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ABSTRACT 

In this thesis, a Wireless Health Monitor system for novel spacesuit verification and tests 

is presented. This system monitors the operatorôs health-related vital parameters and incorporates 

data acquisition, collecting and processing, wireless transmission, data displaying and logging. 

Power-saving technics for battery-powered applications are incorporated. A proprietary 

communication protocol for multi-node wireless network is developed and integrated. An 

embedded web interface for system control and data monitoring is utilized to achieve platform 

independence and reliability. 

Calculations and simulation results for the algorithms developed for gas flow 

measurements are presented.  Packaging for this system, sensor calibration procedures, final 

device characteristics, specifications and field test results are described. Finally, future work 

toward possible device operation, improvement, and additional features is considered. 
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CHAPTER 1. INTRODUCTION AND PREVIOUS WORK 

1.1. Introduction 

Modern spacesuits represent very complex technically sophisticated hardware.  Even so, 

there remain many uncertainties and problems to solve in their design, which in some cases must 

be solved using intuition.  Challenges include (but are not limited to) maintaining air pressure, 

regulating temperature and humidity, regulating the composition of the breathing gas mixture, 

and developing a convenient, human-friendly environment to name a few [1]. 

Novel spacesuits require considerable time and effort to design.  Once designed, even 

more time must be spent to test, verify, and possibly make necessary changes in the design.  Test 

conditions can be extreme (e.g. organized in Antarctica) and expensive.  During the test 

procedures, a number of human-relative parameters must be collected simultaneously and stored 

for future analysis.  This may be for a single or multiple spacesuits operated at the same time.   

During the course of this work, several meetings with spacesuit engineers took place 

along with discussions about their requirements and possible solutions.  After these meetings, it 

was decided to use a ñBase-Nodesò concept.  With this concept, a WHM system will include the 

main base station module (hereinafter referred to as the Base), and a number of remote nodes 

(referred to as Nodes) built into the spacesuits.  Information from a sensor set will be collected, 

processed and temporally stored by the Nodes.  Later, this information is transmitted and 

consequently received by the Base, which is also responsible for monitoring and logging the 

data.   

Several design options were rejected early on in this project.  First, an infra-red light 

communications channel was rejected due to the need for a line of sight between the Base and 

Nodes ï which may not always be the case ï as well as a limit operating range.  Instead, a 
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wireless RF channel is used.  Second, the use of only node modules was rejected.  This approach 

would require removable memory (e.g. flash memory card) in each Node.  The acquired data 

would be stored on this removable memory, which would be been copied to and analyzed at a 

later date.  This solution does have advantages.  By eliminating the radio transmitter, power 

consumption is reduced and the possibility of data loss due to radio link failures is avoided.  

However, this approach lacks real-time monitoring, which the spacesuit engineers would like for 

testing and experiment activities.     

1.2. WHM Requirements - Scope of Work 

While this project is not related to a spacesuit design, an engineer needs to know the basic 

spacesuit operation parameters to define where to mount the Nodes and sensors as well as their 

maximum allowable dimensions and weight.  To design the WMH system, the parameters which 

need to be measured, their range, and the required sampling rate must be specified.  This 

information is necessary for the proper selection of sensor types and signal conditioning circuit 

design, and for algorithm development. 

Most of the requirements for the WHM project were defined during the meetings with the 

spacesuit design team at the University of North Dakota. When additional information was 

needed, this was obtained from publications about modern US and Russian spacesuits and their 

design trends, and when that failed - my own intuition. These requirements are summarized in 

Table 1. More details for how these parameters were obtained are presented in Chapter 2. 

1.3. Thesis Organization 

This thesis is organized as follows. In Chapter 1, the motivation for the WHM project is 

presented along with a summary of the system requirements. In Chapter 2, a detailed explanation 

of the origin of these systems requirements is presented along with a brief summary of previous 
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work on spacesuit instrumentation. In Chapter 3, the design of the portion of the WHM project 

within the spacesuit, termed a Node, is presented including components selection, schematic 

design and simulation. In Chapter 4, a Node PCB layout, enclosure design and MCU firmware 

operation are described. Chapter 5 presents a Base unit, which monitors the Nodes, saves, and 

displays the data. This includes schematic, layout and firmware design. In Chapter 6, validation, 

test results, conclusions and future work are presented. GUI and quick starting guide, project 

budget and sensor calibration procedures are then presented in the appendices A, B and C. 

Table 1. The Wireless Health Monitor project requirements. 

Parameter Name Units Range / Value Accuracy Precision 

Node-Base interface  - Radio channel, star - - 

Node-Base distance range m >3000 - - 

Max supported number of Nodes # 10 - - 

Node-specific:         

Body Temperature meas. °C +25..+45 0.5 0.1 

Body Surrounding Pressure meas. kPa 20..115 0.5 0.1 

Oxygen concentration meas. % (vol.) 0..100 0.5 0.1 

Carbon Dioxide concentration meas. % (vol.) 0..5 0.01 0.01 

Inner volume Temperature meas. °C -10..+50 1 0.1 

Inner volume Humidity meas. % (rel.) 0..100 2 1 

Heartbeat rate meas. # per min 40..240 5 1 

Hemoglobin oxygenation meas. % 0..100 3 1 

Respiration rate meas. # per min 0..60 N/A 1 

Battery voltage meas. V 1.8..4.8 0.05 0.01 

Sensor Data update period s 5 0.5 - 

Power supply nominal voltage V 1.8..4.8 - - 

Min off-line operation time hr. >10 - - 

Max linear dimensions, LxWxH mm 100x70x35 - - 

Max unit weight g 200 - - 

Base-specific:         

Power supply nominal voltage V 5..12 - - 

Data and control interface - Ethernet, Web - - 

Max linear dimensions, LxWxH mm 200x100x80 - - 

Max unit weight g 300 - - 
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CHAPTER 2. SYSTEM REQUIREMENTS AND PREVIOUS WORK 

In this chapter, a summary of previous work on developing instrumentation systems for 

spacesuits is presented.  The measurement parameters of interest along with their desired 

sampling rate are then presented. 

2.1. Node Requirements 

One requirement for an extravehicular spacesuit is to regulate the temperature of the inner 

volume.  External temperatures can be extreme ï ranging from -127 to +121°C.  For a human to 

function and survive, however, his/her body temperature must be kept between 27 and 42 °C, 

with at a nominal value of 36.6 °C [2]. Without heat removal, the spacesuit inner volume 

temperature will reach equilibrium at approximately 37 °C under normal conditions, which will 

reduce the convenience and efficiency of an astronautôs work. 

A second requirement is to regulate air pressure.  At least 21 kPa are needed to support 

life, but higher pressure is usually used to reduce the likelihood of decompression sickness.   

A third requirement is to regulate the composition of the air in the spacesuit.  The life 

support system of a spacesuit must provide oxygen or an appropriate gas mixture (such as a 

helium/oxygen combination) from external containers for breathing.  Without oxygen, a human 

dies within 5-7 minutes due to irreversible changes in brain tissues.  In addition, the spacesuit 

must regulate the amount of carbon dioxide (CO2) along with odors from breathing volume.  

This is often done using special cartridges with charcoal filters and either LiOH or regenerable 

metal oxide adsorbent.  Under the normal pressure (101.3 kPa), CO2 concentration must not 

exceed 0.1% vol. (according to ASHRAE/OSHA) for normal human health state. CO2 

concentrations of up to 3% cause air lack feeling, and above 5% leads to intoxication and loss of 

consciousness [3]. 
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Inner humidity control is also important.  Its allowable range is between 15% and 80% 

[3]. An air dehumidifier must be utilized to remove extra water ï which is produced by the 

operatorôs perspiration and respiration. 

With this information, the requirements for the parameters to be measured and their 

ranges are:  

¶ Body temperature (25é45 °C),  

¶ Body surrounding pressure (20é115 kPa),  

¶ Oxygen concentration (0é100% vol.),  

¶ Carbon dioxide concentration (0é5% vol.),  

¶ Inner spacesuit temperature (-10é50 °C), and  

¶ Relative humidity (0é99%).   

With the exception of the oxygen sensor, these requirements allow for the selection of an 

appropriate sensor.  With the oxygen sensors, a problem was encountered: there are no compact 

sensors available on market for such a wide concentration range.  Instead, a sensor that is 

designed to measure 0 to 21% vol. O2, was used. For higher concentrations, this sensor still 

provides readings, but its life time is reduced. 

In addition to parameters listed above, it is required to monitor  

¶ Respiration rate, 

¶ Pulse rate, and 

¶ Hemoglobin oxygenation level.   

This information is vital to create a more complete picture of humanôs health and its 

change over the time of an experiment. 
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2.1.1. Respiration rate 

A humanôs respiratory system provides gas exchange surfaces of a distensible lungs with 

a warmed, humidified, and cleaned breathing gas mixture.  Oxygen is diffused by the blood 

circulation through the alveoli from this mixture and CO2 is removed from the blood [4]. For a 

normal adult at rest, the respiration rate is 15-20 per minute.  This breathing frequency as well as 

its depth and rhythm can vary due to exercise stress, the amount of oxygen in the air, an increase 

in the body surround temperature, as well as a number of illnesses. In this project, full breathing 

cycles are measured over a range of 0 to 60 cycles per minute.  With this measurement, the 

maximum and minimum intervals between cycles are calculated along with additional 

information about breathing volume by monitoring the chest displacement level. 

2.1.2. Heartbeat rate 

Heartbeat rate (or pulse rate, if there is no damage to circulatory system) reflects the 

electrical activity of specialized cells of heart auricles, located in Keith-Flack node.  Spontaneous 

pulses in this node are distributed through specialized fibers.  These provoke a contraction of 

auricle muscles, pushing the blood to the ventricles, which drives the blood to the arteries.  The 

whole system works autonomously, synchronously, rhythmically, and reliably [5]. The heart 

operates like a pump that transports blood through the vessels, delivering it to various tissues and 

saturating them with oxygen. 

At rest, a personôs pulse rate depends on many factors including the personôs age, 

psychological state, body temperature, body build and weight, nutrition etc.  For most adults it is 

equal to 70 bpm [5]. For athletes and specially trained individuals, it can be lower. High pulse 

rates (tachycardia) can happen due to an increased physical load, due to a loss of efficiency of 

the heart and lungs, or due to the side effects of particular drugs.  Low pulse rates (bradycardia), 
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which are usually associated with a giddy feel, tiredness and weakness, may indicate heart 

muscle injury, hypothermia or other illnesses.  If left untreated, the heart may completely stop.  

From this, the range of heart rates that the WHM device must be able to monitor can be 

determined: 40 to 240 bpm. 

2.1.3. Hemoglobin oxygenation level 

Oxygen levels in blood are fairly small - less than 2%. This oxygen is dissolved in blood 

plasma and can be delivered directly from lungs to various tissues. The most vital portion of a 

molecular oxygen is transported by the hemoglobin molecule, which consists of protein globin 

and an iron group.  The process of O2 connection to hemoglobin is called oxygenation (in spite 

of the fact that iron doesnôt change its valence).  In humans, 100ml of blood normally contains 

15 grams of hemoglobin that can transport about 21ml of oxygen (only 5-6ml of which will be 

accepted by tissues).  This is termed the blood oxygen capacity.  The degree of oxygenation 

represents a percentage of the blood oxygen capacity in use. It depends on partial pressure of O2 

and the concentration of CO2 in breathing volume, and blood temperature [6].   

The lowering of oxygenation level is a sign of hypoxia (oxygen starvation).  This may 

result due to the reduction of oxygen partial pressure (exogenic), due to the lowering of body 

temperature, intoxication with carbon monoxide (hematic), high dryness, inadequate blood 

supply (circulatory), excessive muscle overload, and several other factors.  The symptoms of 

hypoxia are an increase in the rate and depth of respiration and higher pulse rates.  If prolonged, 

this can result in various organ disorders and death. 

To monitor the health of the operator, the oxygenation level will be monitored over the 

range of 0% to 100%. 

Once the ranges of each sensor are defined, proper sensor types can be selected and initial 
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Node description can be developed.  The location of each particular sensor will also depend on 

the sensor type, its measurement method, and its physical dimensions. 

The selection of the sensor type is based on the required parameter range, precision and 

accuracy, power consumption, size, and interface.  In addition, every sensor must be operable 

within the systemôs general operation conditions (e.g. the oxygen sensor must be able to 

withstand the operating temperature and pressure ranges).  Cost is of minimal importance in this 

project due to the small production quantity (only 5 devices were required to be assembled.)  

Component definitions will be provided in the next chapter along with the hardware design flow 

and operation.   

To improve system reliability and consistency, the number of externally connected 

(wireless or wired) modules are minimized with as many sensors and controls being placed 

within the Node board as is physically and operationally possible.  The only external components 

connected to the node module were respiration, body temperature and pulse rate sensors along 

with power supply and antenna connection.  Figure 1 shows a general WHM system 

organization. 

 

Figure 1. The WHM system general organization and block interconnection. 
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An alternative solution to wired connection would be to use a wireless sensor array along 

with a local base station which is capable of receiving data within the spacesuit, and then collect 

and retransmit it to the main base station.  In this case, every sensor (or group of sensors) must 

have its own low-power transmitter, conditioning circuit, and power supply as presented in 

Figure 2. This system organization is called Wireless Body Area Network (WBAN) and it is 

widely used in health monitoring applications [7]-[8].  It gives flexibility in sensor mounting 

location and durability in addition to other advantages inherent to wireless solution. 

 

Figure 2. The overview of the WHM system based on WBAN solution. 

This solution is much more sensitive to interference and may result in substantial radio 

signal attenuation due to the humanôs tissues in a wide frequency range [9], which leads to 

possible data loss and/or delays.  It also reduces the reliability of the entire system due to the 

need of additional components required for every sensor node and adds complication of 

maintenance, troubleshooting and power supply distribution. 

For spacesuit tests on the ground, a wired sensor solution will work.  To accommodate 
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the possibility of adding local wireless sensors in future versions, the system designed herein 

should (and does) allow for such sensors with little or no changes in hardware:  only firmware 

changes are required.  Unused internal/external sensors then can be disconnected through 

firmware to save power.   

Wireless radio frequency communication is not the only possible solution for WBAN.  

For example, bone acoustic conductivity may also be used for low-speed information delivery 

from sensor node array to the local base [10]. 

Wireless network topology is a large field in itself.  In this project, due to the small 

number of nodes involved, there are two major ways to create the link between nodes and the 

Base are of primary interest: star and tree configuration. 

In star configuration (Figure 3), the Node can only communicate directly with the Base.  

This is the most efficient solution from a software standpoint because every Node is only 

responsible for transmitting its own data.  The Node transmitter can be woken, data packages 

sent, acknowledgement from the Base received (if used), and then the Node can be put back to 

sleep again.  Typically, a star configuration has the least power consumption, especially if no 

feedback is expected from the Base (e.g. acknowledgment, control signals).  Synchronization is 

relatively simple as well, as the only concern is a simultaneous transmission start of two or more 

nodes.  This problem can be overcome by using an acknowledgement and/or listen for the 

channel before sending data, as is implemented in CSCA algorithm. 

A star network topology has some limitations, however.  In Figure 3, Node #1 and #2 can 

successfully reach the base station.  The signal from Node #3 is lost, however, due to the 

obstacle.  Data packets from Node #4 also canôt be received due to being out of range.  To 

overcome these problems, a tree and/or mesh network configuration can be implemented.  Such a 
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configuration increases the power consumption, complicates the communication protocol, and 

increases radio channel use. 

Figure 3. Star network configuration in the WHM system. 

In a tree wireless network configuration, every node is capable of not only transmitting its 

own information, but also operates as a mediator and retransmitter for the other nodes.  As an 

example of using a tree topology, consider one applied to the WHM system as shown on Figure 

4.  As can be seen, Node #3 (it is called the edge node) can route its message through the Node 

#1, bypassing the obstacle.  Nodes #4 and #5 can send their messages through the Node #2, 

which clearly extends the maximum network range in particular node location.  In doing so, 

battery life for the intermediate nodes will be significantly reduced, and power consumption 

calculation for such network organizations requires extensive simulation to cover all possible 

node locations and involves the probability consideration. 
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There are several problems with a tree network, however.  First, the receivers have to be 

switched on for a longer period of time.  This is necessary since each Node may have to help 

deliver a message to the Base.  Second, the code is considerably more complex.  For example, 

considerable work has been published regarding synchronization for all of the Node transmission 

events, mostly directed to minimize node wakeful state time and retransmission counts, along 

with ensuring a message delivery with minimum latency and avoiding package losses [11]. 

 

Figure 4. Tree network configuration used in the WHM system. 

In the WHM project, a star topology was used due to the small number of nodes, limited 

operation range, and low power consumption requirements.  However, because the topology can 

be changed at any time with a software change alone, transition to a more advanced topology at a 

future date is possible. 

Communications from the Node to the Base is as follows.  Information from every sensor 
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is sent to the Base asynchronously at a rate which depends on sensor type and measured 

parameter.  For example, the body temperature sensor is processed every second whereas 

respiration rates are processed at a slower rate.   

Once data is processed, the most recent data is placed in a packet and transmitted to the 

Base every 5 seconds ï which is adjustable in software.  Data which is processed at a faster rate 

is averaged while data which is processed at a slower rate use the most recent calculated values. 

2.1.4. Sensor accuracy 

For the respiration rate measurement, accuracy is determined as a maximum bias from a 

real breathing cycle number, determined under different conditions experimentally.  RMS (root 

mean square) error may also be used for the accuracy specification in this case.   

For the chest displacement measurement method used in this project, readings can be 

affected by the operator's state (e.g. rest, speech, walk, hands and body motion etc.) While these 

factors can be taken into account to improve the respiration rate measurement [12]-[13], this 

work assumes the operator is at rest. 

Heartbeat rate and hemoglobin oxygenation measurement accuracy is taken from the 

OEM module datasheet that is utilized in this project.  Such modules are widely used in medical 

applications and provide a good balance between accuracy, size, power consumption and price 

[14]. 

2.1.5. Other Node requirements 

Maximum achievable distance range between the Node and the base station (besides the 

antenna type, operation frequency, transmitter power and receiver sensitivity) depends on many 

factors: obstacles along with their structure, size and location, other transmitters in close 

proximity and their operation mode, antenna orientation etc.  To simplify computations, line-of-
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sight was assumed for parameter in Table 1. 

The base station must use power supply adapter for the specified voltage range.  The 

Node may also use an adapter for developing and debugging purposes, but Nodes are intended to 

be used with either two AA 1.2-1.5V batteries (NiCd, NiMH, and Alkaline) or one 3.6V Li-Ion 

battery.  Battery holder is mounted separately from the Node unit according to final discussion 

with spacesuit design team.    

In addition to these requirements, the WHM device must not be damaged if the operator 

plugs a sensor into the wrong connector or if reverse polarity is applied to the power input.  

During normal operation, the user must be notified about sensor failure and/or low battery 

condition through the web interface. The WHM should also include features that prevent data 

corruption due to user errors, data corruption due to problems with the power supply, protection 

from electrostatic discharge, and protection from power line transients.   

Designing the WHM to be tolerant to radiation, extensive vibration and acceleration is 

considered to be beyond the scope of this work. 

Various other parameters which some spacesuits have monitored are also considered to 

be beyond the scope of this work.  These include: 

¶ An electrocardiography (heart biopotentials within the thoracic area, with amplitude of up to 

2.5mV and spectral range 0.5...40Hz),  

¶ Seismic cardiography (vibration of thoracic cage in frequency range of up to 18Hz, which 

follows the heart mechanical work),  

¶ Electroencephalogram (brain activity biopotentials with up to 100uV amplitude), 

¶ Electrooculogram (bulb of eye motion), and  

¶ Skin galvanic reaction (skin resistance variation within 2...100kÝ). 
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These parameters can be added later to the WHM system, but this would require 

significant hardware and software modifications. 

2.1.6 Node location in the space suit 

The Node is installed inside a spacesuit.  During discussions with the spacesuit engineers 

at UND, it was concluded that the best place for mounting would be in the back side of the 

helmet for several reasons.  First, it shortens the length of an RF cable to an external antenna.  

Second, to analyze the breathing volume for gas concentrations it is important to install gas 

sensors close to the breathing area, but not directly in the breathing path to avoid abrupt changes 

in gas sensor readings.  This location also provides a relatively short distance to the operatorôs 

ears (for pulse rate and oxygenation sensor) and chest (for body temperature and respiration 

sensors). 

The recommended antenna is an omni-polar standard ½ wavelength antenna, mounted on 

the top of the helmet or on the backpack of the spacesuit.  A custom antenna design was not 

required and consequently not covered in this work.  However, future antenna designs could hide 

the antenna inside the helmet or make the antenna as integral part of it. This will reduce the 

probability of damaging the antenna when operating near an obstacle, such as a hatch [15]. 

The overall Node outer dimensions must be as small as possible. The maximum size of 

completely assembled device including external connectors and controls must not exceed 

100x70x35mm. The enclosure shape in the first prototype was designed according to node 

internal component placements, and later can be redesigned and customized for a particular 

location in a spacesuit. Weight must also be minimized and not exceed 200 g (without battery, 

external sensors and connection cords). 
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2.2. Base Requirements 

The Base (Figure 5) must be able to receive data messages from all nodes in range and 

process them through its RF engine, check message consistency, sort and store the messages, and 

retrieve them upon request.  This communication may be unidirectional (when there is no 

feedback from the base station) or bidirectional (when the Base may send messages to the 

nodes).  The former method reduces the power consumption for each Node, but takes away the 

node control capability.  The latter method allows the operator to remotely adjust node functions 

such as the sampling rate, the gas sampling fan, etc.  This increases power consumption, 

however, due to prolonged receiver operation and additional transmission packets. 

 

Figure 5. The Base unit internal structure overview and connection with data monitor. 

The database must store received information, either with or without a time stamp.  To 

increase reliability and minimize the influence from the user, the Base was designed to 

incorporate all necessary blocks within one unit, including built-in logging using non-volatile 

memory.  This memory allows the Base to store and retrieve messages at any time, making the 

recent data independent from data monitor device/application at a cost of limiting the logging 

time depth.  In the current firmware, logging is done only at the Base (web-enabled device) using 

local file access.   

A Real Time Clock module is needed to track message arrival times and to create a 

timestamp, which is recorded in the database along with the sensor data.  This module makes the 
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Base a stand-alone unit, independent from the external monitor.  However, this feature has not 

been incorporated into the firmware.  Instead, time logging is done by the external system and is 

available only during data logging.   

There are several options for the user interface.  A standalone solution may include a 

built-in graphical or text LCD display and control buttons as presented in Figure 6, and an 

external link to flash memory, or a PC for data logging purposes.  The first solution makes this 

device completely encapsulated and very reliable. However, it will limit the convenience of use 

due to a small screen and buttons.  A second solution uses a standard interface such as UART, 

USB or Ethernet, and creates a link between the Base and PC or portable device. This approach 

opens a wide possibility for creating a very convenient graphical user interface and data 

processing tools, but is limited by the PC operating system. It also reduces the reliability due to 

future changes in the OS, and requires OS API programming knowledge, complicating system 

updates. 

The user interface selected for the WHM project is to use an embedded web server and 

Ethernet solution as presented in Figure 6. This avoids problems with supporting future 

(unknown) changes in the PC operating system. It also maintains the all-in-one concept and 

makes it easy to expand the user interface and simplifies update process. 

The web server operates on the same core cooperatively with the other program blocks.  

The server responds to HTTP (hypertext transport protocol) requests that come from client web 

browsers which are connected through the Ethernet network.  In our particular application, the 

server provides a bridge between the user, base station control, and node database information: 

selective data can be transferred and displayed on a client web page.  In addition, user commands 

can be directed to the Base core for execution.   
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Figure 6. Alternative data displaying and control solution for the WHM Base unit. 

The Ethernet network communication includes TCP/IP (Transmission Control 

Protocol/Internet Protocol) along with MAC (Media Access Control), which are transport and 

network layer protocols in the OSI structure.  They are responsible for making the WHM web 

server reachable for web-enabled devices in a network, packing the data, coding it, and adding 

information required for routing and delivery. PHY is a physical layer for the Ethernet 

connection that is responsible for physical analog access to the link. 

2.3. Previous Work 

The WHM project involves sensing, processing and collecting of humanôs vital functions. 

Several other works report similar activities - a few of which are described herein. 

To accommodate the monitoring of human vital parameters in a long-term way, the 

CodeBlue project was initiated at Harvard University [16].  This project involves the use of 

sensor-specific boards (pulse oximeter, electrocardiograph, and electromyograph) and MicaZ 

and Telos low-power transmitters (motes), which can be mounted on a patient's body, and 
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operate in a special mesh network.  Information is delivered to the medical personal through 

PDAs or computers with pre-installed software.  This makes it possible to monitor parameters 

such as pulse rate, hemoglobin oxygenation, patient movement etc. The network architecture of 

this system is shown on Figure 7. It involves the use of additional motes that support 

infrastructure, and are responsible to deliver information to/from sensor motes.   

 

Figure 7. CodeBlue wireless sensor network organization. 

The CodeBlue network uses the publish-subscribe mechanism that is based on Adaptive 

Demand-Drive Multicast Routing protocol.  According to it, sensor motes transmit information 

only under specific conditions that can be remotely programmed by the user.  These conditions 

can be reaching the preset upper and lower thresholds, a specific time interval, etc.  Each node in 

the network is informed about the best path to deliver the information from the sensor mote to 

the base station, and this routing is updated from time to time to accommodate possible changes 

in wireless channel (e.g. patient relocation, additional sensor mounting etc.) In addition, the 

protocol is able to deliver the information about the approximate patient location displayed using 

a graphical user interface.     
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Another system for wireless health monitoring was presented by the group of students in 

the University of California, and is called CustoMed [17].  This design minimizes system 

customization and reconfiguration time to accommodate the patient's needs, making this process 

simple enough for even non-engineering staff.  It supports various sensor types, including 

pressure, galvanic skin response, flex, and temperature.  Fast configuration can be done by the 

physician in hardware (connecting necessary external sensors and blocks) and in software 

(downloading appropriate firmware that can be generated by special tool, which allows picking 

up a specific code variation).  The authors claim that patient monitoring can now be completed in 

a few minutes in the doctorôs office using this approach.   

Med Node is another wireless health monitoring system.  Med Node is a battery-powered 

device that contains low-power transmitters as well as a processor and conditional circuit to 

support analog and digital inputs from various sensor types.  Every sensor or sensor group can be 

connected to Med Node and then placed anywhere on humanôs body.  One mote operates like an 

infrastructural device, collecting information from other motes and transmitting it to a Pocket PC 

through the UART interface.  Software on the Pocket PC is responsible to display the sensor data 

and control/configure sensor nodes.  The fast configuration concept was verified through the 

number of tests [17]. 

Researchers at the University of Texas in Dallas designed a patient wireless health 

monitor system which is capable of measuring and displaying vital sign information in real-time 

[18]. It is intended to be used in hospitals and homes and removes the inconvenience and 

limitation of hard wired solution.  Nodes in this wireless network are self-aware and self-

configurable.  A special dual-router algorithm was introduced in which infrastructure nodes 

operate in pairs to improve message delivery probability and reduce the number of 
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retransmission cycles. 

The system developed made use of energy harvesting and energy saving.  A special 

power saving algorithm was used to keep nodes in sleep mode as long as possible while avoiding 

the loss of data packets.  The router obtained energy from small solar panels illuminated by 

fluorescent lamps.  Plans to use piezoelectric vibration in future version were also mentioned. 

Nodes have been tested to operate with different sensors including electrocardiograms 

and blood pressure.  A graphical user interface displays data on the physicianôs computer 

connected to the base station.  The absence of data packet loss and easy configuration were 

outlined. 

2.4. Summary 

Even though there is considerable work on wireless medical data collection for hospitals 

and private use, these solutions do not work for aerospace applications due to the relatively short 

link operation range and a limited number of acquired life-vital parameters.   

Some sources do describe health monitoring techniques used in traditional spacesuits, 

including measurement methods, sensor types and location on a humanôs body, health 

parameters and their ranges [19]. These solutions do not work for our application, however, due 

to the limited amount of information about them and very brief and general system description, 

wired connectivity, relatively wide spreading and single spacesuit support. 

As a result, there is a need for a custom wireless health monitoring system that can 

simultaneously serve up to five spacesuits.  The following chapters describe the device which 

was developed to meet this need. 
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CHAPTER 3. NODE HARDWARE DESIGN AND OPERATION 

3.1. Introduction 

This chapter explains component definitions and schematic design procedures, along with 

operation principles, calculations and simulation results (when appropriate) for the Node 

hardware. The purpose, function, and connections of every block or group of blocks presented in 

Figure 8 will be explained first in a general way, then in details. 

 

Figure 8. The block diagram of the Node unit circuit. 

The Node unit is responsible for sensor signal transducing, data collection initial 
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processing, and transmitting. Since this is a battery powered device, powers saving techniques 

are paramount. These include a high-efficiency power supply design, a low-power 

microcontroller, and the selection of low power sensors and transmitters. For reliability, the 

Node units must also be protected from battery reverse polarity and ESD. Figure 8 depicts the 

block diagram of the Node electronic circuit, including its externally connected sensors. 

3.2. Power Supply 

The Battery block represents power supply.  For flexible operation, the WHD can operate 

with a supply between 1.8V and 4.8V, allowing one to use two NiCd/NiMH batteries, one Li-Ion 

battery, or two alkaline batteries.  To save battery life, the Node also monitors battery voltage 

and switches off the device if the battery is close to being completely discharged. 

3.2.1. Battery selection 

Modern rechargeable batteries are characterized by a high energy density, a large number 

of charge/discharge cycles, small sizes and long life. NiCd (nickelïcadmium) batteries have been 

used since the year 1950.  These batteries have comparably low price, provide long lifecycle and 

high discharge currents in addition to wide operation temperature range (-40é+60 °C) and the 

shortest charge time (1 hr.) among other battery types.  However they have low energy density 

(45...80 W/kg), high self-discharge and contain hazardous substances making them potentially 

dangerous for the environment.  NiCd rechargeable batteries are widely used in transmitters, 

biological and medical equipment, professional camcorders and cameras, electric tools.   

NiMH (nickelïmetal hydride) elements have higher energy density (60é120 W/kg), but 

fewer lifecycles (300é500 cycles).  They are relatively safe for the environment, and found their 

use in portable electronic devices [20].   

Li -Ion (lithium ion) batteries have the highest capacity to size ratio and small weight, low 
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self-discharge.  However they require strict observance of operating and safety rules.       

Every battery type has its own specific discharge profile that must be taken into 

consideration when calculating their operation time voltage margin for the system shutdown.  

For completely charged NiCd and NiMH elements, cell voltage can be in a range of 1.25-1.4 V 

(idle) and 1.2-1.35 V (under load). For Li-Ion loaded cells, this voltage is typically 3.6 V, but 

depending on battery subtype can reach 4.2 V (and even higher). In order to track the Node 

system voltage, we use simple resistor divider (marked as DIV on Figure 8) with one side 

connected to the battery and the output connected to analog-to-digital converter (ADC). 

The end discharge voltage is 1V for NiCd/NiMH, and 3V for Li-Ion cell, which indicates 

99% battery discharge.  If a battery is discharged further, its voltage will quickly drop to 0V.  

This condition must be avoided, because an iterative complete discharge may not only reduce 

battery lifetime up to 3 times, but also cause irreversibly damage to the cell.  Figure 9 shows 

typical discharge characteristics for NiMH/NiCd and Li-Ion cells, and temperature effect on 

capacitance of Li-Ion cells. 

 

Figure 9. Typical discharge profile for NiMH/NiCd and Li-Ion cells (left) and its change due to 

temperature effect for Li-Ion cell (right) [21]. Discharge current is 1/5 of full capacity. 
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The operating temperature also affects the battery performance and lifecycle. The Node 

unit doesnôt participate in temperature regulation (only monitoring), but the temperature range 

must be considered when selecting a battery type.  In general, for modern batteries, lower 

temperatures will reduce cell capacity while higher temperatures can significantly reduce battery 

lifecycle (e.g. up to 20% at 30 °C for NiMH elements). 

To control the operation of the power supply unit, a control signal from mechanical SPST 

On/Off switch is used.  This signal propagates through the OR gate to the DC-DC circuit, 

consequently activating or shutting it down. The MCU also has a control over switching 

regulator using the same OR gate and a feedback signal from the On/Off switch to monitor its 

position.  With this design, the system can sense user action and add a delay before power down 

if important tasks are underway, such as writing to flash or EEPROM memory. 

To buffer the sensors and MCU, an LDO regulator is used after the DC-DC circuit.   The 

output voltage from a DC-DC regulator can have ripple and spikes in excess of 20-30mV p-p 

depending on components used, in addition to noise caused by digital circuit loads.  This is more 

than many sensors can tolerate.  To reduce this ripple, the 3.3V power line includes post 

regulation through separate low-noise high power supply ripple rejection (PSRR) LDO regulator 

with appropriate filtration.  This approach improves output stability, accuracy and transient 

response [22].   

The LDO selected in this design is a 3.0V LDO (MAX8510, Maxim) along with 2.5V 

(MAX6166A, Maxim) and 1.25V (ADR127, Analog Devices) serial references (marked as REF 

on Figure 8).  References are sourced from analog 3.0V rail.  All these voltage levels are 

required for analog circuits and microcontroller ADC reference, described later.  While it is 

possible to use a precision resistor divider and a buffer as replacement for ADR127, this solution 
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was rejected due to the higher cost. 

A supervisor is important in any embedded system since a voltage drop may randomly 

change the next instruction memory address making program behavior unpredictable.  Because 

of this, a circuit supervisor MAX6394 (marked as Reset in Figure 8) is included in this design.  It 

is connected to the digital power supply rails and continuously monitors the voltage level.  If the 

voltage drops below 3.1V, this circuit generates a reset for the MCU.  In addition, this supervisor 

creates a delay on power up to the MCP to allow voltages to stabilize.  For the Node system, the 

reset voltage threshold was selected at slightly higher level than the minimum voltage required 

for the MCU. The MCU used in this design, a Microchip PIC24FJ64GA104, can persistently 

operate at voltages in the range of 2.2é3.6 V.  A 3.1 V threshold ensures that the MAX8510 

LDO regulator that is sourced from digital rail and will get at least the 3.1 V required to produce 

3.0 V for analog circuits. If the digital rail drops below this level, the analog rail also drops and 

signals from sensors and AFE are not valid anymore.  In this condition, the MCU will keep 

resetting preventing data collection, processing and transmitting to the Base, until digital rail 

returns to normal value.  Figure 10 shows power supply and reset circuit schematic for the Node 

device. 

Power entry to the Node is provided with a standard 2.1 mm ID jack J5. Switching 

regulator TPS61025 absolute maximum ratings specify maximum input voltage at 7 V, and 

maximum operation input voltage at 5.5 V [23]. Based on this information, transient voltage 

suppressor (TVS) D7 was selected. It helps to reduce voltage spikes by clamping voltage higher 

than 5.1 V. Each node also includes reverse battery polarity protection. 

Reverse polarity protection circuit is based on Q1 N-Channel MOSFET.  It is possible to 

use low-cost Schottky diode for this purpose, but for battery powered applications this solution 
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reduces the voltage level available from battery and efficiency of the circuit due to the diode 

voltage drop and consequent power dissipation [24]. 

 

Figure 10. Power supply and reset circuit schematic diagram for the Node device. 
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These MOSFETs operate as follows.  When a positive voltage is connected to Q1 gate, it pushes 

away positively charged holes in p-substrate, and attracts electrons from source, creating a 

conductive layer under the gate.  In this case, the MOSFET is turned ON and current flows 

through the load.  If reverse polarity is applied, and gate is negative in respect to source, then it 

attracts holes from p-type substrate and consequently blocks electron flow between n-type areas 

of drain and source.  The MOSFET is turned OFF and current canôt flow through the load. 

For the MOSFET to turn on, a positive potential between gate and source VGS has to be 

higher than a threshold voltage.  MOSFETs with a low threshold voltage have to be used in low-

voltage applications.  In the ON state, the drain-source channel has some resistance called RDS(on) 

that mainly depends on VGS. Obviously, power loss will depend on this parameter, and MOSFET 

with lower RDS(on) is preferable to use. In our case, Si7858 (Vishay Siliconix) MOSFETs were 

selected [25]. This MOSFET has RDS(on) = 0.003 Ý at VGS = 2.5 V, which is typical for 2 

NiCd/NiMH batteries. 

For comparison, if a Schottky diode was used instead, the power losses would be as 

follows. Assume a forward voltage VF = 0.2 V and Si7858 N-Channel MOSFET along with an 

average system current ISUPP = 0.1 A and input voltage VIN = 2.5 V.  The power dissipated on 

diode is equal to 

ὖ ͺ ὠ Ὅz . (1) 

Power dissipated on MOSFET can be written as 

ὖ ͺ Ὑ ᶻὍ . (2) 

PLOSS_D = 20 mW, PLOSS_M = 0.03 mW. The power loss in case of diode will be even higher due 

to the reduced voltage (2.3 V instead of 2.5 V) delivered to switching regulator and consequently 

its smaller efficiency. Dependence of TPS61025 (Texas Instruments) regulator efficiency from 
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the input voltage is shown on Figure 11.   

 

Figure 11. TPS61025 efficiency versus input voltage [23]. 

P-Channel MOSFETs could be used in the same manner. However it will usually have 

higher RDS(on), and must be used only when disturbing the ground return is a concern. 

Connector J6 is used to measure system supplied current and is normally shorted with a 

jumper wire.  Resistors R39 and R40 create a divider with 0.5 attenuation for battery voltage 

sensing (as will be explained later).  The dividers accuracy can be computed as follows.  The 

output voltage is 

ὠ ὠz Ὅ ᶻ
ᶻ

 (3) 

where VBAT is battery voltage, ILADC is ADC leakage current. Absolute error æF is determined as 

ЎὊ В Ўὼᶻ   (4) 

where xi represent measured independent values with accuracy æxi of function F. In our case 

partial derivatives for VDIVBAT  function can be found as 
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ᶻ
  ,  

ᶻ
  ,  

ᶻ
    (5) 

assuming ILADC equal to 0. Absolute error æVDIVBAT  is then 

Ўὠ ЎὙσωz
ᶻ

ЎὙτπz
ᶻ

ЎὍ ᶻ
ᶻ

. (6) 

Taking R39 and R40 equal to 100 kÝ, æR39 and æR40 equal to 500 Ý (0.5% resistor precision), 

æILADC = 500 nA (worst case analog input leakage for PIC24FJ64GA104 series MCU, taking 

from [26]) and VBAT = 4.8 V (maximum battery voltage) we get æVDIVBAT  = 0.026 V. Because 

attenuation is 0.5, the resulting measurement accuracy is Ñ (1/0.5)*æVDIVBAT  or 0.051 V that 

almost fits the requirement. Accuracy can be improved by either adding buffer after divider, or 

reducing resistor values (e.g. by taking R39 and R40 equal to 50kÝ, accuracy is 0.03V), but this 

will increase power consumption/battery leakage current in small but still undesired level of 

degree. The above calculations ignore temperature resistance coefficient (TRC). 

The boost switching regulator with step-down capability is based on a TPS61025.  This 

IC provides a power solution for devices powered with 1-3 cells of alkaline, NiCd/NiMH, or 1 

Li -Ion battery with allowable input voltage from 0.9 V to 6.5 V.  The device is available in small 

3x3 mm QFN package, has low 25uA quiescent current and 0.1uA shutdown current, efficiency 

up to 96%, a fixed 3.3V output voltage and up to 1.5 A switch current and overtemperature 

protection.  The boost converter contains a high-efficiency synchronous rectifier with low RDS(on) 

MOSFETs, pulse width modulator (PWM) that operates on fixed 600 kHz frequency along with 

undervoltage lockout, softstart, and short circuit protection blocks.  For light loads and in down-

conversion mode the converter switches to a power save regime that uses frequency variation to 

improve the efficiency.  The regulator is switched off (with battery disconnected from the load 

side) when EN pin is low.  Resistor R3 pulls it down to prevent pin floating.  To switch it on, the 



 
31 

 

voltage equal to at least 0.8*VBAT has to be applied to EN pin.  This condition happens if OR-

gate U1 (NC7SZ32, Fairchild) output is high.  This happens when either the user toggles SW4 

switch or when PWR1 control signal is high.  Two-input OR gate NC7SZ32 can operate in wide 

power supply range (1.65 to 5.5 V), and its inputs tolerate voltages of up to 6 V independently of 

operating voltage.  This feature eliminates the need in additional components on PWR1 line (that 

goes directly from MCU, and has 3.3 V active high level). 

The TPS61025 also contains a battery-low detection circuit that is essentially a 

comparator with a 500mV reference connected to positive input, LBI pin connected to the 

negative input and an open-drain output connected to LBO.  In the Node device this comparator 

participates in SW4 position detection and has a function of a voltage level translator.  When 

SW4 is shorted, LBI is higher than 0.5 V, and LBO, connected to PWR2 line and pulled up to 

3.3 V inside the MCU, is released, signaling to microcontroller about user switch action. 

Power save mode is enabled by connecting the PS pin to ground and is activated under 

small output current and down-conversion conditions.  Input capacitors C35 and C9 are required 

to improve the transient behavior and EMI of the entire power supply circuit.  Their selection 

was based on general recommendations from datasheet and experimentally.  Output capacitor 

(C8 and C10) selection depends on maximum allowed output voltage ripple æV. Ignoring the 

ESR, minimum capacitance can be found from the formula  

ὅ Ὅ ᶻ
Ўz ᶻ

           (7) 

where IOUT is the maximum load current, VOUT is regulator output voltage, VBAT is minimum 

battery voltage and f is regulator operation frequency (at high loads with the minimum value 

taken from the datasheet). In our case assuming IOUT = 500 mA, VOUT = 3.3 V, VBAT = 1.8 V, f = 

480 kHz and æV = 5 mV (this high demand value is based on the fact that digital rail is used not 
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only for MCU supply, but also for carbon dioxide and pulse/oxygenation sensors), we get Cmin = 

100uF. Additional output ripple æVESR caused by non-zero capacitor ESR RESR is 

Ўὠ Ὅ Ὑz .           (8) 

Inn our case (ignoring C10) using low-ESR Niobium-Oxide 75 mÝ capacitor C8 is 38 mV. To 

reduce this ripple component, ceramic capacitor C10 with RESR = 10 mÝ was added in parallel to 

C8. During power supply test at constant 500 mA load and 2.4 V input voltage, the output ripple 

was less than 15 mV. To improve sensor reading accuracy, the measurement sequence has to be 

done when there is no high current supply (e.g. when RF transmitter and NDIR sensor lamp is 

off). Load transients (such as those created when the RF module transmits the message or the 

carbon dioxide sensor infrared lamp and/or air fan switches on and off) create additional ripple. 

To prevent this ripple from affecting the sensor data, a delay after these events is added before 

sensor data acquisition. 

The last important component of the switching regulator power supply is the inductor. Its 

selection can be estimated from the maximum average inductor current 

Ὅ Ὅ ᶻ
Ȣz

  (9) 

Assuming the same 0.5 A load peak current, this leads to IL = 1.15 A, which is below the current 

limit threshold (1.5 A) of the power switch. From this, the minimum inductance can be 

calculated as 

ὒ  
ᶻ

Ў ᶻᶻ
 (10) 

where æIL is the desired current ripple in the inductor, which affects its magnetic hysteresis 

losses, regulator output voltage ripple, EMI and regulation time. It is recommended to work with 

a current ripple of less than 20% of average inductor current IL. Following this, æIL = 0.2*1.15 A 



 
33 

 

= 0.23 A. Then Lmin found to be 7.5 uH. In our design, 10uH shielded power inductor XAL4040 

(Coilcraft) was utilized. It has low DC resistance and 2 A saturation current, which meets our 

requirement. Inductor core is fabricated from composite material, significantly reducing the part 

size. 

The microcontroller reset circuit is based on MAX6394 active-low supervisor with 4 uA 

supply current, a factory-trimmed reset threshold of 3.1 V, and 1% accuracy [27].  The manual 

reset input is not used and left unconnected.  The RST pin is an open-drain output connected to 

MCLR line that is tied to 3.3 V digital power rail through 10kOhm resistor to meet PIC24 MCU 

requirement.  MCLR line is shared with the microcontroller debugger device (marked as ICSP 

on Figure 8) in wired OR fashion.  Reset timeout period is around 100ms. 

The power supply for the analog blocks was designed around ultra-low noise high PSRR 

linear regulator MAX8510 that is available in space-saving package SC70-5, and is able to 

deliver 3 V at up to 120 mA load, has internal overtemperature protection and current limit 

circuit.  It is powered from digital 3.3V rail source through ferrite bead L1 and capacitor C11 

filter that reduces input voltage ripple and increase supply-noise rejection.  External bypass 

capacitor C13 reduces noise at the output, and C12 is required for regulator stability and 

improves load-transients.  Shutdown control pin SHDN is pulled up to activate the circuit.  The 

power supply system in the Node uses analog and digital ground separation technique to prevent 

the mixing of digital ground noise with analog current paths.  For that reason R5 zero-Ohm 

resistor is used as a point where two grounds are connected together.    

Two reference sources are available for device analog blocks: 2.5 V and 1.25 V.  Both get 

a supply from the analog power rail.  The 2.5 V source is provided by U14 MAX6166 circuit, a 

low-dropout precision voltage reference with a very low temperature coefficient of 5 ppm and 
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initial accuracy of 2 mV for a wide temperature range.  It can provide a load current of up to 

5mA and doesnôt need an output capacitor.  However, to improve circuit transient response, C43 

was added.  This reference determines the ADC input voltage range of the microcontroller as 

well as the carbon dioxide sensor pyroelectric detector supply.  The second reference source 

determines the middle point of ADC range, which is required for some sensor conditional 

circuits (carbon dioxide and respiration rate AFEs) to shift bipolar signals for a unipolar range.  

It is based on U15 series band gap reference ADR127, a highly accurate and temperature 

compensated IC.  The reference does require small output capacitor for stable operation, and an 

input capacitor was added to improve transient response. 

3.3. Sensors 

Gas concentration can be measured in a number of different ways, with all their 

advantages and disadvantages.  The most accurate method is chromatographic.  Unfortunately, 

this requires heavy and expensive equipment, is time consuming, and therefore is only 

recommended for ñgold standardò measurements.  Optical methods are the fastest and are based 

on light absorption.  Every gas has a particular wavelength with maximum absorption, which 

makes it possible to design sensors with relatively high selectivity.  The disadvantage of this 

method includes the high dependence on environment conditions like temperature, humidity and 

pressure.  To compensate the sensor output for these parameters, special compensation is 

required that consequently complicates the sensor design and increases its weight, cost, and 

power consumption.  Thermomagnetic gas concentration measurement methods are based on 

changes in the magnetic properties of molecules depending on temperature.  This method can be 

characterized by no need for calibration, a low selectivity, and high power consumption due to 

the need of gas heating.  Thermoconductometric methods use gas thermal conduction change 
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depending on its concentration in a gas mixture.  Due to a lack of selectivity, it can only be used 

for two-component gas mixtures to determine their concentration ratio. 

3.3.1. Oxygen sensor 

To measure the oxygen concentration in the air, electrochemical sensors are primarily 

used.  These sensors can be divided into solid-electrolyte, polarographic, and galvanic type.  In a 

solid-electrolyte sensor, zirconium dioxide heated to 500-800 °C is used as the electrolyte, which 

makes it inefficient in taking measurement in room-temperature environment due to the high 

power consumption and fire risk.  Polarographic oxygen sensors are usually referred to as Clark 

cells and are most widely used in scuba and medical equipment.  They contain a liquid 

electrolyte, have a high selectivity and accuracy, a small size and weight, and a long storage life 

when stored in an oxygen-free environment.  The problem with this type of oxygen sensor is the 

electrolyte is directly engaged and used in a chemical reaction - the speed of which depends on 

the oxygen concentration.  As the electrolyte is gradually used up, at some point it needs to be 

replaced.  A second problem is that these sensors require external precise voltage source [28].  A 

galvanic oxygen cell, in contrast, doesn't need an external power supply.  The output 

voltage/current is directly proportional to oxygen partial pressure, which makes it simple to use 

and calibrate.  They have acceptable (for the most needs) accuracy but relatively slow response 

time to concentration change. 

The sensor type selected for the Nodes is a galvanic sensor.  Galvanic sensors possess 

small size and have long lifecycle of up to 10 years (under certain conditions), and therefore are 

widely used in portable gas analyzers.  However, galvanic cells have an aging problem 

regardless of oxygen presence, which leads to gradual decrease of sensor output signal and the 

need of periodical recalibration.  The lifecycle is significantly reduced by higher oxygen 
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concentrations, so these sensors are not the best choice when working with a pure oxygen 

environment for a long period of time.  

An oxygen galvanic cell contains two electrodes separated by an electrolyte and oxygen-

soluble membrane (Figure 12).  One electrode is called sensing, and it is usually made from 

material that supports the electrochemical reduction of oxygen ï silver, gold etc.  The following 

equation represents this process:  

ὕ ςὌὕ τὩ τὕὌ . (11) 

The opposite electrode is manufactured using easy-corrodible metal like lead, which reacts with 

hydroxyl ions and releases electrons, creating current through the external load: 

 ςὖὦ τὕὌ ςὖὦὕὌὕ τὩ. (12) 

The whole electrochemical reaction over the cell is then 

ςὖὦ ὕ ὖὦὕὧόὶὶὩὲὸ. (13) 

 

Figure 12. Oxygen electrochemical sensor structure. 

The membrane between the sensing electrode and environment creates a diffusion barrier 

to make the cell operate in a diffusion-driven regime.  It is made from some sort of polymer and 

is very important as it determines the sensor characteristics.  For metalized solid polymer (e.g.  

Teflon) membranes, oxygen partial pressure at the sensing electrode side is zero, making the 
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barrier concentration gradient equal to the partial pressure of oxygen in the environment.  This 

leads to a linear dependence between the current flow and oxygen partial pressure.  These 

sensors also tend to have a high temperature coefficient (up to 3% per °C), requiring temperature 

compensation. 

Using porous membranes as a diffusion barrier, current flow is then proportional to the 

volume fraction of the gas instead of partial pressure, which is a preferred characteristic for gas 

measurement applications.  With a porous barrier, the temperature coefficient drops to 0.2%/°C.  

Porous barriers create significant non-linearity for the gas concentrations of more than 20%, but 

for lower values can be considered linear and only a small (or no) compensation is required [29]. 

Oxygen galvanic cell sensors are produced by many companies.  Figaro Engineering KE-

series sensors have a long life expectancy of up to 10 years in 21% vol. oxygen atmosphere and 

provide internal temperature compensation along with linear voltage output. Accuracy is up to 

2% at full scale, the response time is 14s, operation range is +5é+40 °C and 80é121 kPa [30].  

The company provides engineers with a very detailed documentation about these sensors. The 

disadvantage for using KE cells in the WHM device is its relatively large size, 50x23x24 mm.   

City Technology proposes a wide range of oxygen sensors for automotive, industrial, 

medical and indoor use.  CiTiceL® series oxygen cells are used for gas monitoring within 

1é25% vol. range, have extended operation temperature range of -20é+50 °C, 2 year life 

expectancy and small size [31]. While they are suitable for the current project, an alternative 

sensor was chosen due to its lower cost.   

Alphasense A, C, G-series cells are extremely suitable for safety applications due to 

relatively good temperature and pressure (0.2% vol. O2 per 10 kPa) dependence.  These sensors 

can operate between -30
 
and +50 °C and have a low sensitivity to humidity and CO2.  In 
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particular, the O2-A3 sensor that was selected in this project generates 2.5é85 uA current 

through the 47 Ý load over 0é20.9% vol. oxygen concentration range along with 15s response 

time, has a small size (20x17 mm) and 3 year lifetime [32]. 

Even though the requirement is to monitor 0% to 100% oxygen concentration, a narrower 

range of 0é42% is supported to prolong sensor life.  Later this range can be extended by either 

using another sensor type or by sacrificing the sensor lifetime.  O2-A3 documentation doesnôt 

give any numbers for lifetime reduction, but according to [30], 100% vol. O2 in comparison to 

21% will reduce the life of KE-50 by 4 times.  In addition, use at concentrations above 42% will 

necessitate hardware changes (i.e. adjustments in circuit gains) as well as software changes (i.e. 

linearization, compensation, and limit computations). 

The signal conditioning circuit for the above sensor is shown on Figure 13. Precise low-

ppm resistor R72 provides the load for the cell. R71 is used for operational amplifier (op amp) 

balancing to compensate for circuit output offsets caused by the difference in base currents of the 

input stage bipolar transistors.  It is sufficient for R71 value to be close to R73||R74 to make the 

op amp ñfeelò the equal input resistance on both input terminals and create an optimal condition 

from circuit offset point of view. The DC gain of non-inverting circuit is 309, which gives the 

output voltage of 2.15 V at 41.8% vol. O2. C17 reduces the gain at higher frequencies, filtering 

out the noise and preventing possible self-oscillation.  Precision op amp U23 LT6003 (Linear) 

was selected based on ultra-low input bias current (90 pA max), single power supply operation, 

and very low power consumption [33].  Due to using output calibration, there is no need to 

consider variations in resistor values.  However, temperature affects do need to be taken into 

account. 
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Figure 13. Oxygen concentration sensor O2-A3AFE (left) and sensor general view (right) [32]. 

The LT6003 has maximum input offset voltage drift about ±2 uV/°C.  In the range of -10 

to +50°C, this leads to its maximum deviation of 35*2 uV = 70 uV and consequently circuit 

output voltage deviation of 70 uV*309 = 21.7 mV.  This produces an error of ±(21.7 mV/(2.15 

V/41.8% vol. O2)) = ±0.43% vol. O2. According to [32], oxygen sensor itself without 

temperature compensation has up to 8% output error (1.6% vol. O2) for the same temperature 

range.  This gives us the total accuracy of ±2% vol. O2 and means that software temperature 

compensation is necessary to keep it close to 0.5% and meet the requirement. 

3.3.2. Carbon dioxide sensor 

For carbon dioxide (CO2) detection, an electrochemical method also can be used.  A 

classic example of this sensor type is TGS4160 (Figaro Engineering), which is a small solid-state 

sensor with long life, high selectivity, resistance to humidity changes, and is operable under low-

temperature conditions [34].  The disadvantage of this sensor is a long warm-up time (>2 hrs.) 

and the need of gas heating, which leads to relatively high current consumption.   

The physical structure and schematic designation of this sensor is shown on Figure 14. A 

cation solid electrolyte fills the gap between the gold-plated lithium carbonate cathode (pin 3) 

and the gold-plated anode (pin 4).  At the top there is a gas-permeable membrane, absorbent 
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material (zeolite) that reduces the influence of side gases, and the platinum heater (pins 1, 6).  

Also, the sensor contains a thermistor (pins 2, 5) to monitor the inner gas temperature for 

compensation. 

The cathodic, anodic and the overall reactions are: 

τὒὭ ςὅὕ ὕ τὩ ςὒὭὅὕȟτὔὥ ὕ τὩ ςὔὥὕ (14) 

ὒὭὅὕ ςὔὥ ὔὥὕ ςὒὭ ὅὕ . (15) 

 

Figure 14. CO2 concentration electrochemical sensor TGS4160 internal structure (left) and 

schematic view (right). 

As a result of the reaction, an electromagnetic force (EMF) is generated proportionally to 

the partial CO2 pressure and the temperature.  In order to make accurate measurements, it is 

important to keep the heater voltage at a precise level and to ventilate the sensor with fresh air 

periodically to set zero EMF.  Temperature compensation using a thermistor is not necessary if 

instead of measuring absolute EMF (which changes with temperature).  Temperature-

independent æEMF is monitored and used in calculations.  However, this requires a more 

sophisticated algorithm that is implemented on signal-conditioning board AM-4, manufactured 

by Figaro Engineering for evaluating and testing purposes. 

The TGS4160 sensor was rejected for the use in the Node device due to the power 

consumption (1.25 W) and sensor end-of-life.  At the same time when the WHM system was 

completely designed and fabricated, a new solid-electrolyte CO2 sensor CO2-D1 (Alphasense) 
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appeared on market.  As opposed to the above, it doesnôt require power supply and can operate 

within a wide range of CO2 concentrations [35].  However, temperature operation range is 

limited to +1 to +35 °C, the sensor sensitivity changes with concentration, the response time is 

relatively long, and regular zeroing is required. 

 The non-dispersive infrared (NDIR) absorption method is a popular spectroscopic 

approach of gas concentration measurement that is best suited for gases with absorption lines in 

3é5 and 8é12 um ranges [36] (e.g. CO2, CO, N2O, hydrocarbons and hydrogenated 

fluorocarbons).  Basically, a dual-beam NDIR system consists of an infrared (IR) emitter that can 

be either light-emitting diode (LED) or tungsten lamp, an optical narrow-band filter to create a 

wavelength selective beam, a chopper to split the beam and create two identical beams, an 

optical absorption paths one filled with the analyte gas and the second filled with reference gas, 

and a thermal IR detector (refer to Figure 15).  The optical filter is tuned to the wavelength on 

which a strong absorption occurs for the target analyte gas.  The amount of light intensity 

detected by IR detector will then be inversely proportional to target gas concentration in sample 

cell. 

 

Figure 15. Principle diagram of dual-beam NDIR gas concentration measurement [37]. 

Usually, NDIR sensors will contain a temperature sensor for compensation due to the gas 
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inside the cell will have higher temperature due to the IR source heat. 

IR detectors used in NDIR sensors can be of thermopile or pyroelectric type.  A 

pyroelectric detector contains a sensing element that is made from pyroelectric material.  

Because this material is also a piezoelectric material, it can generate a voltage in response to 

thermal expansion caused by thermal energy transferred to its body [38].  The advantage of these 

detectors is that they have a very high sensitivity and wide heat energy dynamic and frequency 

ranges.  However they are only sensitive to thermal energy flow change, and have a slow 

response.  This leads to IR source control and pyroelectric AFE circuit complication along with 

the processing algorithm complication due to the need of low-frequency pulse generation, 

filtration and AC signal acquisition.  The other problem is that being a piezoelectric, material is 

also sensitive to any mechanical stress (produced by vibration, loud sound etc.), making it hard 

to distinguish the sensor output caused by IR heat waves.  To overcome this problem, 

pyroelectric sensors must contain 2 symmetric elements with electrodes connected in such way 

that any mechanical in-phase force will produce out-of-phase signals cancelling each other.   

A thermopile thermal radiation detector is a device that produces DC voltage proportional 

to the incident radiation.  Its construction is essentially a pair of thermocouples serially 

connected.  The sensor has a large thermal mass base on which a ñcoldò junction and 

temperature sensor (or thermostat) is placed.  This base supports a thin membrane on which a 

ñhotò junction is located.  High sensitivity and low noise can be achieved by using junction 

materials with high thermoelectric coefficients (e.g. bismuth, antimony) of opposite signs.  

Instead of double-metal junctions, semiconductors can also be utilized to build a thermopile.  For 

example, silicon has a very large thermoelectric coefficient and relatively low volume resistivity.  

In this case IR detector can be embedded in an IC circuit itself. 
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NDIR CO2 sensors are fabricated by such companies like Figaro, Alphasense, Dynament, 

City Technology, Apollo and many others.  Sensor models vary in measured gas concentration 

range, resolution, accuracy, operation conditions and price.  Typically, pre-calibration is an 

important feature since it eliminates the need of manual calibration.  Some pre-calibrated sensors 

like IRCEL-CO2R (City Technology) store linearization coefficients in read-only memory 

(ROM) located within the device enclosure and accessible though the electrical data interface 

(like 1-wire or I
2
C) pins [39].  More advanced sensors like MSH-P-CO2 (Dynament) have a 

built-in circuit that takes care about all sensor data processing and generate final gas readings 

available through the serial interface (UART, I
2
C, SPI) or analog voltage proportional to 

concentration value [40].  These sensors are easy to use, but they are usually overpriced and 

power consumption is higher. 

For the Node unit, IRC-A1 (Alphasense) NDIR CO2 sensor was selected due to its low 

power consumption, high accuracy, detailed documentation, affordable cost, and availability.  

This is a dual-beam device that uses a pyroelectric sensor and a tungsten lamp as the IR source 

[41].  The manufacturer builds these sensors for four CO2 concentration measurement ranges and 

related field of use: indoor air quality (0é0.5% vol.), safety (0é5% vol.), combustion (0é20% 

vol.) and process control (0é100% vol.) For our application, the range of 0é5% vol. is 

appropriate.  Sensors for this range give the resolution of 0.01% vol., and accuracy of 1.5% full 

scale with appropriate temperature correction and calibration [42].  Sensor general view and AFE 

schematic (lamp control only) is shown on Figure 16. 

The tungsten lamp (pins 1,2) has to be sourced from 5 V power supply with 50% duty 

cycle pulses at 2é2.5 Hz.  The lamp can be driven by a lower voltage by sacrificing the detector 

output level and consequent signal-to-noise ratio (SNR) at the same time increasing lamp 
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lifetime and reducing the power consumption [43].  Sourcing the lamp from 3V reduces the 

sensor resolution to approximately 0.02% vol. and average power consumption to 0.07W.  The 

sensor warm up time will also be reduced due to the less heat and gas temperature raise and, 

consequently, time required for stabilization of the internal sensor temperature.  Lamp life will 

be prolonged in excess of 50 times as well.  The disadvantage of 3V operation is that the 

tungsten filament will gradually cover the inner surface of lamp glass reducing the output.  

Solution for this problem is to use higher voltage at start up for couple minutes during the device 

warming up.  Unfortunately, this feature has not been implemented in the current version. 

 

Figure 16. CO2 concentration sensor IRC-A1 AFE (lamp control) (left) and sensor general and 

schematic views (right) [41]. 

The lamp is controlled by the NDIR_LMP_CNTR line connected to the microcontroller 

and the MOSFET switch Q2 Si2312 (Vishay) with a low RDS(on). Filter C3, R51 is used to reduce 

ripple on power supply rail caused by high start current through low-resistive cold filament.  In 

future revisions of the Node, it is recommended that R51 be removed and replaced with PWM 

techniques for current limiting to improve power consumption of the system.  R59 is needed to 
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prevent MOSFET gate from floating when MCU pin is in high-impedance state. 

3.3.3. Air temperature 

An NDIR sensor contains built-in thermistor (pins 6, 7) to monitor inner gas temperature 

that is higher by a few degrees C due to the IR source heat. Thermistor AFE is shown on Figure 

17. Ideally, a current source would be used and is recommended for the next revision of the 

Nodes.  Thermistor resistance changes over the range of -10é+50°C from 14 to 1.2 kÝ.  

Assuming safe current of 200 uA, R63 = 11.3 kÝ.  R65 = R68||R67 = 21 kÝ balances the op 

amp, and along with C55 also works as 7.5 Hz low-pass (LP) filter to reduce the noise.  Op amp 

U20 OPA333 (Texas Instruments) is low voltage offset and drift, single-supply device [44].  Its 

gain was set to fit 2.5 V ADC range.     

 

Figure 17. CO2 concentration sensor IRC-A1 AFE (thermistor conditioning). 

In the simulation of this circuit, a thermistor model using Steinhart-Hart equation [45] 

and table data from [46] was used.  According to it, thermistor temperature-resistance 

dependence can be described as follows: 

Ὑ Ὕ Ὡ Ⱦ Ⱦ  ,‌ ȟ‍
ᶻ

         (16) 

where T is temperature in Kelvin. Coefficients A = 1.04m, B = 289u and C = 1.3n were 



 
46 

 

calculated to produce an accurate IRC-A1 thermistor resistance-temperature model. Micro-Cap 

software package optimization feature was used to derive these coefficients. Figure 18 shows 

simulating schematic and dependence of circuit output NDIR_TEMP_ADC from temperature. 

From (16), the temperature measurement accuracy can be computed.  Assuming (16) has 

no error and ignoring thermistor and resistor noise along with op amp temperature parameter 

deviation (OPA333 offset temperature drift is close to zero), the thermistor temperature TTH can 

be expressed in Kelvins (using the above coefficients) as 

Ὕ
ᶻ ᶻ

    (17) 

where RTH is thermistor resistance equal to 

Ὑ
ᶻ

ᶻ
.   (18) 

 

Figure 18. IRC-A1 sensor thermistor AFE simulation schematic (left) and circuit voltage output 

versus temperature dependence (right). 

In (18), VREF25 is a thermistor voltage source, IB is op amp input bias current, VDIV is a 

potential at point RTH, R63 (refer to Figure 18).  The last step will be to write an expression of 

VDIV in terms of circuit output NDIR_TEMP_ADC: 
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ὠ ͺ ͺ ὠ Ὅ Ὑzφυ. (19)  

Here, VNDIR_TEMP_ADC is U20 output and VOS is op amp offset voltage. We can now estimate the 

absolute accuracy æTTH: 

ЎὝ ЎὙφσz ЎὙφχz ЎὙφψz ЎὙφυz Ўὠ ᶻ ЎὍᶻ . (20) 

Taking 0.1% resistors (except R65, which is 0.5%), and assuming OPA333 æVOS = 10 uV, æIB = 

70 pA, æTTH = 0.038 °C. This error will be used in CO2 concentration accuracy calculations. 

The operating frequency of the infrared source is 2.25 Hz at 50% duty cycle.  Two 

pyroelectric detectors monitor the IR signal luminosity passed through the reference and sample 

cells.  Detectors are internally connected to FET followers (sensor pins 3, 4, 5, 7), which are 

appropriately connected to power supply and load as presented in Figure 19.  Load resistors R52 

and R60 limit the current through FETs to approximately 20 uA with a low-noise stable 2.5 V 

reference being their source.  The output signals NDIR_DET and NDIR_REF consist of a DC 

offset voltage of 1 V, and an AC voltage of 10-30 mV p-p that is in phase with IR source pulses.  

To calculate CO2 concentration, the AC component is needed. 

 

Figure 19. CO2 concentration sensor IRC-A1 AFE (pyroelectric detector conditioning). 
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Figure 20. IRC-A1 sensor pyroelectric detector AFE simulation schematic (top) and its 

frequency response (bottom). 

Figure 21 depicts signal output versus signal input in the time domain.  Since both 

channels are identical, only one channel is shown on the simulation.  Filter design details are 

omitted since they were done using Filter Solutions (Nuhertz) software package without manual 

calculations.  Also, there is no need to make accuracy calculations for the pyroelectric AFE 

because coefficients for gas concentration will be derived though the calibration.  However, both 
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channels must have matched characteristics, and for that reason 0.1% precision resistors were 

used. 

 

Figure 21. IRC-A1 sensor pyroelectric detector AFE time-domain response. 

3.3.4. Pressure sensor 

Absolute pressure (defined as a pressure difference between the measurement point and 

vacuum) gas sensor for the WHM application was selected based on the required pressure range, 

accuracy, power supply requirements and size.  This parameter can be monitored by measuring 

the displacement of the sensing element due to air pressure.  Sensing elements of various types 

(diaphragms, bellows and tubes) are currently used in pressure sensors.  Deformation transducing 

can be accomplished using linear-variable differential-transformers (coil inductance changes 

when a magnetic core inside the coil linearly shifts), piezoelectric effect (charge appears on 

crystal edges when it deforms), vibrating wire (resonant frequency change of wire that vibrates 

in magnetic field due to the AC current flowing through it), piezoresistive (electric resistance 

change of mechanically stressed material) and capacitive method (capacitance change due to the 


