provide sufficient powers. Thus, instead of using a traditional passive RFID, we chose
an active approach which gives a longer communication distance and operation
flexibility.

One concern for the monitoring system is data collision. In traditional passive
RFID systems, the reader collision problem has been a big challenge for researchers. To

minimize collision, several solutions have been proposed, such as Colorwave Algorithm
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[46], HiQ Algorithm [47], Pulse Protocol Algorithm [48], Frequency Division Multiple
Access (FDMA), Time Division Multiple Access (TDMA), Code Division Multiple
Access (CDMA) and Carrier Sense Multiple Access / Collision Avoidance (CSMA/CA)
methods [48]. Although our active system has only one reader, we face the collision
issues among transmitters when they are trying to send signals to the base station
simultaneously. Possible anti-collision methods for passive RFID systems can be
implemented for our system. For a full system, TDMA 1is a good choice since we can
partition alarm transmission and recording periods efficiently if the data burst rate is
sufficiently high. For a simple monitoring system, the transmitter sends out the alarm
signal along with the infant ID only when the sensor outputs give improper values.
Normally, the tag will be in the sleeping mode to save energy. Nevertheless, two
different transmitters might transmit at the same time, causing collision. CSMA/CA is a
relatively simple method to overcome collision in this case. Each transmitter has
listening functionality which can be used for the Listen Before Talk (LBT) and the
Delay Before Talk (DBT) mechanisms [49].

In our proposed system, each transmitter is in the sleeping mode and will be
awakened only when its sensor circuitry sends an alarm signal or the base station sends
a request to receive sensory data. The alarm signal of each infant is the ID designated
for the crib. The sensory data sent by the request of the base station is in packages
containing both sensor ID and sensor signal. First, the base station will listen for any
alarm signal, if there is no alarm it will transmit the request to a certain crib. The RFID

listens and if the ID matches, the transmitter will wake up and send out the sensory data.
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The base station collects the data and records. The sensory data package takes a small
time slot and then the reader listens to alarm signals again. If there is no alarm, the
reader will pull the second ID to request data from the second crib. This process repeats
until all cribs are recorded. The caregivers have to physically reset alarms, if the reader
receives them.

If something happens with a specific infant, the transmitter will listen first
before sending to avoid collision. The alarm will be sent continuously until the next
listening timeslot of the base station. If another crib is sending an alarm signal, it will
wait until the medium is free. When the base station obtains an alarm signal from a crib,
it will activate an alarm and send request to that crib. That crib will stop sending the
alarm signal and send the sensory data. The data pulling order then is changed. The
alarm in the base station can only be cleared by staff. To avoid collision between two
transmitters as one is transmitting sensor data while the other one is transmitting alarm

signal, we will use two RF channels.

3.3 Experiment and Results

3.3.1 Circuit setup

We chose active transmission for proof-of-concept demonstration of monitoring
infant respiration. The main goals are to demonstrate the sensor performance, feasibility
of monitoring respiration activities using CO; sensors, and wireless communication. We
used two individual transmitter tags at 914 MHz and 433 MHz [50] and one common

receiver. The receiver talks to two transmitters at the same time. The identification is
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encoded in the operating frequency. Circuits were designed and assembled with two-
layer printed circuit boards (PCB). Fig. 3.6 shows the schematic and assembled PCB of
the transmitter.

The operational amplifiers (OPAMPs) we used are the TI TLC271. The first
potentiometer is used to create a differential voltage. The difference in voltage is then

amplified by an OPAMP with a gain factor of
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Figure 3.6 Schematic and assembled PCB of the transmitter.
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Figure 3.7 Schematic and assembled PCB of the receiver.

The second potentiometer, after the buffer and differential amplifiers, is used to
set a threshold voltage. When the sensor signal is lower than the threshold, the third
OPAMP, working as a comparator, will give a 5V output as the input to the AND gate.
If responses from all sensors show low concentrations of CO,, the output of the AND
gate is set to 5V and sent to the wireless module. One transmitter uses Radiometrix
TX3A&RX3A working at 914 MHz and the other one uses TX2A&RX2A working at
433 MHz [50]. The receiver receives data from two transmitters and processes them

separately with two comparators using OPAMPs. When a transmitter sends an alarm
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signal, the output of the comparator will be 5V and turn on an LED as an alarm
indicator (Fig. 3.7). The alarm algorithm is simplified in this study. Designed
experiments are needed to determine how to set the thresholds in different sensors
around the crib and how to process the data to trigger the alarm.
3.3.2 Sensor tests

As we mentioned in previous chapters, gas sensor characterization depends on
many environmental parameters. We chose Figaro 7GS4161 CO, sensors [43] and
characterized them in various environments. A gas mixing system, Environics Series
4000, was used to generate required concentrations of CO, in a composition with other
gases such as N, and O,. The equipment provides humidity control. The air flow from
the gas mixing system was enclosed on the sensor by a home-made stainless steel
chamber. Because the temperature in the infant room does not change significantly so
we chose not to test the temperature variations. The sensor test was done in the class
10,000 cleanroom and inside a fume hood as we mentioned in chapter 2.

3.3.2.1 Sensitivity test

The CO; concentrations chosen for sensitivity tests were 500, 2000, 5000 and
8000ppm with a gas flow rate of 1000ccm at the room temperature (24°C) and zero
humidity. The tests were done by first purging the chamber with 100% N, and then
supplying CO, diluted in N, for measurement. Fig. 3.8 shows the output voltage from

the sensor with various CO, concentrations.
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Figure 3.8 Sensitivity test results.

The differential amplifier was used to magnify the change in voltage. Fig. 3.9
shows the signal after two stages of amplifiers with various concentrations of CO,. The
sensitivity is about 0.2mV/ppm in the range of 500-5000ppm. The rise and fall response
times are defined as the times for the output voltage to reach 90% of its final value or
drop to 10% of its stable level, respectively. The respective rise and fall response times
are in ranges of 5-15s and 30-50s for four tested concentrations. In our system, we pay
attention at the fall time from 2000-5000ppm of CO; to ambient CO, densities of 350-
750ppm [41]. In Fig. 3.9, the fall times from 2000ppm and 5000ppm to 500ppm of CO,

are 10 and 15 seconds, respectively. The response times are too long, limited by the
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metal-oxide sensing mechanism, for monitoring respiration. Instead of detecting the

absolute values; we use the drop rate in the first two seconds.
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Figure 3.9 Processed sensor signals.

3.3.2.2 Selectivity test

According to the datasheet from the manufacturer, the 7GS4161 sensor signal is
only affected by CO, and other gases like CO and H; will have no effect.

In our application the CO, sensor will operate in an environment with the
presence of N, and O,. Therefore, the selectivity tests were carried out with a
composition of N, as the balance gas, 16.5% O, and different concentrations of CO, at

40% RH. The response was then compared with the one obtained without the presence
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of O,. Fig. 3.10 shows that the signal with the presence of O, is about 0.25V greater

than the one without O,. Thus, the threshold voltage setting has to be adjusted.
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Figure 3.10 Responses of the composition with 16.5% O,
and the one without O,.

3.3.2.3 Humidity dependence test

Metal-oxide sensors usually are sensitive to humidity since the water molecules
prevent the binding of target gas to the sensing membrane [42]. The humidity
dependency quoted in the manufacturer datasheet does not apply for our conditions. In
our design, amplifiers will also magnify the variations due to the humidity effects. We
carried out various tests by fixing the RH level in the gas mixing system first, purging
the chamber with 100% N, as the balance gas and then supplying CO, with different

concentrations for measurement. The process was then repeated with several levels of
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humidity. Results showed that with small changes in RH, the sensor signals stayed

stable. Test results at 40% RH and 90% RH are shown in Fig. 3.11.
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Figure 3.11 Responses at 90% RH and 40% RH.

In Fig. 3.11, the variations are 23%, 7%, 5% and 2% for 500, 2000, 5000 and
8000ppm of CO,, respectively. Therefore, the threshold needs to be adjusted with
different values of relative humidity.

3.3.2.4 Sensor test with breaths

We also carried out the performance of the sensors in practical conditions by
breathing near the sensor at different distances. First, the sensor was placed in the air
with the presence of ambient CO, (350-750ppm), and then enclosed by the chamber

with pure N,. After that, we removed the chamber and tested the sensor by breathing
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and withholding on it at different distances (Fig. 3.12). As we see in Fig. 3.12, the
output voltage when we breathe on the sensor is higher than the one when we withheld

our breath. Furthermore, it depends on the distance between the sensor and the person

who breathed on it.
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Figure 3.12 Sensor responses with different sensor locations.

3.3.3 RF transmission test

The wireless module we used has a nominal output power of ImW and an in-
building transmission distance of 75m [50]. We made coil antennae and tested the
transmission capability with various polarizations of the antenna (Fig. 3.13) in a narrow
hallway and in different sizes of rooms as well. Results show that the received powers

are always sufficient to correctly trigger the alarms and record the sensor signals.
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Figure 3.13 Different antenna polarizations. (a) Both in vertical polarization. (b)
One in vertical and one in horizontal polarization. (c¢) Both in horizontal polarization.
(d) Antennae are in cross-polarization.
3.3.4 System tests

Our sensor system was tested by breathing near the sensors with a distance of
50cm for 30 seconds and then withheld our breathing for 20 seconds. Various head
directions and positions were tested. The receiver was placed at different distances and
in another room. A few seconds after we started the tests, the LED was turned on. The

tests were repeated with two people using two sets of sensors/transmitter. The results

were the same.

3.4 Discussions

There are some improvements needed. One of the critical elements is the sensor
performance, especially the uniformity among devices. During the sensor tests, we
noticed that there was a slight variation in the outputs between two different sensors and
the outputs from a certain sensor were not repeatably identical for the same

concentration of gas. The output signals also change over time for the same
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concentration. Although those changes are relatively small, it may issue false alarms
and desensitize caregivers’ attention. A sensitive yet stable sensor with performance
uniformity will be an ideal choice. For the humidity dependence issue, it is almost
unavoidable for metal-oxide sensors due to the fact that water vapor hinders the
chemical reaction between the target gas and the sensing material [42]. It can be
resolved by adding a humidity sensor in our sensor boards. The threshold voltage will
be accordingly adjusted by a feedback loop.

Our proposed system is also suitable for integration of multi-modality sensors.
Besides CO; sensors, we can include patch-type sensors, such as blood pressure
sensors, pulse sensors, heart rate sensors, and clamp-type sensors, such as optical pO,
sensors and glucose sensors. Each sensor, with its own ID, can be connected to the
processing board with a wireless module. For this purpose, multiple channel
information will require high data rates for quick transmission and response. A higher
carrier frequency, such as 2.4GHz, with more efficient modulation, such as QPSK, then

1s needed.

3.5 Conclusion

We have proposed a new approach for an infant monitoring system using
multiple CO, sensors. The system provides advantages such as lower costs, non-
invasive sensing mechanism, and away-from-the-infant wireless transmission. They will

attract caregivers and play an important role in the campaign against SIDS. A proof-of-
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concept system has been designed, assembled and tested. We have identified some

practical issues and showed a method to integrate RFID technology with sensors.
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CHAPTER 4

A GAS SENSORS SEARCHING SYSTEM

4.1 Motivation

As we mentioned in previous chapters, there are a variety of COTS sensors for
any specific gas. How to choose a particular sensor for a user’s application becomes
complicated. Therefore, a search engine with information about all available sensors
and their specifications is an urgent need. It will reduce much time for users. With this
kind of system, instead of opening each sensor datasheet to read the specifications, they
only need to declare the target gas, sensor type and sensing range and get the result.

Because the database is extremely big, it will be better if we can develop a web
based search engine so that the database will be stored in the server. Each user needs
only an account and password to access to the search part in the website.

The evaluation results we got in Chapters 2 and 3 will be added to the
specifications of each sensor. Ideally, we want to have all the available sensors to be
tested, but it is a huge task which needs many universities and corporations to

contribute.
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4.2 Implementation

We chose the Active Server Page (ASP) in connection with the Microsoft

Access database to implement the web based search engine.

4.2.1 Database

First, we created a Microsoft Access table with the following parameters:

Company, Web, Type, Minimum concentration, Maximum concentration, Max_range,

Sensing Gas, Temperature, Humidity, Resolution, Accuracy, Linearity, Response time,

Cell life, Input voltage, Current consumption, Power consumption, Temperature

dependent, Pressure dependent, Long term stability, Weight and Datasheet. This file is

sensor.mdb which stores basic information about all sensors we have. Description of

each parameter is described in Table 4.1

Table 4.1 List of parameters, meaning and format

Parameter name Meaning Format
Company Company’s name Text
Web Company’s website Text
Type Sensing principle of sensor Text
Minimum concentration range | Minimum concentration sensor can sense Text
Maximum concentration range | Maximum concentration sensor can sense Text
Max_ Range Number converted Number
Sensing Gas The gas type that the sensor can sense Text
Temperature The working temperature Text
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Table 4.1 (Continued)

Parameter name Meaning Format
Humidity The working humidity Text
Resolution The resolution in concentration Text
Accuracy The accuracy of the output Text
Linearity The linearity of the output graph Text
Response time The time to reach T90 or a specific level Text
Cell life The lifetime of the sensor Text
Input voltage The range of the input voltage Text
Current consumption The current consumption Text
Power consumption The power consumption Text
Temperature dependent The shift rate when temperature changes Text
Pressure dependent The shift rate when pressure changes Text
Long term stability The shift rate after a specific time Text
Weight The weight of sensor Text
Datasheet The link to pdf file supplied by company Text

The datasheet pdf files of sensors supported by manufacturers were also

downloaded and stored in one directory in our server. The link directed to each file will

be placed as the last specification in the result page.
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An Access table storing usernames and passwords was also created. It includes
only two columns: User and Password. Only registered users with accurate password
can access our search engine.

4.2.2 ASP files

ASP files were programmed to get data from the file sensor.mdb. The users will
have to choose specific values in three drop menus which are Type, Sensing Gas and
Maximum Concentration. The search page interface which is programmed in search.asp

file is shown in Fig. 4.1.

1. Select type in each category

2. submit your request

Max
Concentration

hetal Oxide + W Lessthan 50 ppm
Search for Sensors!

Show All

Gas Type

Figure 4.1 A snapshot of the search engine interface

There are two main ASP files to implement our searching job. Showall.asp is

the file to show the whole database we and sensor.asp is the file to show sensors with

some specific values that the users want to see. For example, if we choose CO,,

48



Infrared, 100000ppm and click “Search for Sensors” we will see result as shown in Fig.

4.2.

2 Sensor Search Results! - Microsoft Internet Explorer

File Edit Yiew Favorites Tools  Help

. - 1
£ \ f \ ) 5 i ) .
0 Back 2] X (% | A Search A Favorites \'t =
Search the Web Search = Address @]http;ﬁlZ?.U.U.U’sensun’sensur.asp

- E Ti @ a7 Forecastm..pga

v 8

Here are the results of your search: 3 sensors

Analoy

Sensor
Technology

Infrared 0-5000ppm 0tod0, -5t

0,
0-20% Co2 <0

0-100 NIA 2%

Slark Ifared ) s000ppm

_oe,
Selutions L) ez

51040 0-95 200ppm 1%

Infrared

Teledme 0-2% 0-20% con

Tnstruments -20to 60 0-100

0.03% 2

Back to Search page

Bach to Home page

Figure 4.2 A specific search result.

2

1%

1%

T30 < 60s

T30 < 60s

T63 <205

Minimum Maximum .
. . |Sensing . . . .. |Response Input
Company| Type cont:::g:tlon con::::;;atlon Temperature | Humidity | Resolution M Linearity time voltage

1A 10W 601
1A HrA T
11-

i 20W,18- B/A

30V

If we choose “Show All”, all the sensors with information will be shown. For

the “Maximum concentration range” column, a sort function was added so that we can

sort the maximum concentration from “high to low” and “low to high” (Fig. 4.3).
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3 Sensor Search Results! - Microsoft Internet Explorer
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1 |
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Figure 4.3 All information about available sensors.

The final job is to publish this webpage. A Windows Server is needed. The

whole folder can be placed in the server and our webpage will be ready to access.
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CHAPTER 5

CONCLUSIONS

There are still a lot of issues that we need to address when we choose a gas
sensor for a particular system. According to our evaluation results, electrochemical
based sensors have better performance than metal-oxide sensors. Nevertheless, their
lifetime of around six months prohibits the uses. Since the price of a metal-oxide based
sensor is much lower than other types, it has been widely used in many applications.

A big problem for metal-oxide based sensors is the humidity dependence issue
[42]. They are usually sensitive to humidity since the water molecules prevent the
binding of the target gas to the sensing membrane. We have proposed a calibration
method in Chapter 2 to solve this but the fact is with each sensor, we have to evaluate it
first to figure out the humidity dependence factor before we can use that for a feedback
loop. It will take much time and cost a lot.

Ideally, if we can improve the lifetime of electrochemical based sensors or we
can minimize the humidity dependence issue in metal-oxide based sensors, we do not
need to do much evaluation and calibration. This will be a fertile area for researchers.

The gas sensors will also find uses to sense gases in liquid. The fish in a pond
will suffer if the concentration of oxygen in the water is too low. For metabolism in a

human body, blood is the medium to carry oxygen from the lung to organs and carbon
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dioxide form organs to lung. Therefore, monitoring those gases in our blood stream can
inform us about our health status. There have been many products in the market for this
purpose, but they are usually based on infrared approaches, they are expensive and
bulky in size. It will be much better if we can have micro sensors that can be implanted
to human bodies to monitor those factors and communicate with a base station outside
which is integrated in a watch-type device or cell phone. This will be a long-term goal

for researchers.
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