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ABSTRACT

The continuous and autonomous real-time monitavingattle state of health can provide
major benefits for the U.S. livestock industry deald to a higher quality beef product.
Complete real-time monitoring could not only leacetrlier detection of disease in
individual animals and reduce the spread of diseaadarger herd, but it could

ultimately reduce the cost and frequency of onagterinary consultations.

This thesis details a wearable device that is nmexlioh cattle to collect data from a
network of internal and external sensors. In aoldito the basic data collection, this
thesis will describe the infrastructure to commatecthese data sets to a central database
for permanent storage and future analysis. Phygicdl, ambient environment, and
physical activity data are acquired by the variseissors to give a good indication of the
state of health of an animal wearing the device.

The communication of data from internal sensom@rt@xternal wearable receiver is of
particular interest since tissue is not an idealioma for radio-frequency data
transmission. Past research has attempted taiakdisks with little success due to

large signal attenuation at high frequencies apdckage that becomes much too large to
be usable at low frequencies. As a result, a esetommunications method employing

magnetic inductance at relatively low frequenciesrshort distances is described here.
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CHAPTER 1: INTRODUCTION

The American livestock industry represents thedargingle contributor to the American
agricultural economy [1]. The average Americanstoner will spend $249 on beef per
year and consume 59.9 pounds of beef, where hambangl steak represent the most
popular menu items at many American restaurantge iD part to recent disease
outbreaks, massive beef recalls, and a risinghealtsciousness, many consumers seek
beef solely from the healthiest animals availaldlais is evident in the fact that the
fastest growing portion of the beef industry corftem natural beef which consists of

antibiotic free, hormone free animals that haventfed purely organic vegetables.

While it is unreasonable for all cattle rancheprmduce only natural beef, better animal
tracking and health monitoring could increase terage quality of the beef supply and
the health of the average American. In additioprtaviding a better product, tracking
and monitoring is vital in protecting livestock fnodisease whether from natural causes
or bioterrorism. With this continual monitoringsdase could be detected earlier than
with sparse visual checks of animals, thus infeatgthals could be quarantined from the
larger herd. This would not only hinder diseaseag, but could eventually lessen

antibiotic use with healthy animals.

The United States Department of Agriculture (USDA} already initiated a country
wide tracking system, the National Animal Identiiion System (NAIS), to track a large
segment of the livestock population including etthickens, pigs, horses, sheep, and
other animals [2]. However, this system is desigoely to track and prevent disease
spread in animals that are being moved around asmiegle with larger populations.
This system has no provisions for the health moimigoof individual animals to detect

the onset of disease; it is only a method to teauk limit disease.

Long-term health monitoring of individual cattle ynarove burdensome because there
are multiple metrics to be considered and few aba methods for continuous

measurement of these values. Heart rate, respiredte, and core body temperature



stand out as three of the most crucial indicatbstate of health, and there is a vast
amount of clinical information defining healthy andhealthy thresholds for each. Heart
rate can be collected over time, and deviationsifeach animal’s mean value can
indicate changes in state of health and stress¢sleWespiration rate can also be an
indication of general health since many diseasaseceespiratory disorders. Core body
temperature has been shown to provide informagtating to an animal’s drinking and

eating habits as well as its rumination cycles.

Separate commercial packages have been developeebure heart rate, core body
temperature, and respiration rate. Heart rate nneagent devices usually come in a belt-
based arrangement but are only meant to be usethdor periods of time. These belts
often require significant maintenance since a g@aste needs to be applied periodically
to ensure optimal contact between the externatrelde and an animal’s hide. The belts
are also not feasible for continuous use becaweseate not made to endure harsh
outdoor conditions and often require a clinicahtacian to monitor the animal to
guarantee the belt is not loosened or broken. &ufal electrodes that do not require a
belt also exist, but these may require minor syrgereach animal and can result in
infection and further stress to the animal. Redn rate is commonly measured with
pressure sensors that detect changes in thorddmepbut it can also be deduced from
phonocardiograms and electrocardiograms. Coredeatyre measurement devices exist
in the form of a pill whose battery life can spaanths once swallowed by an animal.
However, this provides a single metric, and it vaoloé much more efficient to package a

pill sensor that acquires more than one vital patem

However, transmitting data from the inside of yégaanimal to the outside offers its own
hurdles. Traditional wireless transmission rebagadio waves to propagate from a
source to a destination. This form of transmisssonell suited for an air medium but
does not perform as well in a biological or watasé&d medium. This is because the high
frequency signals attenuate to the point that theegot reach their destination. Lower
frequencies tend to work better, but to efficienthnsmit at low frequencies, a very large

antenna is needed that is not suited for interfzaement.



These factors indicate the necessity for a lesttimaal form of wireless transmission
that is not greatly affected by the transmissiomlion®. One alternative exists in the
form of wireless transmission via magnetic inducegrwhich has its own set of
advantages and disadvantages. On the positiversatgetic links consume less power,
require fewer components, are not affected byrdnesmission medium, and are
physically smaller when compared to traditionaiodohks. On the negative side,
magnetic inductive links are affected by antennandation, do not have as much

transmission range, and transmit weaker signalsiwbepared to traditional radio links.

This thesis details a prototype sensor networkgeesi for livestock that monitors a
range of external and internal stimuli to charazeestate of health. Along with the
individual sensors, the document will also explibie wearable device that aggregates
data until they can be transmitted to a PC for perent storage. Next, it will address the
design of a magnetic inductive link to transmitadtom internal sensors to an external
wearable device. Finally, it will explore the irmal sensor device under development

meant to directly detect internal heart rate, daréy temperature, and respiration rate.



CHAPTER 2: BACKGROUND

The Kansas State University (KSU) Electrical ananpater Engineering Department, in
collaboration with the KSU Department of Computargl Information Sciences and the
KSU College of Veterinary Medicine have resourcethe KSU Medical Component
Design Laboratory to design monitoring platformattaddress the issue of long term
cattle tracking and health assessment. The praatygtem has been referred to as the
Bovine Mobile Observation Operation (BMOO). Thalaborative group, funded by a
grant from the National Science Foundation Infororaf echnology Research Program
(ITR-0325921 and ITR-0205487), has developed atyo¢ wearable unit with
continuous external sensors, temporary data stpasmgea means to wirelessly transmit
the data to a PC where they can be permanentlydstora database for retrieval and
analysis. The group has also begun developmeatroethod of wireless transmission
based on magnetic inductance to transmit data fwahin an animal to an external
wearable device. The magnetic inductive link wilentually be applied to a sensor pill
or bolus, also in development, which measures bts/heart rate, respiration rate, and

core body temperature internally.

A number of graduate students and faculty haveribanéd to the BMOO project to get

it to this point. Much of the initial design ofdlwearable unit, nicknamed the BMOO
unit, was performed by Luke Nagl, who designedntfagority of the hardware and the
early software [3]. Dominic Gelinas later updatied software to include object-oriented
design via C++ elements and structures [4]. Thegah with proof of concept prototypes
to aggregate data from an array of sensors. Wiithagce from Tammi Epp and Howard
Erickson (KSU College of Veterinary Medicine), tieam defined the initial data to
collect: three axis acceleration, global positigni&PS), ambient temperature and
humidity, heart rate, and core body temperatuiieysiéal activity could potentially be
monitored by measuring all three axis of accelematiThis was accomplished by
orthogonally arranging a pair of two-axis ADXL atm®meters manufactured by Analog
Devices [5]. A Garmin GPS-16L unit was initiallged for GPS, but this was large,
expensive, and consumed a lot of power. A cheapeller alternative, the Trimble



Lassen SQ GPS unit [6], has been implemented mewcuprototypes, although the

system remains flexible enough to allow for changdsture revisions.

The early system measured core body temperaturbeartirate with commercial
packages. In early trials, core body temperatae assessed using a subcutaneous
implant system manufactured by Digital Angel. VéHbigital Angel's implant provided
temperature and a basic animal RFID system, th&amhpequired an injection and it was
not deep enough to constitute true core temperatigle the infrastructure still exists

to support this subsystem, as of the latest ravigibas not been tested and is not directly
supported. Instead, to measure true core bodyaenpe, a CorTemp sensor pill [7]
manufactured by HQI, Inc is employed. It commutesawirelessly with a reader unit,
which then communicates with a wearable deviceami&S-232 serial communications
link. A belt manufactured by Polar, Inc, originallsed on horses, was used to get heart
rate data. The same HQI data reader device éands unit designed by HQI) was used
to relay data to the BMOO unit.

Luke Nagl also began initial testing of a wirelessnmunication method to get the data
from the BMOO unit to a computer database wheralttia could be stored permanently.
Originally he used a Bluetooth system that emplay&DA as a base station, but due to
expense, power draw, and overly complicated impfeat®mn, Bluetooth was abandoned
for an emerging low power wireless protocol knowsrZagbee [8]. This project started
using the Microchip Zigbee implementation very ganlits development cycle when
numerous bugs existed, but Dominic Gelinas and iK&wnith managed to get a
rudimentary communications to work intermittentlgince that time, Dan Wilson and |
have achieved a working communications system legtvilee BMOO Unit and a base
station connected to a laptop. Chapter 3 furtle¢aits the current system including the
complete BMOO unit as well as the wireless commation system currently

implemented.

Efforts on an ingestible BMOO bolus were startethwvai device designed by Scott

Schoenig to monitor heart rate and core temperaflings initial version relied on



acoustic sensors to obtain a phonocardiograph witald ideally be used with peak
detection circuitry to obtain the heart rate. Tdyproach was later supplemented with
piezoelectric sensors that could measure hearviateansduction of these pressure
waves and an analog low-voltage temperature sehéeart rate measurement via a
phonocardiogram was a unique approach, as it reddree analog sounds inside an
animal and used digital peak detection algorithondetermine heart beat cycles and to
potentially construct a phonocardiogram profile hil& this proved sporadically
successful, the internal background noise (e.gmfrumenation) would often overpower
the heart soundsdowever, complete suppression of these superflooises may prove
counterproductive in overall health assessmentusectnese sounds could potentially
reveal information about rumination cycles. Anlyirtinez along with Tim Sobering
continued development of the ingestible pill anthbned the acoustic technique with

electrocardiographic and piezoelectronic technigues

Although a prototype bolus was developed, theflevedis no way to wirelessly transmit
the data from the pill to the external BMOO uHiip to this point, testing has only been
done with wired pills in fistulated steers, wheamgulas allow direct access to the rumen
and reticulum of these animals. Patrick York begark on a magnetic inductive
wireless link based on a MicroChip design (AN-2[#) This design worked in free
space and with saline immersion tests, but it debie larger than desired, custom air core

antennas. Chapter 4 details this design and thesefo continue this work.

While trials have been done on single animals tayghe eventual goal is to support
entire herds and further develop human interfageb that any animal’s state of health
can be perceived with a brief glance. It woulebdde such that advanced software
algorithms could be applied to the data in nedrtiege to alert owners to recognized

health concerns, so that uninterrupted manual mong is not essential.



CHAPTER 3: BMOO UNIT

A. Overview

The BMOO (Bovine Mobile Observation Operation) usithe unofficial name given to
the wearable bovine monitoring device developethieycollaborators on this effort. The
unit consists of a network of sensors that meaghysiologic activity and environmental
data, supported by a data logger that temporaohes and eventually sends data
wirelessly to a base station that attaches to\esé&sr permanent data storage. Each unit
is mounted in a housing which protects it from dgeyand it is placed in a harness fitted
around the thorax of a bovine. The data loggeoisered by a 6 V DC battery which
also provides power to the sensors. A TERN FlagiBomicrocontroller [10] is the
central component of the data logger, where alect#d sensor data are temporarily
stored on a CompactFlash [11] memory card. Intemidio its data aggregation
functions, the TERN transfers sensor data to th@OBMinit's secondary PIC 18F2620
microcontroller [12] commissioned with the tasknfeless communication. The
secondary microcontroller employs ZigBee software eadio hardware [13] to relay the
data to a physically separate, PC-connected basersfor permanent storage. Figure 1
shows the system block diagram in terms of themwendata logger, and base station. A
full hardware schematic is contained in Appendix A.

Sensors Data Logger Base Station
GPS | Configuration Port | Chipcon Chipcon
. 24 GHz L 2.4 GHz
Trimble Lassen SQ CC2420 :.. (@ CC2420 ‘
, ZigBee Radio ZigBee Radio| |PC Running
Subcutaneous Temperature Multiplexer ZigBee Stack MicroChip Ubuntu
Digital Angel 1 on PICDEM-Z [~ Linuxand
PIC18F2620 : MySQL
. ZigBee
Acceleration Database
Analog Devices ADXL 210e TERN FlashCore-B Development
TOMT] Board with
Humidity and Temperature =) PIC18F4620
Sensirion SHT12 P — |

I’:':" GPIO
Sensors Under Development | COMO

Heart Rate A ) Hal Compact Flash
Polar Monitor Belt ({ Data Data Repository
Core Temperature \ Logger TERN Debugger

and Programmer

HQI CorTemp™ Pill |

Figure 1. BMOO system block diagram.
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B. TERN FlashCore-B

A TERN FlashCore-B (FCB) [10] is the primary micomtroller on the BMOO unit. It
controls the sensor data flow by reading the sansemporarily storing these data, and
then forwarding them to a secondary microcontralterch manages the wireless
communications. This microcontroller was origigathosen because of its high-speed,
built-in CompactFlash (CF) interface, flexibilityid to numerous input/output (I/O) pins,
power regulation, and inclusion of a complete safevyprogramming package with
C/C++ support.

The FCB processor is a 16-bit 80186 derivative Witian operate at two clock
frequencies: 20 MHz or 40 MHz. Unlike numerousestimicrocontrollers, it operates at
the true listed frequency without internal clockigions, so the 40 MHz mode can truly
achieve 40 million instructions per second. The@Munit utilizes the 20 MHz option
because this yields ample time to service all efsbnsors while also achieving longer
battery life than the 40 MHz option. The FCB irdés a precise Dallas Semiconductor
DS1337 [14] real-time clock that allows sensor datbe time stamped. The DS1337
provides time resolutions from years down to tewtha millisecond and is backed up by
a 5V lithium ion coin battery, ensuring timing acacy for up to five years without the

application of an external power source.

When the BMOO unit was originally designed, ther@®Rvolatile mass storage format
was one of the most widespread portable storageafs; providing significant storage
capacity in a small enclosure [11]. While phydicamaller and faster storage formats
with more capacity have been developed since thiegirbegan (e.g., SMART Media
and MicroSD), CF still suits the needs of the BMOiX and the current application,
supporting file systems of up to one gigabyte: gmostorage for up to a week of
continuous sensor data. The FCB not only provstdtsvare libraries to support a



number of file systems, but its battery backupesysalso keeps track of segments

written to flash memory in order to avoid corruptio case of inadvertent power failure.

The FCB has two direct memory access (DMA) sepatmunication ports (COM ports)
that each support 8-bit or 9-bit communicationp7,600 bps using its RS232 drivers
in the 20 MHz mode. It also contains three 1@Gibiers, two of which can be used for
pulse width modulation (PWM) or demodulation (PWBnd a supplemental watchdog
timer supported by a MAX691 on-board supervisopdib] that ensures proper
software execution and detects power failure. FWD feature is atypical of most
microprocessors, but it is a practical featuretfier BMOO unit since PWD provides the
ability to efficiently measure a signal’s high vesdow phases via hardware, thus
enabling the FCB to rapidly decipher incoming PWilghals. In addition to these
features, the FCB has six external interrupt inpuis 32 additional versatile
programmable 1/O pins that can act as general gerpgput/output pins (GPIO) or
implement serial protocols such as Serial Periphetarface (SPI), Inter-Integrated
Circuit (I°C), Controller Area Network (CAN), or any numberoofstomized protocols.

Additionally, the FCB is packaged with a Texas flastents TPS76550 5V low-dropout
(LDO) voltage regulator [16], making it ideal foseiwith unstable power sources such as
batteries. Not only is the FCB’s on-board regulaiged for the FCB itself, but it is also
used as a supply for some of the support hardwateeoBMOO unit. Most notably, it
reliably powers serial line multiplexers that allowltiple sources to communicate with

the FCB over a single communications port.

Finally, the Paradigm integrated development emvitent (IDE) for embedded C/C++
[17] is provided with the FCP. The Paradigm sofenvacludes a compiler and debugger
that require nothing more than a simple serialealslopposed to a hardware compiler
many microcontroller devices need. While one effICB’s serial communications ports
is required for programming and debugging the npicyoessor, once a user program is
put into FCB memory, the program can flag the pmiie used for other purposes by

changing some register values. Taking advantagf@sfa simple hardware switch was



added to the BMOO unit to allow the user to putRB into either a programming
mode or a data mode where data from an externallo@ger developed by HQI are
forwarded to the BMOO data logger. The FCB alsodihes user interaction with the
BMOO unit through a configuration port that conrsegtPC to the serial port and offers a
text based user interface. This allows a usessgga each BMOO unit a unique
identification number, format a new CF media cartthhe basic BMOO file system, or
perform a cold start on the GPS unit, which propednfigures the GPS output string
format and initiates satellite acquisition.

C. Sensor Network

The BMOO unit’s network of sensors is designedaotinuously track cattle location,
measure physical activity, and monitor physioladata. The flow of data from this
network converges at a BMOO unit's FCB, which coatiusly polls each sensor at the
appropriate sampling interval. When the time asifor a particular sensor to be polled,
an FCB attempts to collect data; if it is succdsshe data are organized into packets that
are temporarily stored on the FCB’s CF. Currerttig, network includes sensors to
measure global position, three-axis acceleratiorhiant temperature, ambient humidity,

heart rate, and core body temperature.

C.1 Global Position

Cattle tracking is provided by way of GPS locatdata using a Trimble Lassen SQ GPS
receiver [6], which includes a small antenna afar@er processing unit. The device
communicates with the FCB over an RS-232 COM pbBidwever, due to the two COM-
port limitation of the FCB, the GPS shares a comigation bus with the user’s
configuration port, a Digital Angel line, and thegBee enabled microcontroller (see
section C.5). The bus is made possible by a sephsadware multiplexer that is

controlled by two of the FCB’s general purpose ((&10) pins.
The GPS module has two basic modes of operatide. fifst is based on the Trimble

Standard Interface Protocol (TSIP) [18], and theosd is based on the National Marine
Electronics Association 0183 (NMEA) protocol [19The TSIP is a bidirectional

10



standard developed by the GPS manufacturer tlmvsflexibility in the module and
provides the ability to interact with a range of pr@grams provided by Trimble. The
NMEA protocol is a well established, output-onlgustry standard that defines the data
format and COM port interface for GPS messages BMOO unit makes use of both of
these protocols but typically uses TSIP to configilme GPS module and NMEA to

receive GPS location data.

The TSIP mode runs at 9600 baud with 8 data hitd,parity, 1 stop bit, and no flow
control, and it allows a user to send command pgadkethe GPS module. Command
packets follow the structure: <DLE> <ID> <datamstyr <DLE> <ETX>, where DLE
and ETX are ASCII characters with the respectivealdecimal values of 0x10 and 0x03.
ID is a one-byte command identification value, #meldata string is the payload for the
command specified by ID. These command packetétalltwo basic categories: query
packets and configuration packets. Query pacletste the GPS module generate a
response — a report packet whose content depernitte guery ID and data string.
Report packets follow the same basic structureoasand packets, but they contain a
different output ID and payload that can contafieimation such as satellite tracking
information or current setup parameters. Configargpackets again follow the TSIP
structure but are used to assign parameter vadues @s current position), initiate
specific actions (such as reset), or configureatitematic output mode.

The module can operate in two modes (query modeatumatic mode), although query
mode is primarily utilized by the BMOO unit duriiIP interaction. In query mode,
the module responds with report packets, but inraatic mode the module constantly
sends GPS location information at fixed intervalfie output information in automatic
mode can be configured by the user, but the BMO©daes not rely on TSIP for GPS
location information. Rather it uses the more Widecognized NMEA standard.

The NMEA mode runs at 4800 baud with 8 data bivsparity, 1 stop bit, and no flow

control. The BMOO implementation of NMEA acquitbe recommended minimum

navigational information (MNI) [19], which includelate, time, latitude, latitude
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direction, longitude, longitude direction, speedcking, magnetic variation, and
magnetic variation direction. These data are trattsed from the GPS module in a
comma-delimited ASCII string beginning with $GPRNICindicate the start of a GPS
minimum content message. Latitude and longitudebath six characters: two for
degrees, two for minutes, and two for fractiona ofiinute, while direction is a single
character (N, S, E, or W). Time is eight charactewo for hours, two for minutes, two
for seconds, and two for fractions of a secondteasix characters: two for days, two
for months, and two for years. Speed over groendeasured in knots and is a six
character string. Tracking and magnetic variatimboth variable-length values
measured in degrees and can incorporate fractiomslegree. Once a string is received,
the ASCII text is converted into the respectivegars, which are then stored on CF

media.

C.2 Three-Axis Acceleration

Acceleration supplied to the BMOO unit is not sisnfiie forward velocity shift normally
associated with acceleration, but rather a threefarasure of-force, both drastic and
subtle (in this case head movement). This senkavsathe BMOO unit to quantify
movements that are impossible for GPS to deteaniaffort to categorize the physical
activity of an animal. Overall physical activigMel is an important indicator of health
because sick animals often appear more lethargionmparison to their healthier
counterparts. Additionally, assessments of paldicanimal behaviors have the potential
to yield indicators for animal heath and well-bethgt have not been previously
investigated. Raw acceleration data are problealat interpret visually, so work

within the BMOO group has been done to use atdifficitelligence (Al) algorithms to

correlate raw accelerometer data to the specifiecngon behaviors [20].

A three dimensional acceleration vector is provittedhe BMOO unit by orthogonally
arranging a pair of two-axis ADXL210E acceleromef&] and disregarding one of the
overlapping axes. Each accelerometer axis repottsstatic and dynamic acceleration
by outputting a PWM signal whose duty cycle is mjonal to acceleration over the
full-scale range of £1Q9. The frequency range of each accelerometer igsseg a pair
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of identical capacitors that form a low-pass filtdtis range is set to 50 Hz with a 0.1
UF capacitor providing a resolution of 7.2*1§. The FCB then is ideal for reading data
from these accelerometers because it has hardpecdisally dedicated to demodulating
the signal and the FCB is more than fast enougianaple all three axes at 50 Hz each.
Once again there are a limited number of channelgadle for PWD, so the three axes
share an interrupt pin with two GPIO pins (GPIO8 &PI06) controlling a multiplexer.
This means that if the two pins get 00 the x-axisampled, if they get 01 the y-axis is
sampled, if they get 10 the z-axis is sampled,ifthety get 11, no axis is sampled and a

ground state is output.

Acceleration sensors are currently the BMOO umittsst prolific source of data since
their signals are sampled at a much faster ratetttesignals from the other sensors.
During each round of sampling, a one-byte labelfand-byte timestamp are affixed to
two bytes of data from each dimensional axis, tegpln eleven bytes per sample. At 50
Hz (50 samples per second) the data generatioofr#ite accelerometers in this system
is 550 bytes per second. The sampling of othes@srcurrently connected to the

BMOO unit occurs twice per minute or less, butrafiéing to monitor every instance of
motion requires numerous acceleration samples takss per second. The
accelerometers are mounted on a bovine’s head keaa® motion is clearly associated
with common activities such as eating and drinkiAgspecial cable has been fashioned
which connects to an RJ-45 plug on the BMOO unit mmotrudes from a film canister.
The film canister is used as an easy means todsthielaccelerometers from dirt and
water and is filled with protective foam which hslthe accelerometers in place and
provides additional protection from the environmenhis cable uses two wires to
provide a power and ground connection from the BM@@ and uses an additional three

wires to relay the three axes of accelerometertatze TERN FCB.

C.3 Temperature and Humidity

Ambient temperature and humidity can have a cl#acteon the core body temperature
of warm blooded animals. Extreme temperature tiaria can have a perceptible effect
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on the physical activity level of an otherwise lilelanimal. Since cattle can become
less active in times of excessive heat or coldathbient temperature and humidity can

also play a role in determining healthy activitydés as measured by the accelerometers.

The BMOO unit employs a Sensirion SHT11 humiditg &mperature sensor [21] and
takes a sample every 30 seconds. The validitgetiata from the SHT11 is ensured by
a CRC-8 checksum that is automatically transmifedgside the data. The temperature
component of the SHT11 can output either 12 orifisddd data, where the additional bits
provide a better resolution but take longer to @equThe BMOO unit utilizes the 14-bit
option, which provides an accuracy of £0.4°C, ofegan a temperature range from 40°C
(-40°F) to 123.8°C (254.9°F), and provides a 0.06¢€blution. The humidity

component can be set to output either 8 bits diitk2 where resolution is once again
improved with a larger number of bits. Using 1&hbihe BMOO unit provides a

humidity accuracy of £3% relative humidity withirhamidity range from 0% to 100%
relative humidity and provides a 0.05% resolutidiiis sensor is housed in the same
canister as the accelerometers and uses the twaniagn wires of the RJ-45 cable to
form a Serial Peripheral Interface (SPI) connechietween the sensor and the FCB. One
of the wires is used as a serial clock input toSkE 11 to synchronize timing with the
FCB, and the other wire is the tri-state data thred acts as both the input and output of
the SHT11.

Unlike accelerometer and GPS data, data from thE1&Hre not sent automatically at
predetermined intervals, so the FCB must act am#adler by initiating data acquisition.
This is a fairly simple process because the SHTiEraies with a few basic 8-bit
commands. For temperature, the bit sequence 00QG8G&Gent from the FCB to the
SHT11, and following a 300 ms measurement delaggetbytes are transmitted to the
FCB. Two of the bytes are measurement data, wherérst two bits received are
ignored since the result is only 14 bits, and Heltbyte received is the 8 bit CRC
checksum. Humidity is measured and returned silyigxcept the command bit
sequence is 00000101 and the first four bits arergd since humidity is a 12-bit value.

The FCB has a couple of other functions as therotbet because the SHT11 sends a
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byte at a time. The FCB is responsible for ackealging each transmitted byte by
clearing the data line to a low state and waitiorgtiie next byte to be sent. When all
three bytes are received, the FCB must perfornr ehrecking using the CRC byte, then

set the data line high to signal a successful temep

The raw data provided by the SHT11 are not predatitectly in degrees or percent of
relative humidity, so conversion formulas are aggplbefore the data are logged. The
formula for temperature is T = d1+d2*$@hile the formula for humidity is H =
c1+c2*SQy + €3*SQry”.  For temperature, S@ the value provided by the SHT11

and is a constant whose value is determined bgupply voltage and desired output
units, so at 5 V d1 equals -40.00 for both °C dad The value of the second constant, d2
depends on the sample size and the desired outfisf so at 14 bits equals 0.01 for °C

or 0.018 for °F. For humidity, SQ is the value provided by the SHT11 and the three
constants, c1, c2, and c3, depend on the datangeeh at 12 bits are -4, 0.405, and -
2.8*10°, respectively.

C.4 HQI Data Reader (Core Body Temperature and Hear t Rate)

Development of a custom ingestible bolus to percéiwart rate and core body
temperature is underway [22], but the BMOO uni¢éatty supports some commercial
tools to accomplish the task. In near term, thrseas as a method to measure core body
temperature and heart rate until bolus developisdirialized. As bolus development
progresses, this will provide a verified and redamdset of measurements against which
to compare data from these newer sensors. Onefpdaévices that measure core
temperature and heart rate are made to interfateeither a data logger unit
manufactured by HQI Inc or a third party data reatdice (for instance a data reader
watch developed by Polar) [23] that is able to &uHoth sets of data and relay them to
the BMOO unit through an RS-232 serial connection.

Core body temperature is transferred to the HQd dedider from a CorTemp ingestible

pill manufactured by HQI Inc [7]. The CorTemp tesngture measurement electronics

are encased in a cylindrical protective layer abgpresin and silicone that is four inches
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long and an inch in diameter. It is designed tewallowed by a bovine and weighted
such that it remains in the bottom of the animedtsculum; it does not pass through the

digestive system, and it remains in the reticulumray rumination.

The CorTemp pill can communicate its measuremenasvirist watch data reader unit
with limited storage capacity or a data logger timdtt retains a greater amount of data.
The watch is good for immediately viewing measunetmesults, but it is not integrated
into the BMOO unit. The HQI data logger is a st&@onde unit with a user interface and a
menu structure operated by a 16-button keypad awd-¢ine, 32-character liquid crystal
display. It can store up to 110 hours of contirgidata at a sample interval of ten
seconds and has a battery life of approximatelywweks using a standard 9 V alkaline
battery. To supplement the standalone mode, HfgtoCorTrack software that
communicates with the data logger via a serial eotion. In addition to being able to
quickly and easily configure the data logger, thi#vgare can pull the data off of the
logger, save it to a PC, and visually plot the da&#though the data logger uses standard
RS-232 communication, it has a proprietary sixMi6 connector. The other end of the
manufacturer-provided cable has a standard nin®B#& connector to connect to the
serial port of a PC. The BMOO unit uses an RJgtnector to interface with the HQI
data logger. The data logger’s provision to comicate with a PC over a serial line is
exploited by the BMOO device in order to integragart rate and core body temperature
with the other sensor data. Using a two-positiwitch, a line to the FCB is shared by
the BMOO configuration port and the HQI data loggé€his line goes through a
MAX3233 [24] level converter to get it from RS-282to 5 V) levels to UART levels (0
to 3.3 V). The HQI data logger, when operatedsrPiC link mode, can stream data over

the serial line, where the FCB collects and sttiese data on it own CF card.

Heart rate is transferred to the HQI data readenfa belt manufactured by Polar [23].
The Polar belt design was originally intended fee on horses, but it can suitably sense
the heart rate of a bovine with the addition ofgenstraps to accommodate the extra

girth. The belt uses a pair of electrodes (aidedlbctrode gel to make proper ionic
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contact) to acquire heart rate. Placement of #fiei®onot a significant factor, so long as

the belt is securely attached and the gel is placeithe electrodes.

C.5 Digital Angel

A secondary body temperature sensor has been tgdgtethe BMOO unit in the form of
the Digital Angel BioThermal System [25]. Thisasystem with an implantable RFID
chip designed to monitor the body temperaturevafstiock and assign a unique
identification number to each individual animal.wias originally chosen because the
implant was potentially easy to use, a passivecgenaquiring no power source, and the
first implantable RFID chip approved for livestoage by the United States Department
of Agriculture as part of the NAIS [26]. Similay the HQI data logger, the Digital
Angel BioThermal System requires a data readertanitteract with the BMOO unit.
The current version of the BMOO unit no longer dilgsupports Digital Angel although
the infrastructure remains to support it in futueesions. This decision was made
because the Digital Angel system is directional asl poor transmission range.
Additionally, subdermal temperature is not synonyswith core body temperature, so

clinical usefulness is unclear.

D. ZigBee Implementation

ZigBee is wireless communication specification neimed by the ZigBee Alliance. Itis
designed for low-cost, low-power radio frequency¥ ) Retworking applications. The
ZigBee system used with BMOO is equipped with gp€bn CC2420 RF transceiver
[27] that operates in the 2.4 GHz radio band. ZigBee communication facet of the
BMOO unit utilizes a PIC18F2620 microcontroller aadlerived from the design of the
Microchip PICDEM-Z ZigBee Demo Kit. The ZigBee Adhce defines ZigBee
compliance standards, but the actual implementagipnovided by the ZigBee product
vender in the form of a software stack. SincedigBee portion of the BMOO system is
derived from the PICDEM-Z Demo Kit, the initial skawas developed by Microchip,

although other compatible implementations exist@ed in section D.1-2.
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D.1 ZigBee Stack

The ZigBee Alliance definition of the ZigBee staaichitecture [8] is a layered network
communication protocol loosely based on the OpesteBys Interconnection (OSI) Basic
Reference Model [27]. In this model, layers arid $abe stacked vertically since each
layer only interacts with the layer above it and llyer below it. Typically,
communication begins when the layer directly acegds/ a programmer, the highest
layer, issues a request to a layer below it. Tdpdayer is oblivious to the process
involved in fulfilling the request and only knowsw to manage the request’s
completion. The next-lower layer will perform anfttion or a small subset of functions
defined by its role in the model, issuing requésthe layer below it to complete the
request. This process continues until the bottyarlis reached and all portions of the
request are fulfilled at which point the lower legyean begin the process of notifying the

respective upper layers.

ZigBee specification

Application layer
ZDO
Application ubli ZigBee
objects inter- | device object
face
Security $Endpofhtst Endpfint 0
SEervices
e | Application support sublayver e
Yy ry
¥ k2 |£00 management
_+

IEEE 802.15.4 v

Figure 2. ZigBee Stack Specification
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The ZigBee stack, illustrated in Figure 2, defittes following layers: the application
layer (APL, the highest layer), the Application $ap (APS) sub-layer, the Network
(NWK) layer, the Medium Access Control (MAC) layand the Physical (PHY) layer.
The APL layer contains user applications and isptt@ary user interface layer; it is
aided by the APS sub-layer which provides the cotimie to the NWK layer. The APL
sub-layer also holds ZigBee Device Objects (ZD@snufacturer-defined application
objects responsible for defining the role of indival devices within the network. In
addition, implementation of security features faifgler the domain of the APL layer.
The NWK layer should not be used directly by prognzers; it is responsible for
maintaining network connections and routing dadangany functions of the APL rely
directly upon it. The MAC and PHY layers are impknted in ZigBee as defined by the
IEEE 802.15.4 standard for wireless communicat[@8% This means that the MAC
layer takes a data stream and organizes it intkgbato transmit. During data reception,
this layer is responsible for communicating witk tbwest layer and performing basic
error checking before acknowledging that a packstlieen successfully received. The
lowest layer, the PHY layer, must use the availadetronic components and physically
transmit bits from one point to another. This laigeeffectively responsible for properly

utilizing the RF transceiver to transmit and reeaiadio signals.

The ZigBee protocol defines a node as any phydieake with a single radio
transceiver. Node devices are each given oneunffossible roles (ZigBee coordinator,
ZigBee Router, ZigBee End Device, or Zigbhee Dewtgect) defined in the ZDO layer,
and these roles determine their capabilities withennetwork. Each node then
implements stack software that is typically proddsy the device manufacturer,
although some third party stacks do exist thatamepatible with the CC2420 radio

transceiver.

D.1-1 Microchip Stack
The manner in which BMOO utilizes ZigBee is basadte Microchip PICDEM-Z
demo kit [13], since initial network testing wasamplished with a demo kit and its

stack as provided by Microchip. When work begarthenBMOO project, the most

19



recent version of the Microchip stack was V1.0{29]. This was not a certified
ZigBee-compliant stack, and certification was n@inged to Microchip until the recently
released V2.0-2.6 [30] - this requires an upgradeb transceiver to function. The
stack we had at our disposal for much of the BM@@etbpment was not certified
because it did not support security features (autitegtion, encryption, access control
lists, etc) defined in the ZigBee specificatiorec8nd, it only provided support for star
network topologies, whereas ZigBee specifies stassh, cluster-tree, and peer-to-peer
topologies. Star topologies are often used in loffiee computer networks, where
many PCs connect to a central router. In a ZigiBseork, end device nodes are used in
the place of PCs and the central router is replagesm coordinator node. Finally,
Microchip’s stack only supported two basic devicengives defined by IEEE 802.15.4
(full function devices (FFDs) and reduced functi@vices (RFDs)), instead of the four

defined in the ZigBee specification.

FFDs are programmed with a relatively large setav¥ices and consume a large portion
of the microcontroller memory. An FFD is essetyigthe Microchip implementation
equivalent of a ZigBee coordinator, which is thestntapable device type in a ZigBee
network. Each network must have one and only ooedinator that is responsible for
establishing the network, discovering new nodesaaitling them to the network,
maintaining a neighbor table and binding tableay®lg data from source to destination,
and enforcing security. The Microchip FFD perforatisof these functions with the

exception of security.

RFDs, on the other hand, contain a minimal subisiteoZigBee services and are only
able to communicate directly with the network’s EFBn RFD is Microchip’s
equivalent of a ZigBee end device, which is defibgdhe ZigBee Alliance as a device
with only enough functionality to communicate te farent node. ZigBee end devices
typically exist to either be controlled in some waycollect data and relay the
information to a parent. For instance, in a nekweith a coordinator and two end

devices, one containing a light and the other acéwthe switch information could be
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relayed to the coordinator, which would use thermfation to send control signals to

manage the light.

The neighbor table is an array stored in the natiuelmemory block of a coordinator
and specifies all nodes that have been discovedtgdn if a node becomes disconnected
from the network, such as by wandering outsideadia range or suffering power failure,
the coordinator maintains the node’s informatioftsmeighbor table. This allows the
wandering node to be reconnected much faster aog importantly, allows the binding
information to remain. Binding information entries each node in the network are
maintained in the coordinator’s binding table. Tisithe ZigBee mechanism that allows

a coordinator to accurately route information betwedependent, disengaged nodes.

Binding is the Zigbee specification methodology Itagically linking device inputs to
device outputs. While a node is defined as hagkagtly one RF transceiver, it can have
multiple components, and each one is assignedi@alagndpoint. For example, if the
end devices in the earlier three-node network éachtwo switches and two lights, the
switches would be assigned input endpoints whiditihts would have output
endpoints. During initialization, each node cotlidn issue binding requests to the
coordinator to logically connect each switch tolight on the other device. The
coordinator would record this information in thading table, so that whenever a switch
was pressed, its end device would send a messaige toordinator which would
dispatch the message to the appropriate end damttéoggle the light. This binding
cannot only be performed for simple components sxscéwitches and lights, but also for
the transmit (Tx) and receive (Rx) lines of theioadansceiver to allow streams of data
to be routed throughout the network. Binding carelther direct or indirect. Direct
binding is when a binding is made between endpaintdevices that are in direct
communication. In a star network this would oconly between an end device and the
coordinator. Indirect binding occurs between emalgoon end devices that do not
communicate directly with each other, so the mldtgwitches and lights example is an

example of indirect binding.
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While the limitations of the Microchip stack preved it from being ZigBee compliant,
none of the omitted features were urgent for BMO@iglementation. The stack does
implement all of the defined layers, with the fuontlity of each layer contained in
separate C source code and header files, so netmibakization and packet routing is
workable. While the ZDO only has two configuragpdetermined by preprocessor
directives, each individual BMOO unit can be couafigd as an RFD that routes its sensor
data to a centralized base station connected @ anl configured as an FFD. While a
mesh topology would help to increase the distanedRFDs could roam from the FFD,
the star topology is adequate in allowing sensta ttam an RFD to be routed to a
central FFD. The stack has a well organized AREerdhat supports serial
communication, so user applications have been dpedithat allow the BMOO unit’s
PIC to get sensor data from the FCB. The APS #ilews sensor data to get from the
PIC to the central FFD by making calls that relytio& underlying layers.

Although the Microchip stack’s limitations did natevent it from satisfying BMOO'’s
functional requirements, there were some probleittsthvis version of the stack that
made an alternative stack desirable. The primeoiglem is that an RFD (ie a BMOO
unit) would often lose communication with the FER® BMOO base station) and would
require a hard reset to resume functionality. Phablem was so frequent that
connections often lasted less than a few minutesdééailure. While connections would
occasionally last an hour or more, there was nevelve hours of uninterrupted
connectivity. The connection time was sporadidf 8aas impossible to determine how
long a node could stay connected to the networkowmit being reset. This irregular
connection issue was unacceptable for sensor niedvdasigned to continuously function
autonomously. Some possible explanations forghoblem involve a malfunctioning
watchdog timer or improper implementation of thetRiasceiver, but Microchip never
completely fixed the stack problems. The probleas wost likely deeply embedded in
the design, which could be the reason Microchip metely rewrote the stack and went
to a different transceiver in later revisions of fAICDEM-Z kit [13].
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D.1-2 Mississippi State Personal Area Network (MSSt  ate PAN) Stack

Due to problems in the ZigBee stack provided byrbtbip, an alternative stack was
required. A license-free stack, the MSState PAAEIS{31], developed by Dr. Robert
Reese of Mississippi State University, was discederThe stack was developed to be
highly portable and platform independent, so itas as hardware restricted as the
Microchip stack, which is only licensed for usetwat limited number of PIC
microcontrollers. However, the MSState stack $® alot a ZigBee-compliant stack and
implements an even smaller subset of the ZigBewmpobthan the Microchip stack, but

it has much better network stability. Some of dhatted features include only allowing
a single message type, the generic MSG messagatfo@iher ZigBee stack
implementations support a key value pair (KVP) ragesformat which is useful for
indirect communication between two RFDs. The KdRrfat allows the FFD to

maintain a key/value database, where keys reprgaeables either on the FFD or on
other devices. This lets devices access or chidmegealue of variables that exist on other
devices. While this is a useful feature designatethe original ZigBee specification, it
is unnecessary for the BMOO application becausesRkinot need to share information
with each other: all of the sensor information éstithed for the FFD to be uploaded to a
computer. Another omitted feature of the MS Sshidek is that it does not support
dynamic binding, so all binding must be applicatitaiined and determinable at compile
time. Dynamic binding is a feature more associatgd mesh networks or in
applications where RFDs need to be in indirectacintOnce again neither of these cases
is required for BMOO since RFDs only transmit tiaata sets to an FFD. While this
stack may not be completely ideal for achievingB&g compliance, its workability and
intuitive, flexible design have made it the besi@pfor implementation in the current
BMOO prototype.
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E. BMOO Network

Although most testing to date has been done withlsianimals, the BMOO network is
designed to consist of the numerous BMOO unitd) @aunted on an individual animal.
These BMOO units communicate with a single ZigBasebstation responsible for
transferring all data to a PC base station. Théd&<@ station will then enter the data into
an application specific SQL database, where thaybespermanently stored for future
analyses. This opens the possibility of enteriregdata online, where near-real-time
herd information can ideally be made accessible.

E.1 BMOO Units

The network functionality of a BMOO unit is currgntiriven by a PIC18F2620 (PIC)
microcontroller [12] employing the MS State PAN Bee implementation. This
microcontroller only has 2 MB of memory to stordtbprogramming instructions and
data variables. As such, it is incapable of ctihgca large amount of data, and acts as
an intermediary between CF temporary storage ardaeent storage on a PC for one
data packet at a time. This communication is npasible through a UART connection
to the FCB to transmit data and a link line conioecto signal the FCB when the PIC is
ready to process data. The link line is a simplenection of general I/O pins between
the PIC and the FCB that are set when a ZigBeearktis established. Since
networking is the PIC’s only function, it initiatelata transmission, so the link line is an
output at the PIC and an input at the FCB. Dutirggmain loop of the FCB (while
sensors are being polled), the FCB also checkbrtkhéine to see if it needs to send data
to the PIC. Data transfer is the first prioritg,isthe PIC sets the link connection, the
FCB will retrieve a single packet from the CF casdsoon as it has finished its current

sensor acquisition.

BMOO stores data on the CF card in a rather pnmitashion: a single file is created to
hold data from all of the sensors in 512-byte sact®efore data are recorded onto the
CF, each sector is prefixed with a unique charaetgf ‘G’ for GPS, ‘A’ for
acceleration, ‘E’ for environmental, ‘C’ for coremhperature and heart rate, ‘D’ for
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Digital Angel, and ‘L’ for TERN log messages) ame time the sample was taken. The
character tag is useful for decoding the datasfifetem because once the tag is identified,
the amount of data until the next identifying tadgnown, effectively making it a

delimiting mechanism.

When the PIC indicates that it is ready to procksa, the FCB grabs a sector of data
from the CF card and encapsulates it into a BMOE&kgta Each BMOO packet is 521
bytes and consists of four different fields. Thstffour bytes contain a device number
that is unique for each BMOO unit in order to idnthe data’s source animal. The next
four bytes contain a packet number as a meangjaeséial data transmission/reception
to detect dropped packets and ensure data integritg next 512 bytes are the payload
data, which are a copy of the current sector ofi@fa. Finally, a one-byte CRC-8
checksum is calculated and attached to the entedBMOO packets as yet another

means of ensuring data integrity.

After a packet is formed, it advances from the RGBhe PIC for its first step through the
network. Once the entire packet is sent througHtART line, the PIC begins to process
and transmit it while the FCB waits for a replyhelFCB does not try to send any
additional data to the PIC or move on to a new dat&or until it receives a successful
acknowledgement. Since the transmission is desmgwigBee, the BMOO packet

must be broken up and encapsulated into multipg®&e packets. The encapsulation
process is handled by lower layers in the ZigBaekstso only application-layer
messages are needed to send data from the BMO@uh#& BMOO base station. Since
this ZigBee implementation relies on a 2.4 GHz eadansceiver, much can go wrong
during data transmission. This is amplified by fhet that 2.4 GHz can be prone to
collisions since it is a public band used by ameasing variety of devices such as
cordless phones and wireless Ethernet routersdeBigin, the lower layers of the ZigBee
stack provide mechanisms to ensure proper trangmiasd avoid collisions, but a
number of retransmissions may be required befark packet reaches its destination.
While the MSState stack is capable of sending 5&2-packets, the unpredictable nature

of radio transmissions makes it desirable to seadmnsmaller packets in an effort to
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minimize retransmissions and packet loss. Howeregting packets that are too small
adds too much processing and networking overheae shore packets must be
encapsulated. As a compromise between relialaifty processing requirements, the PIC
breaks up each BMOO packet into ten packets; ineyfe packets and a final 26 byte
packet.

As soon as a complete BMOO packet is sent froniPteto a base station, it waits for a
positive acknowledgment from the base station. fdw section covers this mechanism
in more detail, but once a complete BMOO packetdessn received and the CRC has
been verified, the base station sends a positikecadedgement in the form of a three-
byte message containing the string “ACK.” Conveysiélsomething goes wrong and the
CRC does not check out, a negative acknowledgrsesent from the base station to the
PIC with another three-byte message containingtiteg “NAK.” Whatever the result,
the PIC immediately relays the acknowledgment gttinthe FCB. As the FCB waits, it
continues to monitor the UART buffer for the ackiedgment string. If a positive
acknowledgment is received, the FCB will invalidéte transmitted sector, prepare the
next sector, and return to the main loop. If,raliively, a negative acknowledgment is
received, the FCB doesn’t invalidate or alter amghbut rather returns to its main loop.
This entire process is repeated until no new datt en the CF card in which case the

link line is ignored until data become available.

E.2 Base Station

A BMOO network contains a single comprehensive lstaton device that consists of a
microcontroller device connected to a PC baseastatCurrently, the microcontroller is a
Microchip PICDEM-Z demo kit which includes a PICK&R20 [12] driven by an external
crystal oscillator, a serial port, level convertensd a Chipcon CC2420 RF transceiver

[27]. Using the serial port, a base station cagesh data to a PC either running an SQL

database or making entries into a remote SQL ds¢aba
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The base station is the central node in a BMOO ostwhere all sensor data are
eventually sent for permanent storage. The flowat is made possible by a series of
state machines running on each of the ZigBee-edablerocontrollers. This processing
begins when a BMOO unit signals the BMOO baseatahat a packet is ready to send.
The base station’s state machine then goes in&baardception state where it receives
Zighee packets. Once ten packets have been re¢@veconstruction state is entered
and the base station recapitulates the multipl&giagnto a single BMOO packet. At
this point, the base station calculates the CR&:tiy data integrity, but it only replies
to the BMOO unit if the checksum is invalid. letkhecksum passes, the base station
enters a serial communication state, where it Wjddhe BMOO packet to the PC. The
PC receives these packets and begins the processménent storage. First, the PC
performs the final CRC calculation and verifiesigatgtial transmission by checking the
packet sequence number with the previous packekt, M extracts the device number
and the payload data from the BMOO packet. It threrbs the first data-type tag it finds
in the payload and uses it to determine how to gniggextract the individual data fields.
Once all data fields are known, the tag and demsaber are used to insert the data into
the proper SQL table. This continues until a BM@#gaket is entirely processed or the
remaining data are smaller than the tag indicateshich case it is buffered until the

next packet is received.

When all data are successfully entered into thie tdlhe PC sends a three-character
“ACK” packet to the BMOO base station, which reldlye message to the source BMOO
unit. However, if at any point in the process aCCéheck is not passed, the base station
discards current data, sends a “NAK” packet and go@ wait state. This procedure
leads to relatively long times between packet trassions because a new BMOO packet
cannot begin to be processed by the FCB untilstdeen completely sent to the BMOO
unit PIC and verified, sent to the BMOO base staéind verified, sent to the PC,

verified, and entered into the database. Whike ithtime consuming, it minimizes

packet loss and ensures that no data are discamtedemporary CF storage until they

have been deposited in permanent storage.
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F. Future Work

While a great deal of development time has beentspethe current prototype BMOO
unit and base station, the technology supportimgquickly becoming outdated. For
instance, Compact Flash technology (once consideraethiature storage solution) has
been replaced by smaller, faster solid state tdolies such as MicroSD, MMC, or even
Smart Media. While the TERN microcontroller systisna robust platform, it is too

bulky and cumbersome when compared to recentlpsel&devices of a similar nature.

One possible solution exists in the form of motedaies such as the MICA2 developed
by Crossbow [32]. A mote is a small, scalable, fpwer module for use in a wireless
sensor network. As such, a number of differenssencould be placed on a single mote
which would have the ability to talk to another matting as a base station. Motes can
be made to house all of the different external @ensurrently operating with each
BMOO unit. There would still, however, need tovberk done to develop a sensor pill
capable of communicating with a mote, but sinceasaiso support UART and serial
connection this could be accomplished. While #essr development would be
significantly different than with the BMOO unit, rolu of the behavior could be ported
over from a BMOO unit to a mote. The MICA2 alstieg on ZigBee technology for
wireless network communication but implements nfeegures than either the Microchip
stack or the MSState PAN stack, making it a trulyBee-compliant device. The
combination of these factors would make a motedbagstem ideal for future revisions
of the BMOO unit and base station.

Finally, with a flow of sensor data establishedyeneork can focus on the back end of
the network after the data have been stored on. alittally, this could include
improvements to the existing SQL database or thkf@ration of the database into a
larger scale infrastructure, including multipleations and a central database. This could
be further expanded with the creation of a webeseiw process these data in near real
time and provide visual plots and health trackilgpathms. Eventually, this could lead

to signaling alerts when an individual animal shawgns of iliness, so the animal can be

inspected and quarantined in an effort to mininaizd track the spread of disease.
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CHAPTER 4: INDUCTIVE LINK — MOTIVATION AND THEORY

A. Motivation

Chapter 3 discussed a prototype wearable unitfadgssortment of sensors connected to
it. To attain a more robust monitoring designléorg-term use as well as improve the
fidelity of the sensor data, it will be helpful bave internally positioned sensors to
capture vital data from within the animal (sucheart rate, core body temperature and
respiration rate). Sensor design itself is a naiatrissue, and most commercially
available sensors provide only one metric, as se@mapters 2 & 3. A more efficient

and compact solution would be to have an exterlalw®n-pill solution capable of

measuring an array of commonly accepted healtmpetexs [33] [34].

Work is underway at KSU to develop a solution tis firoblem by designing a custom
pill that measures heart rate, core body temperatnd respiration rate in a single
package [22]. However, these data will need ttrdmesferred from within the animal to
the outside world for analysis. Most wireless caimination modalities are designed to
operate in the ambient air environment; not throbigiogical tissue. This chapter will
discuss a communications link based on the pria@pimagnetic induction. These types
of links have been around for years in a variefyliaptions [33-47], but due to their
limited range, their application has not been weidespread. Magnetic induction has
been used in human applications for devices suclarasac pacemakers [48] or
gastrointestinal endoscopes [38, 39]. Howevesdloeistomary approaches become
problematic when considering the tissue volumeattie; an internal sensor may see a

distance of separation of up to several feet batvitself and an external reading device.

B. Magnetic Induction Versus Radio-Frequency Communication

Magnetic induction communication is related to cageve communication given that
they are both wireless technologies that emplogtelmagnetic (EM) fields. The two

technologies also rely on antennae to transmitreceive signals, although the antenna
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design process is fundamentally different. Botiht®logies rely on the same basic
principle of using a transmitter to radiate a slgheough space such that the signal can
be wirelessly detected by a remote receiver. Tostmotable difference between the
two communication technologies lies in the regibthe EM field in which they operate

and thus the component of the EM field utilized.(near-field versus far-field).

Magnetic fields and electric fields cannot subsaighout one another. Their relationship
is similar to that of a voltage potential and areat; whereas a voltage potential is
measured in volts and a current is measured in swpan electric field is measured in
volts per meter and a magnetic field in amperesmegter. Magnetic induction is a
phenomenon associated with the magnetic field. ndag field strength, H (A/m),
relates to the passage of current through an mlalcsystem and tends to be the
dominating portion of an EM field in the region séoto the transmitting antenna, known
as the Fresnel region or simply the near-fieldargiWhen you multiply the magnetic
field strength by the permeability of the medium(Him or N/A%), you get the magnetic
flux density, B (T or Wh/rh— sometimes known simply as the magnetic indu:tidrs

the radial distance from the antenna increasesntgnetic field strength tapers off until
it becomes negligible, and the EM field becomespased almost entirely of the electric
field strength, E (V/m), a concept relating to #teength of electric charges rather than
their movement. The reasons for these E and Hae&hips will be further discussed in
the theory section of this chapter. The portioamEM field where E dominates is
known as the Fraunhofer region, or simply the faldfregion, which is the operating

region for radio-frequency (RF) applications.

RF technology is the dominating wireless technolpgsnarily due to its long range
capabilities. Another important factor is the tiela simplicity of the EM field in the far-
field region. In the far-field, the signal is geaky unidirectional, planar and defined by
a highly structured wave that can be categorizeiisbgmplitude, phase, and frequency.
The amplitude of this electromagnetic wave oftetillades in a sinusoidal manner with
respect to both space and time. The peak amplisuaeneasure of the signal’s strength

and decreases as the wave travels further frortrahemission source. Frequency is a
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measure of the speed at which this wave oscillaisctromagnetic waves at multiple
frequencies exist simultaneously in free space mirference occurring only between
signals with identical frequencies. As such, #rio frequency spectrum (3kHz —
300GHz) is highly regulated with international stards bodies defining specific ranges
of frequencies (bands of the spectrum) and govgraateptable applications for each
band through frequency allocation. For examplegtanr shortwave radio operators are
not allowed to operate on frequencies allocated\r(535 kHz — 1605 kHz) or FM (88
MHz — 108 MHz) radio broadcasts.

The absorption characteristics of RF signals aeg ttownfall when considering for use
with internally placed devices. When a wave issraitted to a medium, it can be
propagated, reflected, refracted, absorbed, otesedt Radio-frequency waves
propagate rectilinearly in free space, but largeigas of the energy are absorbed or
scattered as they propagate through water or tisélele these propagation distances
depend on frequency ranges, a typical radio wamegeaetrate a fraction of a single
wavelength through a biological medium before detntal signal attenuation occurs.
While RF technology could be effectively appliedstdocutaneous placements (i.e.
implants just below the dermis), this technologunsuitable for transmissions

originating from the inside of a large animal.

Magnetic induction, being a near field phenomematurally tends to be a short range
technology. Generally, the near field is definedaing within the radius of a single
wavelength from a transmission source. The neéd &f a dipole antenna is therefore
considered spherical rather than planar. Thisadigralso directional since the
antennae’s pole orientation affects the field gjten The near field is more complex to
measure and model than the far field, since thenetaggand electric portions of the
signal exhibit a more complicated spatial relatitops The primary cause of this
complication relates to the impedance of the waveThe magnitudes of E and H are
directly proportional to each other with the redathip |E| = Z*|H|. This is another
reflection of the analogy of the E and H fieldsvtitage and current since the derivation

of the formula leads to Ohm'’s law which states ¥R, and in fact Z, like R is measured
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in ohms (2). The far field maintains relatively simple, ctars wave impedance equal to
the characteristic impedance of the medium {37atf free space). Contrarily, the wave
impedance in the near field is affected by thesmaission medium as well each pole of
the transmitter and complex interactions betweerptiles and the medium leading to a

complex, multidimensional wave impedance.

The far field is usually modeled as being unifohawever, the near field must be
modeled with a number of subdivisions, which ighar complicated by the fact that
these regions don’t always have clear boundaitiestead, boundary transitions often
change with time and occur gradually in space, @/leertain positions may experience a
combination of characteristics from multiple regorFirst, there is a reactive portion of
the near field in which a large amount of energstised, but this energy quickly decays
with distance at a rate approximately proportidoal/r’, where r is the radial distance
from the source [49]. Reactivity generally domesatip to a range of r#2x but may
exist up to the distance of a single wavelengthe fladiating portion of the near field is
the transition from the near field to the far field/hile there is still some available stored
magnetic energy that can be utilized, energy gdlgdragins to disperse rather than be
stored. In this region, the energy does not fiflfjaite as fast as it does in the reactive
region: it decays at a rate close td.1Tthe characteristics of the radiating near field c
become apparent at #2x and last until r = 2B, where D corresponds to the length of
the antenna [50]. Finally, there is a transitiegion where the near field characteristics
related to the magnetic field and induction grabjudécreases to a point where the
electric field overwhelmingly dominates in the fezld, the wave impedance become
equal to the impedance of the medium, and the wwayditudes decay at a rate

proportional to the inverse of the separation dista(i.e 1/r).

Although near field interactions are limited in genand can be more complex to
mathematically quantify and predict, technologlest utilize the near field offer distinct
advantages over the dominating far field techn@sgiFirst and foremost is the fact that
near-field technologies rely on quasi-static maigrfetlds rather than propagating

waves, so penetration through a medium does n& asdetrimental of an effect on
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signal transmission. Second, near field applicatigenerally consume less power and
occupy a smaller physical space since they redewver and less complex components.
This is primarily because most far-field applicasare RF designs that occupy an
unlicensed frequency band shared by many diffetenices. As such, processing
overhead is required for channel and frequencyation as well as more complex signal
modulation and keying. While inductive links cdrage a frequency band, slot allocation
is not as much of a concern, since the signaldliatance limited and interference is
therefore much less likely. Additionally, RF liflequencies are much higher than
inductive links, so RF signal amplification woulded to be done with components that
can support a much larger bandwidth and therefonsume more power. Another
reason more power is consumed by far field apptinatis that the typical goal is to
propagate a signal over much greater distancesnthst be done at the expense of
power draw. Finally, security is not as big ofcacern for inductive links; since their

transmission range is limited interception is mleds likely.

C. Magnetic Induction Theory

Magnetic inductive communication (a.k.a. magnetioging, inductive coupling or near
field communication) is a short-range wireless camioations technology that uses
induction coils (inductors). Since this technolagiies on magnetic and electric fields,
its properties are defined by Maxwell's equatiaspgcifically Ampere’s law and
Faraday’s law of induction, although Gauss’s lawnfmgnetism applies to a lesser
degree [51] [52]. Ampere’s law is the most impotta designing the magnetic
induction transmitter because it describes how gnetc field is generated around a
conductor through which current is passing. Faradaw, on the other hand, is useful
for the receiver design because this law deschbesmagnetic fields create electric
fields which in turn produce voltage potentials.

Magnetic induction communication works in a simitaanner to a transformer where
energy is passed from a primary colil (transmitted secondary coil (receiver). The
primary difference is that in transformers the safan distance is fixed, so the coupling

is constant; however, with magnetic inductive comiuoation, this distance frequently
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changes, so the coupling factor is variable. Tiangers vary in design but often consist
of two loops of wire on separate parts of a magnaire (often iron); however magnetic
induction uses two separate loop dipoles, eachhadtwhas a own core. As aresult, a
properly designed transformer has a fixed geonaetdyorientation. For inductively
coupled communication, since the two dipole cails/ive exist as separate entities, the
relative position of the positive and negative patan have a profound effect on the

guality of the signal seen at the receiving coill.

C.1 Ampere’s Law Applied to Magnetic Inductive Comm  unication

Ampere’s law states that a current passing thr@ugbnductor will create a magnetic
field surrounding the conductor. For a conductofexe S, Ampere’s law appears in

integral form asjB M¢ =u,l , Wwhere B is the magnetic flux densit; is the differential
S

length that encloses the surfacgis the permeability of free space given as40’

N/A%, and | is the current passing through the surfaehe case of a circular loop of
wire of radius r, as used with inductive communaratone can find the partial B-field,
AB, at the center of the coil caused by each segofemite, A/. The integration with
respect tod/ with over the surface becomes the area of the4ofl, This leads to the

u,l
4 mr

A ¢ . The total B field can be

equationA—B4nr2 =u,l , which yieldsAB = .
JAV4

found by adding the partial field over the entinreemference of the loops2. This
results in a total B-field at the center of a cilacdoop of conducting wire

of B = uOI2727r _ Uol [50].
4 Iy 2r

This value can be amplified with additional desgg@ments. For instance, the previous
equation applies to a hollow coil of wire, so otilg permeability of free space is taken
into account. The B field can be improved throtigduse of a core with larger

permeability,u, . In this case, the resulting permeability becomesoduct of the twai

= Uplr. Also, a single loop of wire is not typically wust® create an inductive antenna,
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rather it consists of a coil of wire with multipi@rns wrapped around a solenoid core in
order to increase the inductance of the antennatmedgthen the field such

uN
2r

thatB =

at the center of the solenoid. Finally, it is tie center of the solenoid

that is of interest, but rather a point at radiatahce x, away from the solenoid. Putting
all of this together, the B field at distance, ¥edo a coil of wire with radius, r, and

uNIr 2

permeability u, is defined aB = W

. In cases where x is much larger than r

ulNr?
X3

antenna, this equation can be simplifie@to

The B-field equation reveals some important infarorain regards to inductive
communication and antenna design. First, the blridnat appears to have the most
impact on the B field, the separation distanceglsted inversely to B. This simply
means that as the separation distance increasestréimgth of the B field decays at a
cubed rate. The second most influential variabkbeé radius of the antenna, whose
square is proportional to the generated B fieldisTheans that smaller antennas
naturally perform poorly, so it is desirable to peke antenna radius as large as possible
to best counteract the effect of separation digtarihe remaining variables are directly
proportional to the B-field strength, so to maxiethe B-field amplitude it is ideal to use
coils with many windings, a core with a maximumrpeability at the frequency of

operation, and as much current as is safe thrdugtransmitting coil.

C.2 Faraday’s Law Applied to Magnetic Inductive Com  munication

While Ampere’s law describes how a magnetic fisldreated around a conductor, it is
Faraday'’s law of induction that describes how tais be used to create a voltage across

0P, , where
ot

the terminals of a second coil. Faraday’s lawntegral form isIE e = -
S

E is the electric fieldd is a differential element, an#® e is the partial time derivative
ot

of the magnetic flux with respect to time. The a@ge sign in front of the flux derivative
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indicates that the electric field created by the thiways reacts in opposition to the

magnetic flux. The magnetic flux is a measurehefmagnetic induction from a given

surface and is defined @s, = IB [dS. Thisis an important equation because it

demonstrates that the electric field of the recgj\aoil is dependent on the magnetic
flux, which relies on the dot product of the veajoiantities of the surface area and
magnetic flux density. As a result, coil oriendatihas a major impact on the induced
electric field especially when the coupling fadg®small due to a large separation
distance between the two coils. This becomes mgparent when the integral is
performed based on a round coil of wire, becausssiilts in a flux ob , = 477 >Bcosa ,
wherea is the angle between the wire and the point vathal separation, x. It now
appears obvious that the flux is at a maximum whenzero and that the strength

decreases if the angle changes, even when the destence remains unchanged.

IE ¢ describes the electromotive force (EMHBJ, which in this case is essentially a
S

voltage source created as a result of mutual imeheet Using a solenoid coil of wire as

described earlier and applying the equation forme#ig induction leads to an EMF

of e = —47r2N %Bcosg. A properly tuned inductive pair will perform sthntially better
t

than an untuned pair. This can be seen when thl@yftactor of the signal, Q, becomes

a parameter for the EMF leadinggte 477 QN %Bcosa. Once again, the negative sign
t

indicates that the EMF is created to oppose thielB.f This equation demonstrates that

not only is the voltage delivered to the receivepehdant on the antenna radius,

orientation and available B field, but it is aldcedtly proportional to the number of turns
in the coil and the Q factor created due to resbnamng.
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C.3 Gauss’s Law Applied to Magnetic Inductive Commu  nication

Ampere’s law and Faraday’s law describe the prooésseating a magnetic field with a
transmitting coil and using that field to inducedatage on a receiving coil. Gauss’s law
for magnetism helps to more completely describerthgnetic field. In integral form,

Gauss’s law for magnetism appears{ BSdA = 0 and basically states that the net
S

magnetic flux from a surface is always zero. Thignportant because it demonstrates
that magnetism cannot exist with a single polei®only possible with dipoles. It also
helps to visualize magnetic flux lines from a dgbly demonstrating that the magnetic
field is a closed system and that all the energitedhfrom one pole must eventually
converge at another pole. However, this equatimulsl not be confused with the
magnetic flux that appears in the equation for &aya law since the flux shown in
Faraday'’s law is obviously not always zero. Thei$ds law equation relates to the net
flux created by the transmitting coil, and the feyuation which appears in Faraday’'s
law is a subset of the net flux that intersecthhie surface area of the receiving coil.

D. Inductive Antennae Theory

One of the most crucial elements of an inductink Is the antennae. Since it is not
viable for an ingestible pill component to be viasge, antenna design becomes
complicated by the fact that longer transmissiatatice correlates to increased radius.
However, there are still a few variables which baradjusted to maximize the B-field
which include: permeability of core dunumber of turns (N), quality factor (Q), and the
current through the transmit inductor (I). In &ai to increasing the B-field, the
variables related to the physical constructiorhefantennaeand N, increase the

inductance value of the antennae, L.

Permeability describes the degree to which a gmaterial reacts to an applied magnetic
field. While permeability is dependent on the miatethere are a number of factors that
can affect its value. These can include signgUemcy, temperature, and objects in
contact or near the material; the most importarthe$e is the frequency. As a result,

when choosing a material to use as an inductive, ¢ois essential to make sure its
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permeability remains high at the frequency of opena Some of the most common
materials commonly operating as inductive corefemremagnetic in nature.
Ferromagnetic materials come in a wide varietyypés from a number of manufacturers

and one such manufacturer is the company FairfRaducts Corp [53].

The number of turns of the antennae refers to timeber of times wire is wrapped
around a core. When referring to wrapping wireuacba core it is typically understood
that this means a complete revolution around the with no separation between the
wire and the core as well as the previous and fadixevolution of wire. This is the rule
of thumb because any introduction of separaticing¢eibetween turns or from the
distance of the core) leads to deviations fromctdeulated L value to the actual L value
of the constructed inductor. Turns can be wrapped single layer or multiple layers of
coil. In order to avoid limiting the B-field whemplementing a multilayer inductor
design, the turns of each layer must all go insdm@e direction (so each layer must begin
at the same point) in order to maintain a singteeR} rather than multiple, opposing B-
fields that negate each other. Single layer ¢l the advantage of being easier to
calculate exact value of inductance; however, gelaumber of turns may require an
antenna whose length is not feasible for intertedgment. The use of multiple layers
can lead to difficulties in estimating the actualue of inductance (or turns needed to
create a specific L value) due to interactions leetwlayers and differing radii of each
layer due to the thickness of the underlying cgihgckness of the wire multiplied by
each layer of winding). However, multiple layersyide an antenna with a fixed length

while simultaneously increasing the total radiushef antenna.

The Q-factor is a variable that relates to the aigpuality at the antennae operation
frequency. This variable comes into play as alteguhe antennae being composed of
not only an inductor, but also a capacitor. Antnoperate more efficiently when the
inductor and capacitor values are tuned to theecoresonant frequency. Resonant
frequency is essentially the frequency at whiclistesn (in this case an antenna,
although resonance applies to many applications) dexillates. As a result, when a

voltage signal is applied to an antenna at resadhe largest possible voltage is

38



induced across then antenna, thus leading to thedapossible radiated B-field
(conversely, a wireless signal at the resonanufaqy of an antenna is more efficiently
perceived). The principle works very much likerager who can break a glass simply
using their voice. While singing loudly helpsisitnhot necessarily the volume that causes
the glass to shatter, but the frequency of the soitg. This is because the glass will tend
to vibrated better at its resonant frequency awmibife correctly, this vibration becomes
efficient enough to compromise the structure ofglass and cause it to shatter.
Resonant frequency, fs key component of antennae communication andhextimum

efficiency, a transmit antenna and a receive astenust both be properly tuned to this
1
frequency which is defined mathematicallyfgsss ———_. This equation shows that
aueney Y8 omlic

resonance becomes constant for fixed values otiadue and capacitance, so resonance
can only be manipulated by changing one of theeegan an antenna. This formula
holds true whether the inductor and capacitor migarallel or series arrangement and,
depending on the application, the L or C componeatsbe made from variable

components (such as trimpots or trimcaps).

Typically in inductive communications, a custom mgafixed value inductor is used
alongside a variable tuning capacitor (trimcap)thed the capacitor can be adjusted to
achieve a maximum Q. Inductive communications s ®f at least two antennae, one
to transmit and one to receive, but since the r@sovalue is independent of the L/C
arrangement, different arrangements are used fiereint antennae functions. Since the
purpose of the transmit antenna is to create gse laira radiating B-field as possible, the
inductor and capacitor are best arranged as asggaig such that the current through the
inductor is maximized. The receiving antenna,landther hand, seeks to convert as
much of the B-field as possible to a voltage desgpsuch, the inductor and capacitor are
best arranged in parallel, so no unintentionalagdtdivision occurs. While it is the
circuitry connected to the antennae that contm@litiput current to the transmit inductor
and the detection of signals across the receividgator, the proper L/C configuration

can ensure that the B-field and detection rangeaisimized for a given signal.
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Finally, the induction value, L, is largely respiois for the creation of the B-field and

this value is determined by the physical make ufhefantennae. Generalized formulas

define the L value of a cylindrical coil of wire as. KUN *A where A is the cross-
|

sectional area of the coil (in%nl is the length of the coil (in m), and K is the listance
modifier also known as the Nagaoka coefficiente iductance modifier is simply a
variable that accounts for the difference betwéendéngth of the winding and the length
of the core, such that K = 1 when the two lengties@entical. However, when using
ferrite cores, the core’s manufacturer may prowaadeore precise modified version of the
formula specific to the core material. In the cakthe core used for this application
(Fair-Rite Antenna RFID Rod 3078990911), Fair-Rises the same general formula.
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CHAPTER 5. INDUCTIVE LINK — BACKGROUND AND DESIGN

A. Overview and Background

This chapter details a few design iterations oblaecent magnetic induction wireless
communication link developed for this cattle monitg effort. The chapter starts with
the original proof-of-concept design used to deteenif this type of link would be
feasible for use with an ingestible pill. The tgwals of these early studies were (1) to
determine the effects of submersion in a biolognatium on the transmitted signal
characteristics and (2) to assess whether apptesal®less transmission distances
could be achieved with this technology. When ttaopof concept unit yielded
promising results, the design was used as a referencreate two designs operating at
different frequencies. The first design operatethe high frequency radio band at 3
MHz: the low end of the frequency spectrum forrsfiave radio. The second design
operated in the low frequency radio band at 125: kbkiband allotted to ham radio.

The use of the 125 kHz transmission frequency isworthy because it is a standard
operating frequency for low frequency radio-freguyerdentification (LF RFID) systems
[54]. LF RFID is an emerging technique to trackl amstinguish products, people, and
livestock. Traditional LF RFID applications incleiavireless asset tracking (e.g., as a
supplement to bar code systems) and security (Bgital keys for building/room access
or computer authentication), but in recent yeagstéithnology has gained popularity as a
means to track livestock (e.g., subdermal implaaus) manage hospital patients (e.g.,
RFID wristbands). While LF RFID has proven suctddsr these earlier applications,
none of these products are designed for deep adtptacement or to deliver large data
payloads. Instead, they typically rely on an exaélynplaced or moderately subsurface
transponder broadcasting to an RFID reader, winer@ayload may be a 12-byte unique
identification number accompanied by a few conitd [55].

While LF RFID systems can help to provide a congalptoundation for the design of

this inductive link, including a basic architectun@odel and set of supporting standards,
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a 3 MHz design was also implemented with the thotlggt its higher carrier frequency
may lead to a greater modulated data rate buiditllv transmission through tissue. This
was driven by the desire to obtain a real-time apenal mode, where all physiological
data were transmitted from inside an animal. &t tontext, the communication link
cannot become a bottleneck for the transmissiatat# collected by the ingestible pill.
The remainder of this chapter will discuss the glesif the various components of these

prototypes, including their antenna, transmittad eeceiver designs.

B. Proof-of-Concept Prototype Design

Inductive communication technology appears to bepatible with ingestible devices
used for cattle health monitoring, but before digant time and resources were invested
in the idea, an initial proof-of-concept design wiaseloped by Patrick York to assess
whether a non-air transmission medium would caesendental signal attenuation. The

design was modeled after a design detailed in addiip technical manual [9].

B.1 Antenna Design

A rudimentary approach was taken to the initiaiglesf the proof-of-concept inductive
antennae. Plastic-insulated wires were wrappegnarempty paper towel rolls, creating
air core antennae. While this design was not itteamplantation, it allowed the team to
assess signal transmission through a (simulatetdical medium versus free space.

B.2 Transmitter Design

The basic transmitter design operated on a 3 V peace and was a simplified version
of an inductive communication link detailed in adwtichip application note [9]. It called
for a 375 kHz square wave to be created by exptpitie dual threshold hysteresis action
of a (SN74LS132) Schmidt trigger NAND gate [56]hi§ square wave was then inverted
and combined with the original signal to createauated data signal — a 20 kHz square
wave for testing purposes. Modulation was accoshplil by using a NAND gate to
combine the data signal and the carrier. Two steanodulated signals were created
(one for the original carrier and one for the irtgdrcarrier), with one going into one

input of a half-bridge transistor circuit and thteer going into the second input of the

half-bridge, in order to double the output voltagehe signal before reaching the final
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load of the transmitting antenna. The transmitdntenna consisted of an inductor
connected to the output of the half-bridge transisircuit, and a capacitor connected to

ground. Figure 3 shows the transmitter schemBagle Spice; Patrick York).
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Figure 3. Original prototype transmitter schematic.

B.3 Receiver Design

The proof-of-concept receiver design was more cemfilan the transmitter and
deviated significantly from the original Microchgesign. The Microchip design was
made with PIC microcontrollers, whereas the BMOG®igle was entirely analog

circuitry. The BMOO design received the signahirthe antenna, buffered it, and
amplified the signal with a cascaded transistorldimp Once the signal was amplified,
a half-wave rectifier was used in unison with anedope detector to extrapolate the data
signal (20 kHz square wave) and discard the carf@rally, a voltage comparator was
used to clean up the signal and scale it to prepkage levels. Figure 4 shows the

receiver schematic (Eagle Spice; Patrick York).
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Figure 4. Original prototype receiver design.

C. 3 MHz Prototype Design

Once the original concept was perceived as fegaaldecond prototype was designed to
address flaws in the original design and to in@deansmission data rates. The
operating carrier frequency was changed to 3 MHazis carrier could allow data
transmission speeds an order of magnitude grdaargrevious designs, helping to
prevent this link from becoming a bottleneck foe thverall system (although for
comparison purposes, the data rate was kept ati2@liring testing). While this change
alone would imply the need to redesign the anterthag were in urgent need of a
redesign in order to reduce their dimensions (lopiporating ferromagnetic cores) and
to increase the coupling factor of the pair (bytdretiuning the resonant frequency of each
antenna). Next, the transmitter design was adjusténcrease the strength of the
magnetic field around its antenna. Finally, theereer was completely redesigned to
accommodate the change in operational frequencsgase gain, and change the

demodulation technique. Figure 5 shows the scheruatthe entire system.
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C.1 Antenna Design

The original prototype used a pair of simple airecantennae; however, these antennae
(specifically the transmitter antenna) were muahléwge for an ingestible pill system.

In an effort to decrease the physical size of titersnae and increase their coupling
factor, ferromagnetic cores were introduced. F8MéHz application, Fair-Rite Products
Corporation manufactures open magnetic circuitraraeRFID rods made of a Nickel-
Zinc composite ferromagnetic material, 61 (iniparmeability of 125; suitable for 1 — 25
MHz applications) [57, 58]. The specific rod choses a core (part number 3061990911)
[59] was selected because it had the largest radiaidable, 8 mm, while still small
enough to fit in a prototype bolus pill. Howeveis material was very brittle, and
attempts to reduce the original length of 45 mnmgisi Dremel tool were unsuccessful
because it chipped very easily under the strepswer tools. As a result, a thin, fine
tooth handsaw was needed to make length adjustritetite core material. Using this
core material and number-of-turn equations proviofethe manufacturer, a pair of 3.7
mH inductors were fashioned by wrapping 385 tuff@80AWG (American Wire

Gauge) magnetic wire in a single layer. Each italuwas then paired with a 28 pF
capacitor in parallel with a 1 — 5 pF tuning caparcivhose value was adjusted until

maximum coupling was achieved at a resonant freggueh3 MHz.

C.2 Transmitter Design

The basic design of the 3 MHz transmitter, showRigure 6, remained similar to the
prototype device, although a number of small chawgere made. Figure 7 shows the

functional block diagram for the transmitter.
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Figure 7. 3 MHz transmitter block diagram.

The biggest design change is that the originalopype operated at 3 V, but later designs
have incorporated a 6 V power source. This withala larger voltage potential to be
created across the transmitter antenna and irdtivra a larger current through the
antenna. This design change also means that CO&glimentary Metal Oxide
Silicone), rather than TTL (Transistor-Transistagic), digital circuit components can
be used in the design. There are a number of salyas of using CMOS rather than TTL
components. First, CMOS at 6 V has a wider rariggerating voltages (a larger supply

noise margin). This allows a longer lifespan forirgestible pill since a wider operating
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voltage will allow a battery to be discharged mfuiéy before a minimum usable
threshold is reached. For example, a typical 3T¥ €hip (i.e., 74LS132N Schmidt
trigger NAND gate) can effectively operate withupply of 2.7 — 3.3 V (a supply noise
margin of 300mV), while a typical CMOS chip (i.eMC555 CMOS timer) designed for
5V can operate effectively with a supply of 3.52V (a supply noise margin of 1.5V,
although the upper limit is increased significantiyh CMOS logic). Second, CMOS
devices use less power than their TTL equivalentesTTL devices continue to
dissipate power in their zero state, while CMOSickv consume almost no power while
in a zero state. CMOS devices also tend to belsnthhn their TTL counterparts
because TTL requires a greater number of transisbaaccomplish the same task as the
FETS used in CMOS devices [60]. Finally, CMOS desitend to be cheaper primarily
because they are in wider production.

Next, the carrier wave originally generated usir§camidt Trigger NAND gate was
instead supplied with an LMC555 timer circuit. Weétthe timer circuit requires more
secondary passive components (additional resiatatsapacitors to tune the circuit), it
generates a more consistent and reliable square widlv less noticeable rise and fall

times associated with the dual threshold hystesegien of the Schmidt trigger.

Finally, the prototype’s half bridge was replacethva full H-bridge. The
implementation of this full H-bridge allows an evanger voltage drop, relative to a half
bridge, to be applied across a load, which allowyseater current to pass through the

inductive antenna, increasing the transmissioradcs.

C.3 Receiver Design

The receiver design for the 3 MHz prototype wasmalete redesign of the proof of
concept. Figure 8 shows the receiver schematidewigure 9 shows the block diagram

of the receiver design.
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While the first three stages are similar to theopiaf-concept design, they are
implemented in different ways. The change to thterzna design has been already been
discussed in this chapter. The next change wesntove the operational amplifier

buffer and replace it with a triac. This was nektecause the input impedance of the
antenna became much larger (the frequency and tawlce values were changed by an
order of magnitude), such that a typical operatianaplifier was no longer suitable to
interface directly with the antenna. Without arigtional amplifier in place to protect
the transistors from the very large voltage sptkas can occur (especially when the
transmitter is in very close proximity to the reas, the triac (two anti-aligned diodes)
was chosen to isolate the antenna from direct comtigh the other electronics. The triac
is positioned between the antenna and a trandstsed, cascoding preamplifier. While
this preamplifier does add gain of its own, thenany purpose of the preamplifier is to
convert a high impedance input (from the antenoa) lower impedance output suitable
for a match with an operational amplifier (or a tratage operational amplifier array)
that can add much higher gain amplification comgpaoethe preamplifier. While the
original proof of concept used a cascading ampldgits primary gain source, the
cascoding design was chosen because it requires temmponents and consumes half as

much power since the transistors are in seriegralian parallel.

The implementation of the final step to reconstthetoriginal data is significantly
different from the early design. Originally, theopf-of-concept design used a diode
based rectifier and envelope detector to converii, amplitude modulated signal to
the DC data signal. However, the diode-based krgtfication and demodulation were
abandoned in lieu of a voltage comparator (for B&ification) paired with a one-shot
trigger (for demodulation, based on LMC555’s onetshode). The primary reason for
this decision was that a diode, in order to formedifier, must be paired with a capacitor
and resistor, which creates a non-trivial turn-od turn-off time associated with the
rectifier RC time constant, This creates two separate time constants: anéédo
rectifier, t;, and one for the antenng,(due to the antenna’s capacitor and magnetic wire
with a non-zero resistance) which introduce unresrgdag time and distort the

reconstructed signal in comparison to the origgighal.
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DC rectification was completed by the diode, sgpple would occur during the high
state of the reconstructed data. This ripple nestsfitself because each time the
modulated signal changes from a high to low s&tischarge happens until the
modulated signal goes back high. This means petial care had to be taken when
choosing capacitor/resistor values to ensure thatmm discharge occurred between
the high states of the modulated signal (at 3 Mihjle ensuring that the rectifier could
be discharged in a timely manner with respect éar#itonstructed data (at 20 kHz). For
the rectifier to function on the 20 kHz data sigrs@me ripple would be present, which
was removed via a voltage comparator to achieveeaDC rectification and also convert

the signal to proper voltage levels.

The new design took a more modular approach toettdication and demodulation
processes, rather than having additional lag tigtevéen signal transitions and using a
voltage comparator to clean up the signal creayettid diode and envelope detector.
First, DC rectification was accomplished with anABBO0 [61] connected to an LM311
high speed voltage comparator to convert the AGyliamdle modulated signal to a DC,
amplitude modulated signal with a zero state atiigdoand a high state at Vcc. Then,
demodulation was accomplished using an LMC555 tiasest one-shot trigger to extract
the 20 kHz envelope from the modulated 3 MHz sigfidle one-shot trigger in this
design is a pulse based timing device with a simglat and output that waits to turn on
until a state transition is detected on the inptityhich point its output turns on for a set
period of time regardless of the input state. Thésans that the one-shot trigger will
remain low until it encounters the first leg ofiglnstate from the AM signal, at which
point the one-shot trigger turns on for a perio®®is (1/20000 Hz) before returning to
its low state. At this point, the data have bemgonstructed to be an approximate match
to the signal that was transmitted and can be gaot@ pin to connect to whatever
electronics interface is available (whether it e ¢urrent BMOO prototype, a future

mote based system, or a link tester).
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C.4 Results

The initial design required some revisions. WHenttansmitter and receiver shared a
common ground or power line, the results seemechrmare encouraging in simulation
than in reality. Obviously, if the transmittercegver, and oscilloscope were powered
from the same power supply, they would share duthgtound and power lines. In this
case, if the receiver output was tracked with thallmscope, the probe’s ground line
would hold some crosstalk from the transmitter rdixgth the actual signal from the
receiver, making the signal detected by the receppear overly large. Less obviously,
if the transmitter, receiver, and oscilloscope waneseparate power supplies, but the
supplies shared a common ground (such as a busdyngund line), this phenomenon
would still be observed. Initial testing was davieh HP plug-in power supplies in a
laboratory environment where all the power in themn shares a common ground. That
being the case, this phenomenon was not obsentédhenprototype link was run on
battery power (where the transmitter, receiver @salloscope had completely
independent ground and power lines). The initimatusion was that running off of AA
batteries might pose a problem (i.e., AA battenes/ be unable to provide enough
current for the transmitter). However, after fertinvestigation, the battery type did not
seem to be the problem, since it was observedthaconnected probe would still show
an inkling of the transmitted signal when the traiter was run from a power supply in
the same room (but not when the transmitter wasatiery power). As a result, many
layers of decoupling capacitors were added to thwtransmitter and receiver, not just
between an individual component’s power and grobatialso anywhere a signal was
output from one component to another. Also, sthegransmitter requires few
components, a double layer prototyping board was usith the bottom half acting as a
ground plane and the top half being used to surfament the components. While a
similar approach was not feasible for the prototsgmeiver (since there are many more
components and line paths), future revisions usimgller PCB designs should
incorporate this idea for both the transmitter eswkiver. Figure 10 - Figure 12 show
some example signals acquired with an Agilent tmstbpe with both the transmitter and
receiver on battery power at a separation distahd@ inches with the transmitter

submerged in a saline solution.
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Figure 10. 3 MHz transmitter antenna output.
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Figure 12. 3 MHz receiver amplified data stream.
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D. 125 kHz Prototype Design

The 3 MHz design was an improvement relative toattiginal proof of concept, but

more room for improvement remained. The operalsiadce was increased nearly
tenfold to ten to fifteen inches, while the physidianensions of the antennae were
reduced greatly, but this distance was still inadeg to reliably transmit from the
stomach to, e.g., the neck of a full-grown steelistance that may be up to three feet.
Additionally, 3 MHz is not a standard operatingguency for commercial devices in this
field. In an effort to appeal to a standard conuiafrequency for this type of
application [54, 55] and further increase transiaissange, a new design was needed to
operate at 125 kHz. Figure 13 shows the scheroftie entire system design including
the transmitter, the receiver, and their antenfidese schematics are also available in

Appendix B along with board layouts and parts lists

D.1 Antennae Design

The design approach was similar to the approacth iesgehe 3 MHz prototype.
However, a different core material was needed &raip at the new frequency. An open
magnetic circuit antenna RFID rod was again chdsen Fair-Rite Products Corp. This
time the material was a Manganese-Zinc compositerfeagnetic material, 78 (initial
permeability of 2300; suitable for up to 200 kH&2]. This material proved less brittle
and provided a larger permeability than the Nickiele material. The largest diameter
rod was chosen (part number 3078990911), andithesthe length was successfully
shortened to 25 mm by cutting the rod with a Dretoel. However, since the carrier
frequency was now an order of magnitude smallechiarger L and C values were
needed (5 mH and 324 pF, respectively). This méetinductor construction was
achieved by means of a multiple wire-turn layetslarger L value with multiple layers
added difficulty in calculating the exact numbettwins and layers needed, and it
introduced complex interactions between the wiyela. However, this configuration
had the benefit of increasing the radius of themmae for each layer used. In the end,
each inductor was wound with approximately 700l tintans in 7 layers with about 100
turns per layer. A larger C value also added sdiffieulty because a small tuning

capacitor was no longer adequate to cover the rahgessible values. Instead, each
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inductor was connected to an HP 4342A Q-metemit tihe exact capacitance needed to

achieve the desired resonant frequency of 125 kHz.

D.2 Transmitter Design

Figure 14 shows the schematic for the inductivedmatter operating at 125 kHz. The
transmitter design remained largely unchanged ftwprevious prototype. The only
difference regards the capacitor and resistor gatoanected to the LMC555 timer to
achieve the new carrier frequency. In fact, thecesame transmitter was repurposed for

the new prototype, with new components solderqaane of the previous values.
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Figure 14. 125 kHz transmitter schematic.

D.3 Receiver Design

Figure 15 shows the schematic for the 125 kHz itideiceceiver, which required
relatively more redesign than the 125 kHz transmitFirst, with this design, the
impedance of the antenna was significantly redsceth that a preamp was no longer
necessary, so the antenna could interface diredthyan operational amplifier circuit.
That being the case, two stages of amplificatiorevused: one that replaced the

preamplifier and a second stage of additional gain.
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D.4 Results

This final design iteration was the best performimgpuctive link to date. Figure 16
shows the signal at various circuit positions, eh&e transmitter-to-receiver antenna
distance was about 20 inches and the transmitteiswlamerged in a bucket of saline
solution approximating tissue. The top two tra@essthe original binary data (DATA)
created by an auxiliary LMC555 timer and the mothdadata (MOD) resulting from the
inverted NAND of the 20 kHz data with a 125 kHzrearwave. The lower two traces

are the signals across the transmitting antennd &4 the receiving antenna (RX).
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Figure 16. 125kHz Inductive link data traces.

E. Future Improvements

Inductive communication through the body of a coaswwroven feasible with minimal
signal attenuation occurring compared to freeramgmission. While an ideal
transmission range was not achieved for ear tageg\vbelt-mounted systems are
feasible. However, in addition to pushing the tgrof transmission range as far as
possible, there is still much to be done to hav&laal inductive communication link

fully integrated in the BMOO system.

The current prototype is a hand-soldered devick baia through-hole protoboard. This
means that the electronics are much larger thagssacy, so a transition to a printed
circuit board (PCB) is the next natural step. Heerethis step would best be
accomplished in unison with the PCB design of thieid since these components need to
be interfaced together in such a way that theiyp fé pill form factor. An ideal situation
would be to create this on a single PCB, altholgly tould be made as separate

modules as long as proper considerations were taken
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Next, integration work is needed to merge the itisadink with the sensor electronics
in order to transfer these data from the intereaksrs to the external BMOO unit. The
current bolus prototype streams data directly data acquisition card on a laptop
computer. A connection needs to be establishaddes the bolus and inductive link,
preferably with a temporary means of storage incse of an inductive link failure.
Also, before the data are passed to the indudtikefdr transmission to the outside
world, some sort of packet structure (and mearmnodpsulation/decapsulation) needs to
be developed. This packet structure can eithelelieed from the existing BMOO
packet structure [3, 4] or from the standards & kHz LF RFID communication [55],
but it needs to include at least a timestamp, wnidantification number, and checksum.
Currently, the prototype has been tested with renarly data (typically square waves),
but real data will need to be encoded for transomissAn ideal coding scheme would be
one that that incorporates error detection andection. However, the current version of
the inductive link can only provide one-way comnaation (from the internal

transmitter to the external receiver). Two-way awmication is preferred because it
allows more robust error handling. With one-waynocaounication, when the receiver
obtains new data, there is no way to signal thestratter that reception was successful.
This means that if an error is detected, a softwgerithm would need to correct the
data rather than request retransmission. A two-weg@ymunication scheme would mean
an improvement to the current inductive prototypéis would require combining the
transmitter and receiver into a single transcevién two separate transmission lines (Rx
and Tx). An inductive transceiver would likely e two separate antennae operating
at different frequencies whose signal and signahbaics do not overlap (to avoid

collisions and crosstalk)

The current prototype is also highly direction@ne way to resolve the directionality
issue would be to make a transmission module thaithree antennae arranged
perpendicularly (and orthogonally) on each axithoée-dimensional space.
Unfortunately, this would require separate drivalgctronics for each antenna, resulting

in triple the board space and power requirementgpened to the current inductive link.
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If this idea were combined with implementing a segiver, this would mean each
transceiver would require four antennae (thredriorsmission and one for reception)

and two frequencies (one for Rx and one for Tx).

Finally, if all of these improvements were madetdry life would become a more
pressing issue than it is now. A possible solutimuld be wireless power transmission
from the external (more accessible) device toniernal device. There are solutions that
exist to provide both data and power over a sitigke[37, 42]. This would be a

desirable solution in itself because it would allawensor pill to have an indefinite
lifespan. The cost of implementing a monitoringide such as this could be more
justifiable to a livestock rancher if a single semgill could be active for the entire

lifetime of an animal without the need to changtdrges.
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CHAPTER 6: CONCLUSIONS

A physiological sensor network designed to contuslp monitor cattle health would be
enormously beneficial to both the livestock indystnd the general public. Meat
quality, production cost, and safety are of utnoastcern and depend heavily on the
well-being of individual animals. Overall herd htbas also dependent on the ability to
segregate sick animals from the herd once an glieedetected. The ability to identify
illness onset traditionally relies on visual inspp@e and on-site veterinary visits, but this
identification and segregation process could besditpd by outfitting individual animals

with near real-time tracking and monitoring systems

BMOO project collaborators have identified a numbkedata metrics that can provide
insight into animal well-being: core temperatureart rate, respiration rate, rumen pH,
activity, animal location, and ambient temperatwedidity, to name a few. The team
has demonstrated the ability to acquire and st@eynof these data metrics through the
use of an array of sensors coupled with an aggesjatage system. Some of these
sensors can be practically worn on the outsida@finimals (e.g., accelerometers,
ambient sensors, and GPS locators), but the teargdreerally concluded that vital
information is best acquired from sensors insigeahimal if possible. Internal sensors
facilitate a protected and consistent sensing enuient but also create design
challenges in terms of wireless data transmissiom the inside of an animal to an
outside receiver. In the mean time, progress bas made to develop novel multi-
dimensional sensor pills that rely on wired tecloggland the availability of fistulated

animals that offer rumen and reticulum access.

While wireless communication is a necessity, cotieeal radio-frequency
communication technology is ill-suited for use wirtternally placed sensors in large
animals because the interaction of propagating svawth water based tissue leads to
extreme signal attenuation, resulting in data IoBserefore, a suitable alternative
wireless technology, near-field inductive commutiara has been investigated and

found to be less prone to signal decay in tisfAeinductive communication link creates
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a quasi-static magnetic field of controlled, dyneatly modulated data signals. In
addition, near-field communication devices consless power and require less physical
space than typical radio communication devices,ingathem ideal for internally placed

Sensors.

The research summarized in this thesis has denadedtihe viability of near-field
communication for this domain but has also dematestr shortcomings of the
technology. While signal attenuation through ddgaal medium is not as drastic as
with radio waves, inductive antennae are highlgctional. This poses problems for
coherent communications when the transmitting aretes inaccessible, such as with
internal sensors that reside in a swallowable filis implies a need for three-
dimensional antennae that may take up more spatesgnire more power. Further, a
useful inductive communication link may require tway communication so that errors
can be identified and the associated data cantizmsenitted. This would come at the
cost of antenna complexity, power draw, and spHdoeation. Such extra cost does not
counteract the benefits of using near-field comroation instead of radio
communication, but it is not ideal for use in as®amill that already has space

constraints driven by the presence of multiple sesstorage, and battery power.

Finally, near-field designs are sensitive to misource noise. Accurately prototyping
near-field communication devices on socket (so&ds) breadboards proved nearly
impossible due to the effects of the additionalacitance and signal paths on the
intended signals. Even soldered protoboards regugreat deal of decoupling and
attention to trace lines, ground paths, and sottess to avoid the introduction of
disruptive noise. Ideally, future versions will ineplemented directly on machine-made
PCB boards with smaller components and trace raatesduce noise and improve

throughput and transmission distance.
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APPENDIX A : BMOO UNIT SCHEMATICS
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Figure 17. BMOO unit schematics page 1 — microconttlers.
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Figure 19. BMOO unit schematics page 3 — power antdhta connections.
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Figure 21. BMOO unit schematics page 5 — sensor aml@ta input.
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Parts List

Component

Tern FlashCore-B Microcontroller
PIC18LF2620 Microcontroller
3.3V TO-92 LDO regulator LT1121CZ-3.3
Maxim 3223ECWP RS232 line driver
Samtec 2x4 0.05" ribbon cable
Trimble Lassen SQ

Trimble embedded antenna
Trimble magnetic antenna
Trimble antenna impedance matching cable
ADXL311 accelerometers

SHT11 Temperature and Humidity Sensor
Dual LED 7-segment display
74LVT125DR Quad Bus Buffer
PIC12F683 CMOS Buffer
Z\VP2106A PFET

74LS32N

74LS08N

74L.S151 multiplexer

Coin cell battery holder

Lithium coin cell battery

6V lead-acid battery

Inline fuse, 2A slow-blow

0.1uF monolithic capacitors
2.2uF solid tantalum capacitors
3.3uF tantalum capacitor

4700uF 10V electrolytic capacitor
100uF 16V electrolytic capacitor
110 ohm resistor

150 ohm resistor

100 k ohm resistor

120 k ohm resistor

Transistor sockets

14-pin solder-tab IC sockets
2x10-pin female header

2"x3" solder-pad perfboard
2x10-pin male header

20-pin wire-wrap IC sockets
32-pin wide wire-wrap IC socket
20-pin wire-wrap IC sockets
14-pin wire-wrap IC sockets
2x10-pin male header

2x8-pin male header

Plastic 4-40 washers

4-40 nuts

4-40 washers

2x5-pin male headers

2x4-pin male header

30-pin female socket

4-pin female socket

Breakaway header, 100mils

PS/2 cable
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APPENDIX B : 125 KHz INDUCTIVE LINK SCHEMATICS
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Figure 22. 125 kHz inductive transmitter schematics

73



l| Dll:h!!nﬁx.l'.-‘! . 244X, 1494/.434
A rF

DIP.1aO714 /4.8

Figure 23. 125 kHz inductive transmitter protoboardlayout.
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Parts List

Component Quantity
74L.S132 Quad 2-Input Schmidt NAND Gate
LMC555 CMOS Timer

Z\VP2106 (or equivalent) P-Channel MOSFET
2N7000(or equivalent) N-Channel MOSFET
Custom Wrapped 5mH Inductor

324pF ceramic capacitor

1-5pF trimcap capacitor

0.01 uF electrolytic capacitor (decoupling)
0.1 uF tantalum capacitor (decoupling)

0.1 uF mica capacitor (decoupling)

350 pF ceramic capacitor

Rectifier Diode

200 Ohm ceramic resistor

1 k Ohm ceramic resistor

16 k Ohm ceramic resistor

200 k Ohm ceramic resistor

600 k Ohm ceramic resistor

324pF ceramic capacitor

AA battery (1.5v)

Quad-AA battery connector with 4 pin output
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Figure 24. 125 kHz inductive receiver schematics.
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Parts List

Component

OPA830 Dual Operational Amplifier
LM311 Voltage Comparator

LMC555 CMOS Timer

Custom Wrapped 5mH Inductor
324pF ceramic capacitor

1-5pF trimcap capacitor

0.01 uF electrolytic capacitor (decoupling)
0.1 uF tantalum capacitor (decoupling)
0.1 uF mica capacitor (decoupling)
350 pF ceramic capacitor

1.3 nF ceramic capacitor

10 nf ceramic capacitor

Rectifier Diode

100 Ohm ceramic resistor

200 Ohm ceramic resistor

1 k Ohm ceramic resistor

4 k Ohm ceramic resistor

8 k Ohm ceramic resistor

9.6 k Ohm ceramic resistor

100k Ohm ceramic resistor

120k Ohm ceramic resistor

190k Ohm ceramic resistor

AA battery (1.5v)

Quad-AA battery connector with 4 pin output
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