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ABSTRACT

In this thesis, a Wireless Health Monitor system for novel spacesuit verification and tests
is presented. This system monitors tiperatod s  hrelatdd wital parameters and imporates
data acquisitiongollecting and processing, wireless transmissiatadisplayingand logging
Powersaving technics for batteqyowered applications amecorporatedA proprietary
communication protocol for mulhode wireless network is deegled 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 presentedckging for this system, sensor calibration procedures, final
device characteristics, specifications and field test results are described. Finally, future work

toward possible device operatjomprovementand addional features is considered.
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CHAPTER 1. INTRODUCTIONAND 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 solvedusing 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, hurdarendly environment to name a fé¢4j.

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 expebsiviag the test
procedures, a number of humaatative 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 megs with spacesuit engineers took place
along with discussions about their requirements and possible solutions. After these meetings, it
was deci ded-Noadesde corOnNTRPS e With this concept
main base station moduleereinafter 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 infornstiiansmitted ad
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, amddflight
communications channel was rejected due to the need for a line of sight between the Base and

Nodesi which may not always be the cdsas well as a limit operatinginge. Instead, a



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 woeltbeen 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 lacksaltime 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 operatigparameters 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 Unsityof North Dakota. When additional information was
needed, this was obtained from publications about modern US andriRssstasuits and their
design trends, and when that failetty 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

Thisthesis is organized as followls. Chapter 1, the motivation for the WHM projést
presented along with a summary of the system requiremer@iapter 2, a detailed explanation

of the origin of these systems requirements is presented along with a brief sushprasyious



work on spacesuit instrumentatidn.Chapter 3, the desigr the portion of the WHM project
within the spacesuit, termed a Node, is preseinmigdding components selectioegchematic
designand simulationin Chapter 4aNode PCB layout, enclosure design and MCU firmware
operation are described. Chapter 5 presents a Base unit,miigtors the Nodes, saves, and
displays the data his includes schematic, layout and firmware dedigi€haptei6, validation
test resultsconclusions and future work are presen@Ud! and quick starting guide, project

budget and sensor calibration proceduregtaepresentedn the appendice&, B andC.

Table 1. The Wireless Health Monitor project requirements.

Parameter Name Units Range / Value Accuracy Precision
NodeBase interface - Radio channel, stz - -
NodeBase distance range m >3000 - -
Max supported number of Nodes # 10 - -
Nodespecific:

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 volumeHumidity 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. \% 1.8..4.8 0.05 0.01
Sensor Data update period S 5 0.5 -
Power supply nominal voltage \% 1.8..4.8 - -
Min off-line operation time hr. >10 - -
Max linear dimensiond.xWxH mm 100x70x35 - -
Max unit weight g 200 - -
Basespecific:

Power supply nominal voltage \% 5..12 - -
Dataandcontrol interface - Ethernet, Welk - -
Max linear dimensiond.xWxH mm 200x100x80 - -
Max unit weight g 300 - -




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 alongmdtdsired
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 extremanging from-127 to +123C. For a human to
function and survive, however, his/her body temperature must be kept between 27@nd 42
with at a nominal value of 36 [2]. Without heat removal, the spacesuit inner volume
temperature will reach equilibrium at approximately’@ander normal contlons, which will
reduce the convenience and efficiencep st r onaut 6 s wor k.

A second requirement is to regulate air pressure. At ledd®@%hre needed to support
life, but higher pressure is usually used to reduce the likelihood of decompresksm&assic

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 breathidighout oxygen, a human
dies within 57 minutes due to irreversible changes in brain tissues. In addition, the spacesuit
must regulate the amount of carbon dioxide C&long with odors from breathing volume.
This is often done using special cartridgéth charcoal filters and either LiOH or regenerable
metal oxide adsorbent. Under the normal pressure (k®RB CQ concentration must not
exceed 0.1% vol. (according to ASHRAE/OSHA) for normal human health state. CO
concentrationsf up to 3% causair lack feeling, and above 5% leads to intoxication and loss of

consciousness].



Inner humidity control is also important. Its allowable range is between 15% and 80%
[3]. An air dehumidifier must be utilized to remove extra watetich is producedythe
operatorods perspiration and respiration.

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

T Body temped4badd,ure (25¢€

T Body surroundilb5gPapr essure (20¢
1 Oxygen concentration €0100% vol.),

1 Carbon dioxide concentrationg®% vol.),

1 Inner spacesuit temperaturé@ 50 °C), and

1 Relative humidity (& 99%).

With the exception of the oxygen sensor, these requirements allow for the selection of an
appropriate sensor. With the oxygen sensopsphlem was encountered: there are no compact
sensors available on market for such a wide concentration range. Instead, thagtissor
designed to measure 0 to 21% vo}, 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
9 Respiration rate,

1 Pulse rate, and

1 Hemoglobin oxygenation level.

Thisinformationn s vi tal to create a more compl ete

change over the time of an experiment.



2.1.1. Respiration ate

A humanos r enspmvidesgas exchgngessyrimdesaadistensible lungsvith
a warmed, humidified, and cleaned breathing gas mixture. Oxygen is diffused by the blood
circulation through the alveoli from this mixture and G©removed from the blood [4]. For a
normal adult at rest, the respiration rate i205er 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
cyclesaremeasureder a range of 0 to 60 cycles per minute. With this measurement, the
maximum and minimum intervals between cy@escalculated along with additional
information about breathing volume by monitoring the chest displacement level.
2.1.2. Heartbeatate

Heatbeat rate (or pulse rate, if there is no damage to circulatory system) reflects the
electrical activity of specialized cells of heart auricles, located in Ké&bk node. Spontaneous
pulses in this ade are distributed througipecialized fibers. Tise 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 transporisdal through the vessels, delivering it to various tissues and
saturating them with oxygen.

At rest, a personods pulse rate depends on
psychological state, body temperature, body build and weight, nutrition etenosSbadultst 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. Lowateséaradycardia),



which are usually associated with a giddy feel, tiredness and weakness, may indicate heart
muscle injury, hypothermia or other ilinesses. If left untreated, the heart may completely stop.
From this, the range of heart rates that tHéNM\device must be able to monitor can be
determined: 40 to 240 bpm.

2.1.3. Hemoglobirmxygenationevel

Oxygen levels in blood are fairly smalless than 2%. This oxygen is dissolved in blood
plasma and can be delivered directly from lungs to uartsues. The most vital portiaf a
molecularoxygen is transported by the hemoglobin molecule, which consists of protein globin
and an iron group. The process gfd@nnection to hemoglobin is called oxygenation (in spite
of the fact t peatsvalenced. rin hdnmaess100int of bdobdanarmally contains
15 grams of hemoglobin that can transport about 21ml of oxygen (e8rtyl 5f which will be
accepted by tissues). This is termed the blood oxygen capacity. The degree of oxygenation
represents percentage of the blood oxygen capacity in iskepends opartial pressure of O
andthe concentration of COn 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 otherstadioe 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/genation levelill be monitored oer the
range of 0% to 100%

Once the ranges of each sensor are defined, proper sensor types can be selected and initial



Node description can be developed. The location of each particular sensor will also depend on
the sensor type, its measurement methad,itsphysical 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 systemds general opnastbeabledcon condi ti
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 hekapter 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 boards 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

organizaion.

| Yo
I —

Ethernet i
ﬂ\j/

[ Battery = NODE [z [RF

Body
Temperature

BASE

Wired Interface Analog
Front End

Pulse Rate,
Oxygenation 0, CO;

Humidity, Pressure
Breathing Rate | ' |Inner Temperature

Ay

Figure 1. The WHM system general organization and block interconnection.
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An alternative solutiomo wired connectiomvould be to use a wireless sensor array along
with a local base station which is capable of receiving data within the spacestiieamdllect
and retransmit it to the main base station. In this case, every sensor (or group of sensors) must
have its own lowpower transmitter, conditioning circuit, and power supply as presented in
Figure 2. This system organization is called WirglBedy Area Network (WBAN) and it is
widely used in health monitoring applicatio$-[8]. It gives flexibility in sensor mounting

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

Battery — NODE RF | \r
~IRF |
| Sensor, Low Power | CORE | i
Q,, CO,, Pressure | Analog | ADC ~| [Pulse Rate i
Inner Temperature |Front End |CORE RF Oxygenation COREIRF
Humidity | Battery . l | Battery
Breathing Rate Analog | ADC Rlé =~
Body Temperature |Front End |CORE
| Battery t

RF
RF|  BASE

CORE

Figure 2. The overview of the WHBlstem based on WBAN solution.

This solution is much more sensitive to interference and may result in substantial radio
signal attenuation due to t he 9whiohdeads® t i ssues
possible data loss and/or delays. It atstuces 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 sensdisoluill work. To accommodate



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. Unusectingal/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 fespeed information deliver
from sensor node array to the local basi.[1

Wireless network topology is a large field in itself. In this project, due to the small
number of nodes involved, tleeare two major ways to create thnk between nodes and the
Base are of primary intese 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 dafBhe Node transmitter can beken 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 expeetl 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/oofigten f
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
obstcl e. Data packets from Node #4 al so canot

overcome these problems, a tree and/or mesh network configuration can be implemented. Such a

10



configuration increases the power consumption, complicates the communjoatiocol, and

increases radio channel use.
@ N

Figure 3. Star network configuration in the WHM system.

el

In a tree wireless network configuration, every node is capable of not only transmitting its
own information, but also operates as a mediator and retitéersfor 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. Noddsand #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 forsuch 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 ped of time. This is necessary since each Node may have to help
deliver a message to the Base. Second, theisedasiderably 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 armhsghission counts, along

with ensuring a message delivery with minimum latency amiding package lossesl|1

{ _. )
I k» l ,G'I \ﬂ

\L/\a Y £

—

®)

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 advanogy &zl
future date is possible.

Communications from the Node to the Base is as follows. Information from every sensor

12



is sent to the Base asynchronously at a rate which depends on sensor type and measured
parameter. For example, the body temperaturesas 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 secondswvhich is adjustable in software. Data which is pssed at a faster rate
is averaged while data which is processed at a slower rate usesheenent calculated values.
2.1.4. Sensaaccuracy

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 esthis ¢

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 respiratiomedsurement P-[13], this
work assumes the operator is at rest.

Heartbeat rate and hemoglobin oxygenation measurement acsuitaogn from the
OEM module datasheet that is utilized in this project. Such modules are widely used in medical
applicationsand provide a good balance between accuracy, size, power consuamgtipnce
[14].
2.1.5. OtheNoderequirements

Maximum achievable distance range between the Node and the base station (besides the
antenna type, operation frequency, transmitter powereceiver sensitivity) depends on many
factors: obstacles along with their structure, size and location, other transmitters in close

proximity and their operatiomode antenna orientation etc. To simplify computations-tiire
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sight was assumed for parater 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 1-2.5V batteries (NiCd, NiMHand Alkaline) or one 3.6V Lion
battery. Battery holdas 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 sesor 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 featuresé¢hahpdata
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 radiati@xtensive vibration ancceelerationis
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:

1 An electrocardiography (heart biopotentials within thedb area, with amplitude of up to
2.5mV and spectral range 0.5..Hi),

1 Seismic cardiography (vibration of thoracic cagérequency range of up to H&, which
follows the heart mechanical work),

1 Electroencephalogram (brain activity biopotentials wiphto 100uV amplitude),

1 Electrooculogram (bulb of eye motion), and

1 Skin galvanic reaction (skinresimnce variation within 2...100Kk
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These parameters can be added later to the WHM system, but this would require
significant hardware and software moditions.
2.1.6 Node bcation in thespacesuit

The Nodeis 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 reasonBirst, it shortens the length of &F 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 avdidtedomgps
in gas sensor readings. This | ocation al so
ears (for pulse rate and oxygenation sensor) and chest (for body temperature and respiration
Sensors).

The recommended antenna is an opwiarstandard 2 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 he#t 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 &hatch [1

The overall Node outer dimensions must be as small as possible. The maximum size of
completely asembled device including external connectors and controls must not exceed
100x70x35mm. The enclosure shape in the first protossgselesigned 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 excegg(@@out 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 therthrough 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 mesgages to
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. Tresases power consumption,

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

2 Database | |HTTP Server | | TCP/IP Stack
J{ RF |(—) CORE |Ethernet MAC|(—)|Ethernet PHY|<—)

RF Engine ¢ T

Data Logger 3
NV Memory BASE Data Monitor

(web-enabled device)

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

The database must store received information, either withtloout 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-uilbgging using notvolatile
memory. This memory allows the Base to stmd 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 Basedmadtled device) using
local file acces.

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 standlone unit, independent from the external monitor. Howehey 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 relighévever 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
opensa wide possibilityfor creating a very conwgent graphical user interface and data
processing tools, but is limited by the PC operating sydtesisoreduces the reliability due to
future changes in the OS, and requires OS API programming knowledge, complicating system
updates.

The user interfacselected 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-theoakt concept and
makes it esy to expand the user interface amuplifies 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 with 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 pagditiomadser commands

can be directed to the Base core for execution.
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*************************************************************************

Database Data Monitor

! [ > (LCD, OLED)
RF l&—>{ CORE

‘ A

| ; Controls :
| BASE RF Engine (Buttons, Touchscreen)

----------------------------------------------------------------------

Y Database WHM Program
3 P Interface ]| win32 AP, Java
‘ RF CORE (UART,USB, Ethernet) [ LabView, Genie
‘ RF Engine . |Data Monitor & Control
BASE | | (rc. Portable device etc)

_____________________________________________________________________

External Monitor & Control Solution (with additional software)

Figure 6. Alternative data displaying and control solution for the WHM Base unit.

The Ethernet network communication includes TCP/IP (Transmission Control
Protocol/Internet Protoco§long 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 wednabled 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 collectifig h u mafan@tonsv i t a l
Several other works report similar activities few of which are described herein.

To accommodate the monitoring of human vital parameters in adomgway, the
CodeBlue project was initiated Harvard University [6]. This project involve the use of
sensosspecific boards (pulse oximeter, electrocardiograph, and electromyograph) and MicaZ

and Telos lowpower transmitters (motesyhich can be mounted on a patient's body, and
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operate in a special mesh network. Information is delivertdtetanedical personal through

PDAs or computers with pri@stalled 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 aives the use of additional motes that support

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

Patient 1 Patient 3

PDA / Computer
Patient 2
/ Doctor

o

/7@ Hospital

. Sensor Mote

Patient 5 ; Infrastructure Mote
Patient 4 Patient 6 O

Figure 7. CodeBlue wireless sensor network organization.

The CodeBlue network usése publishsubscribe mechanism that is based on Adaptive
DemandDrive 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 reachinthe 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 accotenpodaible 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.

19



Another gystem for wireless health monitoring was presented by the group of students in
the University of California, and is called CustoMed][1This design minimizes system
customization and reconfiguration time to accommodate the patient's needs, makirgedss p
simple enough for even nangineering 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 semgbbdoeks) 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 iusingthisepprdachct or 6s of fi ce

Med Node is another wireless health monitoring system. Med Node is a patvezyed
device that contains loywower transmitters as well as a processor and conditional circuit to
support analog and digital inputs from various sehgmes. Every sensor or sensor group can be
connected to Med Node and then placed anywher
infrastructural device, clalcting information from other otes and transmitting it to a Pocket PC
through the UART intdace. 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 testslf7].

Researchers at the University of Texas in Dallas designed atpaiieless health
monitor system which is capable of measuring and displaying vital sign information-tmreal
[18]. It is intended to be used in hospitals and homes and removes the inconvenience and
limitation of hard wired solution. Nodes in thisreless network are sedfware and self
configurable. A special duabuter algorithm was introduced in which infrastructure nodes

operate in pairs to improve message delivery probability and reducertiteenaf
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retransmission cycles.

The system developedade 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
fluorecent lamps. Plans to use piezoelectric vibration in future version were also mentioned.

Nodes have been tested to operate with different sensors including electrocardiograms
and bl ood pressure. A graphical comguer i nterfa
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 notkwWor aerospace @ticationsdue to the relatively short
link operation rangand aimited number of acquired lifgital parameters.

Some sources do describe health monitoring techniques used in traditional spacesuits,
including measurement methods, semtypes and location@h umandés body, heal t'l
parameters and their ranges][IBhese solutions do not work for our application, howgshee
to the limited amount of information about them and very brief and gesystaim description,
wired connectivy, relativelywide spreading and single spacesuit support.

As a result, there is a need for a custeinelesshealth monitoringystem that can
simultaneously servap to fivespacesuits The following chapters describe the device which

was developed tmeet 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 grougzkd presented in

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

(1.8-4.8V) DC-DC (Digital) v v Transmitter
A Reset <« ICSP
1 [Clock|Y—¥—
¢ L A~ slindicator
On/Off Switch — v
2.5V
— e N LDO & REF (Analog)
Fan |;
3} 1.25V 3.0V
v \ A AN Pressure
Body Temperature AFE
sensor ) / i
v Pressure
Pulse rate & Pulse rate & 2| sensor
Oxygenation Oxygenation ’ » A
sensor Module 2) s O, AFE
CO, S CO, o:
sensor AFE ¢ sensor
| [Humidity & > Humidity &
Respiration Rate|->{Respiration Rate Temperature le4— Temperature
sensor —>AFE AFE 2 | sensor

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 transmittingince this is a battery powered device, powers saving techniques
are paramount. These include a héefficiency power supply design, a lepower
microcontroller, and the selection of low power sensors and transmitters. For reliability, the
Node units musalso 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 Sipply

The Battery block represents power supply. For flexible operdatien)lVHD can operate
with a supply between 1.8V and 4.8V, allowing one to use two NiCd/NiMH batteries, -doe Li
battery, or two alkaline batteries. To eavattery life, the Node also mitors battery voltage
and switches off the device if the batterglisse to bang completely discharged.
3.2.1 Battery ®lection

Modern rechargeable batteries are characterized by a high energy density, a large number
of charge/discharge cycles, small sizes and long life. NiCd (iickémium) batteries have been
usedsince the year 1950. These batteries have comparably low price, provide long lifecycle and
high discharge currents in addition to wideeoation temperature rangd (0 €60 °C) and the
shortest charge time (1 hr.) among other battery types. However theelolaenergy density
(45...80W/kg), high seldischarge and contain hazardous substances making them potentially
dangerous for the environment. NiCd rechargeable batteries are widely used in transmitters,
biological and medical equipment, professioraahcorders and cameras, electric tools.

NiMH (nickelime t a | hydride) el ements havikeg,blti gher
fewer | ifecycles (300ée500 cycles). They are
use in portable electronic devid@$)].

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

Every battery type has its own specific discharge profilerthest 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-af4\25
(idle) and 1.21.35V (under load). For l-ion loaded cellsthis voltage is typically 3.%, but
depending on battery subtype can reachv4(@nd 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 atite output connected to analtmgdigital converter (ADC).

The end discharge voltage is 1V for NiCd/NiMH, and 3V foddn cell, which indicates
99% battery discharge. If a battery is discharged further, its voltage will quickly drop to OV.
This conditon must be avoided, becauseit@nativecomplete 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 anditun cells, and temperate effect on

capacitance of Llon cells.

5} Discharge with the 0.2C current 45 _s0°C | _W].l,,_._ -Hu|l|: || ..‘.:li: 'WT' ']lm' C
é I |
:}“ 44 N '.3}“ 4,0 | 1 \ rl 1
i i —
?ﬁ’ ?ﬁ’ | il
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B 1 e —-h_i B 2.5 /-'m Hh‘""""'“-...__ \ M “
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Figure 9. Typical discharge profile for NiIMH/NiICd and-llon cells (left) and its change due to

temperature effect for Lion cell (right)[21]. Discharge current is 1/5 of full capacity.
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The operatingemperature also affects the battery performance and lifecycle. The Node
unit doesndt participate in temperature regul
must be considered when selecting a battery type. In general, for modern batteeies, lo
temperatures will reduce cell capacity while higher temperatures can significantly reduce battery
lifecycle (e.g. up to 20% at 3@ for NiIMH 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 HECOI@ cuit,
consequently activatingr shuttingit down The MCU also has a control over switching
regulator using the same OR gate and a feedback signal from the On/Off switch ta itsonito
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 tieM@Circui. The
output voltage from a DOC regulator can have rippknd spikes in excess of-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 rippl8,3Wepower line includes post
regulation through separate lawise high power supply ripple rejection (PSRR) LDO regulator
with appropriate filtration. This approach improves output stability, accuracy and transient
response [2].

The LDO selected ithis 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 analogircuits 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 eyssince 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 digitabwer 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 theytaie, the
reset voltage threshold was selecteslightly higherlevel than the minimum voltage required
for the MCU. The MCU used in this design, a Microchip PIC24FJ64GA104, can persistently
operateat voltages in the range of 228 . \b A 3.1V threshold ensures that the MAX8510
LDO regulator that is sourced from digital rail and will get at least th& 3eljuired to produce
3.0V for analog circuits. Ithedigital rail drogs below this level, the analog rail also ds@gnd
signals from sensors diAFE arenot valid anymore. In this condition, the MCU will keep
resetting preventing data collection, processing and transmitting to the Base, until digital rail
returrs to normal value. FigureOlshows power supply and reset circuit schematic foNtae
device.

Powerentryto the Node is provided with a standard 2uh ID jack J5Switching
regulatorTPS61025 absolute maximum ratings specify maximum input voltag¥,asand
maximum operation input voltage at 3/423]. Based on this informatiotransient voltage
suppressor (TVS) D7 was selected. It helps to reduce voltage spikes by clamping voltage higher
than 5.1V. Each node also includes reverse battery polarity protection.

Reverse polarity protection circuit is based on QCiNinnel MOSFET It is possible to

use lowcost 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 corguent power dissipatid@4].
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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 inspbstrate, and attracts electrémmsn 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-pype substrate antbnsequently blocks electron flow betweetype areas
of drain and source. The MOSFET is turned OF

For the MOSFET to turn on, a positive potential between gate and sagrbad/to be
higher than a threshold kage. MOSFETsvith a low threshold voltage have to be used in-low
voltage applications. In the ON state, the disonrce channel has some resistance callgg@dR
that mainly depends ong¢ Obviously, power loss will depend on this parameter, and MEIS
with lower Ryson)is preferald to use. In our case, Si7858 (Vishay Siliconix) MOSFETSs were
selected [25]. This MOSFET hag&n = 0.003Y at VGS = 2.5/, which is typcal for 2
NiCd/NiMH batteries.

For comparisonfia Schottky diode was used iead, the power losses would be as
follows. Assume a forward voltage-¥ 0.2V and Si7858 NChannel MOSFET along with an
average system curreribp= 0.1A and input voltage W = 2.5V. The power dissipated on
diode is equal to

0  ®z'0 . (1)
Power dissipated on MOSFET can be written as
o Y z "0 . (2)

PLoss p=20mW, P .oss m= 0.03mW. The power loss in case of diode will be even higher due

to the reduced voltage (2\8instead of 2.5/) delivered taswitching regulator and consequently

its smaller efficiencyDependence ofPS61025 (Texas Instrumentsgulator efficiency from
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theinput voltage is shown drigure 1L.
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Figure 11. TPS61025 efficiency versus input voltgg.
P-Channel MOSFETSs could be used in the same manner. However it will usually have
higher Rysony, 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

W zZ 0 =z 3)
whereVgar is battery voltagd, apc is ADC leakage current.l#solute erroeeF i s det er mi n e
YO B Yoz— (4)

where x represent measuréuadependent valgewith accuracye; of function F. In our case

partial derivatives for Mysar function can be found as
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: : ()

assumingapc equal to OAbsolute erroed/peat IS then

(9] 1Y) z 9] z

Vi YYo @ ——— Ve #——— Yo z

(6)
Taking R39 and R40 equalto 1IROY, &R39 and &R4(00 .em% arl e $ios t50r0 p
ad apc = 500nA (worst case analog input leakage Fd€24FJI64GA104eries MCU, taking
from [26]) and \saT = 4.8V (maximum battery voltage) we e t pveriV= 0.026V. Because
attenuation is 0.5, the resulting measurement accurdty i§ 1 / Gvekr Pr’0.8581V 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 R48équt o 50kY, accuracy i
will increase power consumption/battery leakage current in small but still undesired level of
degree. The above calculations ignore temperatsistanceoefficient (TRC).
The boost switching regulator with stdpwn capability is based on a TPS61025. This
IC provides a power solution for devices powered withcklls of alkaline, NiCd/NiMH, or 1
Li-lon battery with allowable input voltage from 0/%0 6.5V. The device is available in small
3x3mm QFN packagéias low 25uA quiescent current and 0.1uA shutdown current, efficiency
up to 96%, a fixed 3.3V output voltage and up toA gwitch curreneandovertemperature
protection. The boost converter contains a {affltiency synchronous rectifier with lowgBen)
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 regiimes#s 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
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voltage equal to at least BMBAT has to be applied to EN pin. This condition happens if OR
gate U1l (NC7SZ32, Fairchild) output is high. This happens when either the user toggles SW4
switch or when PWR1 control signal is high. Twmput OR gate NC7SZ32 can operate in wide
power spply range (1.6%0 5.5V), and its inputs tolerate voltages of up t¥ 6xdependently of
operating voltage. This feature eliminates the need in additional components on PWR1 line (that
goes directly from MCU, and has 3/3active high level).

The TPS6105 also contains a battelgw detection circuit that is essentially a
comparator with a 500mV reference connected to positive input, LBI pin connected to the
negative input and an op@nain output connected to LBO. In the Node device this comparator
paticipates in SW4 position detection and has a function of a voltage level translator. When
SW4 is shorted, LBI is higher than 0/5and LBO, connected to PWR2 line and pulled up to
3.3V inside the MCU, is released, signaling to microcontroller aboutavgéch action.

Power save mode is enabled by connecting the PS pin to grourslaatisiated unde
small output current and dowaonversion 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 ard C10) selection depends on maximum allowed output voltage applegnoringthe

ESR, minimum capacitance can be found ftbeformula

0 0 z Zyz— (7)

where byt is themaximum load current, y)r is regulator output voltage,g\r is minimum
battery voltage and f is regulator operation frequeatyigh loads with the minimum value
taken from the datashéeln our case assuminggr = 500mA, Vour = 3.3V, Vgar = 1.8V, f =

480kHz andad/ = 5mV (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 sengerglet G,in =

100uF. Addi t i onsdausediby nvaeto capdcifppESRRRiEV

Y 0 z'Y . (8)

Inn our case (ignoring C10) using |éE8R NiobiumOxide 75mY capaci tm¥sTo C8 i s 3
reduce this ripple component, ceramic capacitor C10Rdgh=10mY was added i n pa
C8. During power supply test edbnstant 500nA load and 2.4/ input voltage, the output ripple

was less than 1 V. To improve sensor reading accuracy, the measurement sequence has to be

done when there is no high current supply (e.g. when RF transamttedDIR sensor lamig

off). Load transientssfich as those created when the RF module transmits the message or the

carbon dioxide sensor infrared lamp and/or air fan switches on gnatedte additional ripple

To prevent this ripple from affecting the sensor data, a delay afterelests is added before

sensor data acquisition.

The last important component of the switching regulator power suptbigiisductor. Its

selection can bestimatedrom the maximum average inductor current

0 0 ¢ ©

8z
Assuming the same 0&load peak current, thisads to | = 1.15A, which is below the current
limit threshold (1.5A) of the power switchirom this the minimum inductance can be

calculated as

0 - (10

w h e r as theetlesired current ripple theinductor, which affect#s magnetic hysteresis
lossesregulatoroutput voltage ripple, EMI and regulation time. It is recommended to work with

a current ripple of less than 20% of average inductor culgrent Fo | | o wi=r0.g*1.15Ai1 s, eel
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= 0.23A. Then Ly, found to be 7.%H. In our design, 10uH shielded power inductor XAL4040
(Coilcraft) was utilized. It has low DC resistance ari €aturation current, which meets our
requirement. Inductor core figbricated from composite material, significantly reducing the part
size.

The microcontroller reset circuit is based on MAX6394 aelive supervisor with 4A
supply current, a factorfrimmed reset threshold of 3\4, and 1% accuracy [27]. The manual
reset input is not used and left unconnected. The RST pin is ardogia@routput connected to
MCLR line that is tied to 3.¥ digital power rail through 1GRhmresistor to meet PIC24 MCU
requirement. MCLR line is shared with the microcontroller debugeycd (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 aroundasinaoise high PSRR
linear regulator MAX8510 that is available in spsesing package SC#) and is able to
deliver 3V at up to 120nA 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 increageplynoise rejection. External bypass
capacitor C13 reduces noise at the output, and C12 is required for regulator stability and
improves loadransients. Shutdown control pin SHDN is pulled up to activate the circuit. The
power supply system in theode uses analog and digital ground separation technique to prevent
the mixing of digital ground noise with analog current paths. For that reason RSla@ro
resistor is used as a point where two grounds are connected together.

Two reference sources aaeailable for device analog blocks: 2/5and 1.25V. Both get
a supply fron the analog power rail. The52/ source is provided by U14 MAX6166 circuit, a

low-dropout precision voltage reference with a very low temperature coefficiemtprhand
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initial accuracy of 2nV for a wide temperature range. It can provide a load current of up to
5mA and doesndt need an output capacitor.
was added. This reference determines the ADC input voltage oatigee 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 A 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 aed 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 expensiveipmqent, is time consuming, and therefore is only

Ho

recommended for figold standardodo measur ement s.

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

makes it possible toegign 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 temperaisrmefiod 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. Duelack of selectivity, it can only be used
for two-component gas mixtures to determine their concentration ratio.
3.3.1 Oxygen &nsor

To measure the oxygen concentration in the air, electrochemical sensors are primarily
used. These sensors can be d@idithto solidelectrolyte, polarographic, and galvanic type. In a
solid-electrolyte sensor, zirconium dioxide heated to-800°C is used as the electrolyte, which
makes it inefficient in taking measurement in ret@mperature 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 andtyaeidgha long storage life
when stored in an oxygdree environment. The problem with this type of oxygensor is the
electrolyte is directly engaged and used in a chemical readti@nspeed of which depends on
the oxygen concentration. As the etebyte 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/curent 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 Nodesgal@anicsensor. 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, wHedds 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 dong 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 reductimxggeni silver, gold etc. The following
eguation represents this process:

6 ¢O0 1Q 100. (11)
The opposite electrode is manufactured using-easpydible metal like lead, which reacts with
hydroxyl ions and releases electrons, creatinmgent through the external load:

0 ® 00 ¢d Wl 00 1Q (12)

The whole electrochemical reaction over the cell is then

HHO 060 DO 1.QE o (13)
()
Current Measuring Circuit

Electrolyte

Membrane

Gold Cathode  Lead Anode
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 diffusidnven regime. It is made from some sort of polymer and
is very important as it determines the sensor characteristics. Féizetetolid 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 betweernctirrent flow and oxygen partial pressure. These
sensors also tend to have a high temperature coefficient (up to 3%) pexquiring 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 16.0.2%/
Porous barriers create significant Aorearity for the gas carentrations 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 expexyasf 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 rangéis4®3°Ca n d 8 OkBal[3D]L
The company provides engineers with a very detailed documentation about these $hasors
disadvantage for using KE cells in the WHM device is its relatively large size, 50x28r24

City Technology proposes a wide range of oxygen sensoasifomotive, industrial,
medical and indoor use. CiTiceL® series oxygen cells are used for gas monitoring within
1é25% vol. range, have ext e-80d8 esd°Co2pyearlitet i on t em
expectancy and small size [31]. While they are suitkdrléne current project, an alternative
sensor was chosen due to its lower cost.

Alphasense A, C, Geries cells are extremely suitable for safety applications due to
relatively good temperature and pressure (0.2% vohed10kPa) dependence. Thesnsors

can operate betweeB0and+50°C and have a low sensitivity to humidity and £0n
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particular, the OA3 sensor that was selectedi t hi s pr oj ec utAcgreemter at es 2
throughthe 4%¥ | oad over 0€20.9% vol. oxygen concentr
time, has a small size (20xi7m) and 3 year lifetime [32].

Even though the requirement is to monitor 0% to 100% oxygen concentration, a narrower
range of O0¢é42% ongsessarlfifg dater thisirangeocanpbe extended by either
using another sensor type or by sacrificing the sensor lifetimeA ®2 document ati on d
give any numbers for lifetime reduction, but according to [30], 100% vdh €omparison to
21% will reduce the life of KE50 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 coditioning 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 inbvasts®f the
input stage bipolar transistors. It is sufficient for R71 value to be close to R73||R74 to make the
op amp fnfeel d the equal i nput resistance on b
from circuit offset point of view. The DCagn of nonrinverting circuit is 309, which gives the
output voltage of 2.1¥ at 41.8% vol. Q. C17 reduces the gain at higher frequencies, filtering
out the noise and preventing possible-sskillation. Precision op amp U23 LT6003 (Linear)
was selectebbased on ultrdow input bias current (9PA 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 affenteddo k taken into

account.
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Figure 13. Oxygen concentration sensorABAFE (left) and sensor general view (rigf82].

The LT6003 has maximum input offset voltage drift about¥?ZC. In the range of10
to +50°C, this leads to its maximum deviation3§*2 uV = 70uV and consequently circuit
output voltage deviation of AV*309 = 21.7mV. This produces an error of £(21mW/(2.15
V/41.8% vol. Q)) = £0.43% vol. Q. According to [32], oxygen sensor itself without
temperature compensation has up to &#puat error (1.6% vol. ¢) for the same temperature
range. This gives us the total accuracy of 2% veh@ 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 (Cg) detection, an electrochemical method also can be used. A
classic example of this sensor type is TGS4160 (Figaro Engineering), which is a smallagelid
sensor with long life, high selectivity, resistance to humidity changes, apeéiable under low
temperature conditions [34]. The disadvantage of this sensor is a longwvdime (>2 hrs.)
and the need of gas heating, which leads to relatively high current consumption.

The physical structure and schematic designation of émiscs is shown on Figure 14.
cation solid electrolyte fills the gap between the galtted lithium carbonate cathode (pin 3)

and the goleplated anode (pin 4). At the top there is ag@asneable membrane, absorbent
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material (zeolite) that reduces tiluence 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, ardic and the overall reactions are
Q¢ 0 1Q ¢chBiMiD 0 T1Q ODOO (14)
0 Q0 c¢bw 0L ¢dQ 00 . (15)
O— o EEE—

Sealing Glass

3 Anode VH § —— | EmF

Solid Electrolyte
6 5(-L 4| Tes4160

Cathode — .S

o

Figure 14. CQconcentration electrochemical sensor TGS4160 internal structure (left) and
schematic view (right).

As a result of the reaction, an electromagnetic force (EMggnerated proportionally to
the partial CQpressure 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. Temmag¢ure compensation using a thermistor is not necessary if
instead of measuring absolute EMF (which changes with temperature). Temperature
i nde p eBEMFeéemoniteeed and used in calculations. However, this requires a more
sophisticated algorithm that implemented on signalonditioning board AM4, manufactured
by Figaro Engineering for evaluating ategtingpurposes.

The TGS4160 sensor was rejected for the use in the Node device due to the power
consumption (1.25V) and sensor endf-life. At thesame time when the WHM system was
completely designed and fabricated, a new seléttrolyte CQ sensor COD1 (Alphasense)
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appeared on market. As opposed to the above,

within a wide range of C&concentrabns [35]. However, temperatuoperation range is
limited to +1to +35°C, the sensor sensitivity changes with concentration, the response time is
relatively long, and regular zeroing is required.

The nondispersive infrared (NDIR) absorption methodigopular spectroscopic
approach of gas concentration measurement that is best suited for gasésoviitian lines in
3é5 andum&ande[36] (e.g. GOCO, NO, hydrocarbons and hydrogenated
fluorocarbons). Basically, a ddbéam NDIR system corsgs of an infrared (IR) emitter that can
be either lightemitting diode (LED) or tungsten lamp, an optical nartmamd filter to create a
wavelength selective beam, a chopper to split the beam and create two identical beams, an
optical absorption paths ofiled 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 lighitynten

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

cell.
Optical Filter ‘
Reference Cell
A

Voo

y s
IR-source Sample Cell

'J P
Chopper t t t t t
Analyte Gas IR Detector

Figure 15. Principle diagram of dda¢am NDIR gas concentration measureni@wit

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 degctor 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 [&)dyf8 advardage 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 pyroelédticcircuit complication along with
the processing algorithm complication due to the need cfileguency pulse generation,
filtration and AC signal acquisition. The other problem is thaide piezoelectric, material is
also sensitive to any mecharlistress (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 meleanical irphase force will produce owof-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 thermocagpiaty
connected. The sensor has a | arge ther mal ma
temperature sensor (or thermostat) is placed. This base supports a thin membrane on which a
Ahot 0 junction is | ocated. eved ylusing jencton t 1 vi ty
materials with high thermoelectric coefficients (e.g. bismuth, antimony) of opposite signs.
Instead of doublenetal junctions, semiconductors can also be utilized to build a thermopile. For
example, silicon has a very large thertegtic coefficient and relatively low volume resistivity.

In this case IR detector can be embedded in an IC circuit itself.
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NDIR CO; sensors are fabricated by such companies like Figaro, Alphasense, Dynament,
City Technology, Apollo and many others. Senmodels vary in measured gas concentration
range, resolution, accuracy, operation conditions and price. TypicaHgaldbeation is an
important feature since it eliminates the need of manual calibration. Soroaliprated sensors
like IRCEL-CO2R(City Technology) store linearization coefficients in ready memory
(ROM) located within the device enclosure and accessible though the electrical data interface
(like 1-wire or FC) pins [®]. More advanced sensors like M$HCO2 (Dynament) have a
built-in circuit that takes care about all sensor data processing and generate final gas readings
available through the serial interface (UARG | SPI) or analog voltage proportional to
concentration valuplQO]. These sensors are easy to usethmyt areusually overprice@nd
power consumption is higher.

For the Node unit, IR&A1 (Alphasense) NDIR C&sensor was selected due to its low
power consumption, high accuracy, detailed documentation, affordable cost, and availability.
This is a duabeam device that uses a pyroelectric sensor and a tungsten lamp as the IR source
[41]. The manufacturer buildbese sensors for four G@oncentration measurement ranges and
related field of wuse: indoor air quality (0eé0
vol.) and process control (0é€100% vol.) For o
appropria¢. Sensors for this range give the resolution of 0.01% vol., and accuracy of 1.5% full
scale with appropriate temperature correction and calibratn Bensor general view and AFE
schematic (lamp control only) is shown on Figure 16.

The tungsten lam(pins 1,2) has to be sourced fronv power supply with 50% duty
cycl e pul sl §hedamp carébg driden by a lower voltage by sacrificing the detector

output level and consequent sigh@anoise ratio (SNR) at the same time increasing lamp
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lifetime and reducing the power consumptio8][4Sourcing 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 temyzesatare,
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 surfat&amp 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 beeddmented in the current version.

N_VCC3.3 N_REF2.5
RS1
10
c3 Ul6
'%
N_GND | — 2 LAMP +V PYRO_+V
T491B157MO04AT4394 1 4 NDIR DET
150u LAMP_G EE; 5 NDIR_REF
THERM 8 NDIR_THERM
Q2 7
NDIR_LMP CNT 59312 PYRO G N\
0V -33V - 2 /ips 5
IRC-Al -
CO2 NDIR % s
s\TH | ov /7
N_GND N_AGND

Figure 16. CQconcentration sensor IR&1 AFE (lamp control) (left) and sensor general and
schematic views (righf}1].

The lamp is controlled by the NDIR_LMP_CNTR line connected to the microcontroller
and the MOSFET switch Q2 Si2312 (Vishay) with a loy¢®) Filter C3 R51 is used to reduce
ripple on power supply rail caused by high start current throughdsigtive cold filament. In
future revisions of the Node, it is recommended that R51 be removed and replaced with PWM

techniques for current limiting tonprove power consumption of the system. R59 is needed to
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prevent MOSFET gate from floating when MCU pin is in higtpedance state.
3.3.3 Air temperature

An NDIR sensor contains buiih thermistor (pins 6, 7) to monitor inner gas temperature
that is hgher 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 rangééf50°C from 14 to 1.XKY .
Assuming safe current of 2Q@\, R63 = 11.KkY. R65 = R68||R67 = MY balances the op
amp, and along with C55 also works asHzlow-pass (LP) filter to reduce the noise. Op amp
U20 OPA333 (Texas Instruments) is low voltage oféset drift, singlesupply device [4]. Its

gain was set to fit 2.9 ADC range.

N REF2.5 C53
_‘:| '—{ N_AVCC3.0
RE3 N_AVCC3.0 —0.1u
11.3k p1y NAAGND
0.1% p
R6S U20 _
NDIR_THERMN 3N e 1
21k Css 4 oU1 NDIR_ TEMP_ADC
lu j V- x1.806 -10...4+50 degC
OPA333 RG67 2.5..0442V
RGS ' 383K
NNV %
= a5k =
N_AGND 0.1% N AGND

Figure 17. CQconcentration sensor IRE1 AFE (thermistor conditioning).
In the simulation of this circuit, a thermistor model using SteiAHart equation [8]
andtable data from [@] was used. According to it, thermistor temperat@sstance

dependence can be described as follows:

Y Y Q@ 7 T —h — (16)

whereT is temperature in Kelvin. Coefficients= 1.04m,B = 289u and C = 1.3were
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calculated to produce an accurate {RCthermistor resistaneemperature model. MicrGap
software package optimization feature was used to derive these coeffi€igate 18 shows
simulating schematic and dependenceiafuit 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 tempeuaé drift is close to zero), the thermistor temperatugecan

be expressed in Kelvins (using the above coefficients) as

Y (17)

where Ry is thermistor resistance equal to

Y — (18)
280 T ™ T T T
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Figure 18. IRGA1 sensor thermistor AFE simulation schematic (left) and circuit voltage output
versus temperature dependence (right).

In (18), Vkerzsis a thermistor voltage source, IB is op amp input bias curreqt,iy/a
potential at point Ry, R63 (refer to Figure 18). The last step will be to write an expression of

Vv in terms of circuit output NDIR_TEMP_ADC:
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W ——— » 0zYpu (19)

Here, Mipir_Temp_apciS U20 output and ¥sis op amp offset voltage. We can now estimate the

absolute tgccuracy eT

You — Yoz yo? (20)

Yo ¢ —

% YYp ¢ — YYp ¢ —
Taking 0.1% resistors (except R65, which is 0.5%), and assutnihd\ 3 3 3s=&N V , g =eel
70p A, t20.038°C. This error will be used in C{xoncentration accuracy calculations.

The operating frequency of the infrared source is Bl2%at 50% dutyycle. 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 logat@sented in Figure 19. Load resistors R52
and R60 limit the current through FETs to approximatelyR&Qvith alow-noise stable 2.¥
reference being their source. The output signals NDIR_DET and NDIR_REF consist of a DC
offset voltage of &, and an ACvoltage of 1830 mV p-p that is in phase with IR source pulses.

To calculate C@concentration, the AC component is needed.
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Figurel19. CO, concentration sensor IR&1 AFE (pyroelectric detector conditioning).
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Figure 20. IRGA1 sensor pyroelectridetecto AFE simulation schematic (tppndits
frequency response (bottdm

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 thoegtettbration. However, both
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channels must have matched characteristics, and for that reason 0.1% precision resistors were

used.

Figure 21. IRGAL sensor pyroelectric detector AFE tirdemain response
3.3.4 Pressureensor

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 exddytareasuring
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 linaariable diffeentiattransformers (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 de to the AC current flowing through it), piezoresistive (electric resistance

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