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Preface. 

 

The monitoring of fetal lambs in-vivo, has been previously carried out by using hard-

wires. This work presents an alternative method for monitoring, by use of radiofrequency 

biotelemetry, with which there are no hard wires. With biotelemetry, a more "natural" 

recording may take place from the fetus. Long term, natural monitoring of fetal 

development has not been possible in the past. 

The design and implementation of a system capable of providing continuous, isolated 

monitoring is presented. The problems associated with the development and subsequent use 

of this system will be presented, especially the problem of noise. 

Data acquisition and analysis methods are also introduced and developed to suit the 

large amounts of information produced by the biotelemetry system. 

Analysed data from two fetal animals are presented and the significance of the 

reduced information is discussed. 
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1. INTRODUCTION. 

1.1 Introduction. 

Biotelemetry, in common with other newer scientific words, derives its meaning from 

the Greek. There are three ancient Greek roots in this word, bio-tele-metry. 

βιοs means: life, course or way of living. 

τελε  means: far off. 

µετρια means: action or process of measuring. 

Combining these three gives a literal meaning of: "life distance measure", or more 

descriptively, "measuring life at a distance". 

Understanding biotelemetry in this context, means the first usage of biotelemetry 

were by Marey in 1874, when he recorded activity in birds; and Einthoven in 1901 and 1903, 

when he used a string galvanometer to measure electrocardiograms. Winters in 1921 can 

also be regarded amongst the pioneers when he used a ship to shore telephone to transmit a 

phonocardiogram of a man on board the ship. The concept of biotelemetry has thus 

been available for 100 years. 

1.2 Resume and Justification. 

To study the in-utero growth and development of fetal animals requires a fetal animal 

to be instrumented. That is, for electrodes and catheters to be placed in various sites of the 

fetal animal, such as in the aorta for measuring blood pressure; on the surface of the brain for 

ECoG; and inserted in the diaphragm for respiratory activity.  These catheters and electrode 

leads then have to be exteriorised with respect to the fetus, and then exteriorised with respect 

to the mother via an incision in the flank. A fully implantable biotelemetry system would be a 

considerable advantage in this experimental situation since, the system under study (mother 

and fetus) could return to a more "natural" existence. 

The realization of such a system for measuring respiratory activity from fetal sheep 

requires a thorough examination of previous attempts at implantable instrumentation, a 
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rigorous design and analysis, testing both on the bench (in-vitro) and with a more accessible, 

exteriorized system (new born lamb) for verification of operation (in-vivo). The transmitter 

can then be implanted in a fetal animal to obtain data on development of respiration and 

breathing patterns in utero. 

The biotelemetry system as such, with the potential for continuous monitoring, can 

produce enormous amounts of information, collecting data 24 hours a day for weeks at a time. 

The data acquisition and analysis systems must be able to handle a considerable amount of 

data and reduce it to levels where it may be interpreted by the research scientist. 

In this way, temporal changes in the patterns of fetal respiration can be studied in 

detail during the crucial period in the last third of gestation and in the period immediately 

prior to birth. Which has not been achieved yet. 

This project aims to: 

design and fully implement an implantable biotelemetry system capable of recording 

over a long period of time, diaphragmatic EMG from the fetal sheep. 

develop a method of data acquisition and analysis so that massive amounts of data 

can be made available by the biotelemetry from the "natural environment". 
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1.3 Outline of Thesis. 

Chapter 1 (this chapter) is a general introduction to the subject of biotelemetry; a 

justification of the research work to be done; and a preview as to how the rest of the thesis is 

structured. 

 

Chapter 2 is a literature review from the earliest uses of biotelemetry, following 

through varying branches and finally concentrating on fetal biotelemetry. 

 

Chapter 3 is a design study, concentrating on the functional blocks of the 

biotelemetry system and the theory behind the ideas. 

 

Chapter 4 is a bench test study which looks at the blocks designed and checks their 

function and looks at the overall system response. 

 

Chapter 5 is a biological' verification which looks at the studies undertaken to verify 

the operation of the system "in-vivo" and also presents the biological data obtained. 

 

Chapter 6 is devoted to the computing system looking at the software development 

and the usage of the system. 

 

Chapter 7 is the physiological application of the system looking at fetal respiratory 

patterns using the tools from the previous chapter and the data obtained from the system. 

 

Chapter 8 is the conclusion and this summarises the whole thesis and gives 

considerations for improvement of the biotelemetry system and evaluates the studies 

undertaken in retrospect. 
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2.  LITERATURE REVIEW 

The beginnings of biotelemetry have been mentioned, and we note that while it is 

quite commonly believed that biotelemetry had its beginning soon after the introduction of 

the transistor in 1954, it was in fact first used before the start of this century! 

2.1 Uses for Biotelemetry. 

Biotelemetry can be subdivided into two categories with respect to usage: The first 

being the measurement of position (tagging): the second being the measurement of vital 

functions. The second use is of a more complex nature, as it requires a transducer connection 

to the animal being monitored, whereas the tagging does not. It should also be noted that all 

usage of the second type inherently contains the potential for tagging also, for example Cupal, 

et al. (1976) monitored heart rate activity on big-game animals and tracked them using the 

transmitter as a tag also. 

2.1.1 Position Measurement. 

Michener, Waicott (1967), tagged homing pigeons to attempt to understand the 

system by which the pigeons "home". By attaching a harness to the birds and tracking their 

course in a light plane they were able to show that their ability to home relies on the pigeons 

being able to see the sun, and did not use landmarks in their flight until they were close to the 

loft. 

Bramley (1970), used tags on roe deer to investigate the reproductive and territorial 

behaviour as related to population regulation. Bramley found that by using a small receiver 

(and directional antenna) he could locate the tagged deer and then observe aggressive 

behaviour of the bucks during the mating season.  
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This behaviour tended to drive young bucks out of a territory, influencing the 

population size. 

Rideout (1974), tagged goats in the Rocky Mountains for the purpose of ascertaining 

home ranges, habitat usage, population size and daily activity patterns. The goats which were 

tagged had their positions fixed by using a triangulation technique employing two antennae. 

Activity was inferred by a signal of changing amplitude. 

2.1.1 Vital Function Measurement (a). 

Biopotentials are electrical potentials caused by body functioning as in the heart 

beating to give rise to an electrocardiogram (ECG), or muscle action potentials giving an 

electromyogram (EMG). There are many biopotentials produced in the living organism, 

varying in amplitude from nanovolts for evoked brainstem potentials through millivolts for 

the electrocardiogram and varying in information bandwidth (spectral content). 

Biotelemetry can be very simply applied to biopotential transmission as the 

requirements are generally only amplification of the signal, then transmission, perhaps with 

some signal preconditioning such as filtering. 

Parker, et al (1953), measured both the EEG and the ECG of mobile human subjects. 

Information was obtained from the subjects performing fire drill and climbing ladders in an 

endeavour to measure changes in response to exercise and anxiety. 

Letts, et al (1978), examined paraspinal EMG during sporting activity, with a view to 

giving clinical advice regarding sport to those people with lower back complaints. He also 

was interested in using biotelemetry as a tool to assess athletic performance in activities such 

as push-ups, tennis, baseball, golf, walking and simulated cross country skiing. 
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2.1.2 Vital Function Measurement (b). 

Other measurements of bodily function, such as temperature, and blood pressure, are 

made using a transducer, which converts the biological property of interest into an electrical 

form which may then be transmitted using the same concepts as the biopotential transmission. 

Brash, et al. (1976), used biotelemetry to monitor intra-arterial blood in humans over 

a period of months, to observe some of the possible external factors which affect blood 

pressure. 

Conway, et al. (1976), studied the partial pressure of oxygen in the blood of rabbits, 

using implanted oxygen electrodes, and a battery powered transmitter. Apart from proving the 

convenience of telemetry, this meant Conway was able to obtain continuous recordings 

without the risk of mains leakage current from the usual electrode system. 

2.2 Types of Biotelemetry 

The type of biotelemetry used in the literature has varied from hardwired to light and 

time storage types. The different carrier types will now be dealt with individually. 

2.2.1 Hard-wired Biotelemetry. 

In 1903 Einthoven transmitted ECG voltages via Leiden Telephone Systems wires 

from a house to his laboratory, a distance of about 2 kilometres to be reproduced on a string 

galvanometer. 

Marey, in 1874, published a treatise on locomotion, in which he looked in great detail 

at, the locomotion of terrestrial and aerial organisms. A great deal of thought was obviously 

put into some of his devices (or inventions) which were constructed to look at "measurements 

of life at a distance" (biotelemetry).  
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The most noted of these was a hard-wired system for analyzing the flight of birds, 

using an electrical switch at the wings and long wire, the bird was allowed to fly around 

within the recording room, and information was obtained on the rate of wing flapping using a 

smoked paper, drum recorder. 

2.2.2 Acoustic Biotelemetry 

For transmission in an environment where attenuation of ultrasonic frequencies is not 

great, an acoustic coupling between receiver and transmitter may be used. Baldwin (1965), 

used ultrasonic biotelemetry to record the electrocardiogram from a number of aquatic 

animals such as the harbor porpoise, the Pacific white-sided dolphin, the pilot whale, and the 

Greenland seal. To achieve this a 50 kHz frequency modulated ultrasonic carrier was chosen. 

Trefethen, et al (1957), used a pulsed ultrasonic biotelemetry system in such a way as 

to track fish movements from a "sonic tag" operating at 132 kHz. By using an array of 

directional transducers, they were able to record azimuth and elevation positions and by use 

of a separate echo-sounder, determine the range of free swimming salmon. 

Slater, et al. (1969), utilised an ultrasonic carrier for transmission of the 

electrocardiogram from scuba divers up to 70 metres below the surface of the ocean. During 

this deep dive the ECG waveform was clearly distinguishable. The electrodes had to be 

waterproofed to prevent short-circuiting and the ultrasonic carrier was 55 kHz. 
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2.3 Time Storage Biotelemetry. 

As life is still being measured at a distance, the distance here being a length of time, I 

have considered memory biotelemetry to be a valid subsection of biotelemetry. 

In 1976, to help in a study of long-term detection and recording of radionuclide 

tracers, Bosjen used a semiconductor memory storage system. The system was flexible 

enough to allow disintegration to be counted over different time periods. The count rate was 

calculated using digital processing techniques before storage to minimise storage 

requirements. (Bosjen speculated that if such a system was implemented with thick-film 

technology and the latest Cadmium Telluride detector, the size could be greatly reduced and 

be implanted. 

Pinosch, et al, in 1974, reviewed some techniques of data reduction, such that by 

coding the data, less memory would be required for accurate storage of the information; and 

as a natural progression, modified a technique selecting desirable features from different 

methods to produce a very efficient use of memory for their particular data. This method is 

known as reduced delta code modulation (RDCM), and was applied to the measurement of 

body activity in free ranging deer. 
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2.2.3 Light Energy Biotelemetry. 

The useable frequency range is confined mainly to the infra-red end of the band, to 

minimise interference from visible light, which varies throughout the day more so than does 

infra-red energy. The infra-red carrier may be modulated by the information, in much the 

same way as is done in a remote television channel selector. Kimmich (1982), published a 

review paper dealing with this form of biotelemetry. Experiments conducted earlier by 

himself showed that an unobstructed line of sight is not necessary for transmission as infra-

red light is reflected from most surfaces (except glass) in the laboratory. The infra-red signal 

may be used in an enclosed room. Kimmich speculated that infra red biotelemetry could come 

into common usage in hospitals where numerous advantages could be gained, such as 

simplification of equipment. 

2.2.4 Radiofrequency Energy Biotelemetry. 

The carrier type here is radiofrequency waves. Those from a few kHz through to 

hundreds of MHz are of practical interest in biotelemetry. 

In 1948, Fuller and Gordon had developed a device known as the "radio-

inductograph". The purpose of this device was to allow remote clinical measurements to be 

made of heart rate, respiratory rate, or ECG. This was achieved by transducing the pressure 

information and modulating a 300 kHz radio frequency carrier. 

Radio frequency energy transmission is the most common form of biotelemetry. This 

will be the only form of biotelemetry dealt with in the remainder of this review. 
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2.3 Implantable Biotelemetry. 

Fryer (1981), reviewed a large number of articles on the subject of 

implantable biotelemetry over the past twenty years. This area has benefited from the 

advances made in cardiac pacemaker technology, particularly with regard to the problems of 

sealing, power sources, and microelectronic techniques. 

Both single and multiple channel systems have been available for the measurement of 

temperature, blood pressure, ECG, EMG, and EEG. A feature of implantable instrumentation 

is that once positioned, there can be no adjustment, repair or replacement such as might be 

possible with standard (non-implantable) instrumentation. Trouble free operation must be 

achieved, sometimes over long periods, and for this reason energy sources have become more 

energy dense, and the power requirements have been reduced by using modern integrated 

technology to conserve power and space. 

Encapsulation techniques have been largely perfected and the findings indicate that a 

true hermetic seal is only available with ceramic, glass, and metals such as stainless steel and 

titanium. The facilities and equipment for achieving hermetic sealing of equipment is costly 

and multilayer plastic materials have been used successfully in smaller laboratories and 

provide adequate sealing for limited time periods when used in various combinations. 

2.3.1 Energy Sources. 

Fryer (1974), reviewed the energy sources for powering implanted biotelemetry 

systems. Basically the necessity is for an implanted cell to be hermetically sealed if moisture 

could affect its performance, or if the contents contained or products generated could affect 

biological tissue. Fryer divided the range into three areas: primary cells, secondary cells, and 

other sources. 
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2.3.1.1 Primary Cells 

Primary cells are those which only have one irreversible chemical reaction occurring 

within. Once they have been used they are discarded. Examples of primary cells are: Carbon-

zinc, magnese-dioxide-alkaline, Lithium iodide, Silver oxide, and Mercury are the common 

names for some different primary cells. 

Lillihei, et al (1974), described the use of Lithium Iodide ceils, implanted in dogs for 

pacemaker studies. The cells were hermetically scaled and had a capacity of 4.14 ampere-

hours, with a very low discharge during storage and hence a long shelf life. 

2.3.1.2 Secondary Cells. 

Secondary cells are those which have a reversible state. They are either in a charge 

cycle or a discharge cycle. They are re-usable and may be put through the charge-discharge 

cycle many times. Examples of secondary cells are Nickel Cadmium, some silver-oxide, and 

the lead-acid accumulator found in cars. 

Tyers et al. (1976), described a rechargeable, silver-modified mercuric oxide-zinc cell 

for implantable use. These cells had an amount of silver added to the mercuric oxide in the 

positive electrode which prevented formation of Hg globules by forming a silver amalgam 

and aided in recharging by increasing the ceil voltage when the Hg was converted to HgO. 

These cells were designed for implantable pacemaker use, and went through an accelerated 

testing program, with different recharging times giving enormous life times. 

2.3.1.4 Nuclear Cells. 

Basically a nuclear power source in the form of a battery is also an electron liberator 

in the same way a chemical ceil (eg, dry cell) is an electron liberator. 

Ko, Hynacek (1974) evaluated a commercial nuclear power source. 
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This was a Betacel battery manufactured by McDonnell Douglas Astronautics 

Company (USA). This cell uses the decay of promethium (isotope 147) which has 26.3 year 

half-life and is a beta emitter with 0.23 MeV radiation. The cell is rated at 50µW and 1.6 

Volts and is encapsulated and shielded. 

2.3.1.5 Biological Cells. 

Yao et al. (1979), subdivided biological cells into those cells which only need to 

acquire oxygen from the body (encapsulated fuel cell) and those cells which acquire both fuel 

and oxidant (bioautofuel cell). The remainder of this paper deals with different fuels 

contained in the fuel ceils and the amounts of energy which can be liberated, and the lifetime 

of such cells. The fuels consist of sorbitol, glycerol, or glucose with electrodes, cathodes of 

gold, silver or carbon with an anode of platinum. The fuel is encapsulated and implanted in a 

layer of silicone rubber through which oxygen can diffuse. A glycerol cell is rated at 50µW 

and 0.5 Volts and will last for five years. These cells are dielectric ally floating and may be 

connected in series to increase the voltage. 

Fontenier (1975), monitored the voltage of an implanted bioelectric cell which was a 

platinum-magnesium system also being of the encapsulated fuel ceil type. Fontenier used 

telemetry to follow the voltage charges in the bioelectric ceil, whilst it was implanted. 

2.3.1.6 Electromechanical Cells. 

Enger, Kennedy (1963) used the beating action of the heart (or more specifically the 

increase in circumference of the heart) to produce electricity. This was achieved by the piezo-

electric effect where the charge in length of some crystals generates a voltage. The crystal 

used was Lead zirconate titanate.  
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Strips of the crystal 0.2 x 38.1 x 3.175 mm were sutured to the heart of the dog and 

the leads exteriorized through the chest. An "unloaded" output appeared to give a biphasic 20 

V peak to peak output at 2uA (read from a high input impedance oscilloscope). However the 

electrical load must be of high impedance. The strips if made thinner (to increase internal 

impedance) become too brittle and need to be mounted onto strips of metal. The feasibility of 

a self powered pacemaking system was demonstrated. 

2.3.1.6 External Source. 

With an implantabie transmitter if the power is not to be self-contained then the 

power must be delivered externally. Methods which may achieve this are by "hard-wire", by 

inductive coupling of radio frequency energy, or if of the special type of biotelemetry unit 

described by Mackay (1970) (i), by pulsing a radio frequency carrier and receiving a delayed, 

modulated, retransmission of this carrier. 

Kadefors (1976), used closed loop analysis to design a controlled system of 

delivering power to an implanted biotelemetry unit. This was achieved with sideways parallel 

orientation of coils are external, the other subcutaneous. 

DeVel (1979), also used a controlled system to deliver power to an implanted 

biotelemetry device. Investigations were carried out with coaxially coupled coils, and 

rotational and translational coil disturbances could be adjusted for by the feedback in the 

system. 

Sherman et al, (1981), used a truncated cone arrangement of air-cored coils to assist 

in alignment. Using double series tuning of the input coil square waves could be fed in (and 

filtered by this arrangement) to provide a sinusoidal wave at the secondary coil. This system 

was designed to support a 40 Watt left ventricular pump. 
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Jeutter (1982), used inductively coupled coils to recharge secondary cells in an 

implantable transmitter. Jeutter's measurements showed an efficiency of 50% and the power 

amplifier could work into a mismatched coil circuit without damage. 

2.3.2 Encapsulation. 

Mackay (1970) (i), reviewed a large number of papers, whose authors had tried and 

tested various types of encapsulating material. His findings, in summary found that an epoxy 

base was good for mechanical stability and rigidity, but was extremely porous and tended to 

absorb water after it had cured. This was followed by a layer of wax, which is impervious to 

fluids found in the body (this could be a paraffin or beeswax compound), and finally followed 

by a layer of medical grade silicone rubber (which is a biocompatible substance), to reduce 

the effects of rejection of the implant, and to give a smooth coating on the exterior. 

Boretos (1973), described in tremendous detail a list (then exhaustive) of biomedical 

compounds, their properties: physical, chemical, electrical; their composition, synthesis and 

biological effects. 

Everett, Bailey (1980), used a different encapsulation technique than that described 

earlier by Mackay (1970) (i), as they used a polyurethane coating as a single layer 

encapsulant before implantation. 

2.3.3 Radio Frequency Properties of Biological Tisssue. 

Stuchly et al, (1971), described the in-vivo electromagnetic properties over a wide 

range of frequencies for a wide range of tissues. Included were the permittivity and 

conductivity of liver, spleen, kidney of cats. 
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In 1982, Stuchly et al, made a comparison of species measuring in cats, dogs and rats 

in-vivo, skeletal muscle, brain cortex, spleen, and liver. Essentially the data were similar. 

Foster, Schepps (1981), looked at the difference in dielectric properties between 

normal and tumor tissue. The difference appeared to be due to water content largely. 

Mechanisms for observed changes were proposed and simplifications for solving equations 

using this empirical data were presented. 

2.3.4 Biological Effects of Electromagnetic Radiation. 

Radio frequency energy has effects on biological tissue and Michaelson (1982), 

described some of the thermoregulatory effects when exposed to an RF field which caused 

heating. Effects which occur: heart rate increases and sinus arrhythmia becomes exaggerated. 

Corticosterone and Thyroxine levels increase with temperature. These occur if the thermal 

input to the body exceeds the thermal loss and heating occurs. The absorption of energy is 

dependant on frequency, polarization and maximum at 70 MHz (resonance). 

Schwan (1982) looked at hazard standards and set levels which would be below these 

effects, based on 40% of the Basal Metabolic Rate as a maximum thermal input, which would 

cause a core temperature rise of 1 Celsius degree. The effects appear different at different 

frequencies: Below 30 MHz absorbed power varies as the square of frequency: between 30-

300 MHz there is a resonance region; above 300 MHz absorbed power varies inversely with 

frequency but "hot-spots" (i.e. localized regions of high absorption occur); and above 3 GHz 

surface heating again occurs. The present recommended level is a flux less than 10 mW.cm-2. 
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2.3.5 Implantable Antennae. 

The choice of antenna for an implantable biotelemetry transmitter is an important 

point, as if this component degrades the signal too severely, it may not be possible to remedy 

the situation at the receiver. The amount of work devoted to the transmitting antenna in the 

literature, (both theoretical and practical), is disappointing. 

In the articles searched, only two were found which related to implantable 

biotelemetry. 

Ko, et al (1972), investigated the radiation from a small loop implanted in a 

dissipative homogeneous medium. Here a small current loop was used as a radiator and its 

properties modelled theoretically to solve power density as a function of radius, dielectric 

constant, frequency and position. Their models showed as biological body radius increases, 

the optimum frequency would decrease. Experimentally the results were verified and showed 

that with the loop in saline, the field strength depended on the orientation of the magnetic 

dipole with respect to the radial axis of the body. 

King (1978), assumed that the body is large enough to emit a plane wave, and 

therefore would act as an exponential attenuator with distance if transmitting through the 

tissue. If transmission is occurring from an embedded transmitter, the electromagnetic wave 

will travel to the boundary (assuming a plane wave) and be refracted into air or totally 

reflected depending on the angle of incidence.  
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Using the reciprocal theorem, King then stated that the current in an embedded load 

could be used to indicate the current needed to produce a known electric field at the skin. 

Insulated antennae were found to be more effective than bare metal antennae at high 

frequency and a skin depth of 1 centimetre. 

2.3.6 Modulation. 

The modulation type is the method by which the signal (biological information) is 

carried by the carrier wave. There are numerous modulation methods available which have 

been applied to biotelemetry. 

Frequency modulation is a commonly used where the frequency of the carrier wave is 

made to vary with the input signal. 

Amplitude modulation has been used in its simplest form by research scientists and 

means the amplitude of the carrier wave is made to vary with the input signal. 

Pulse modulations have also been used, where the incoming signal is sampled and 

alters the properties of a pulse train. The properties which may be altered are: the amplitude 

(Pulse Amplitude Modulation or PAM), the width (Pulse Width Modulation or PWM), and 

the position (Pulse Position Modulation or PPM). 

Complex modulations are also used where another carrier, (usually of audio 

frequency) is first modulated by the input signal and then this AF sub-carrier modulates the 

carrier. The reasons for using a sub-carrier system over a simple modulation scheme are as 

follows: multiplexing (that is the inclusion of more than one signal channel) can be achieved 

by using several different subcarriers; the modulation of a subcarrier is generally easier to 

achieve (because of the lower frequency) than a direct modulation of the carrier by the signal; 

and also the noise immunity is improved due to the "buffering" effect of the sub-carrier. 
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2.3.7 Implantable Biotelemetry Summary. 

Excluding implantable fetal biotelemetry, which will be looked at in the final section 

(2.4), the next page is a summary of the major ways implantable biotelemetry has been used. 

Starting in 1957 when a "radio-pill" was developed 30mm in length and 10mm in diameter, 

which was swallowed and followed the course through the gastrointestinal tract. Later 

developments came with the aerospace research at NASA, and these micro circuit techniques 

are still used by the larger laboratories with access to the expensive facilities of large scale 

integration of circuits to produce multichannel units of a very small size. 
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Name Year Parameters Species 

Farrar, et al. 1957 pressure human 

Djorup 1969 EMG Rabbit 

Sandier, et al 1969 pressure  

Fromm, Jeutter 1971 pressure, rabbit 

  temperature  

Nielsen, Wagner 1972 EMG rabbit 

Sandler, et al 1972 ECG, flow, chimpanzee 

  pressure  

Pauley, et al 1974 various monkey 

Fryer, et al 1975 Flow, ECG, dog 

  pressure  

Barbaro, Macellari 1979 pressure human 

Littledike, et al 1979 temperature Pig 

Ko, et al. 1981 pressure, dog 

  temperature  

 

 

Name Type  Cell Type Comments 

Farrar FM   radio "pill" 

Djorup FM 104 MHz Mercury  

Sandier PPM 88-108 MHz Mercury  

Fromm FM/FM 108 MHz   

Nielsen FM 100-108 MHz Silver/mercury  

Sandler    multichannel 

Pauley PAM/FM 100 MHz mercury multichannel 

Fryer PW 10, 88 MHz NiCd, RF rechargeable 

Barbaro AM, AM/FM 1050 kHz RF 100kHz   

Littledike    Pregnant sow 

Ko PPM 120 MHz Silver, mercury  

Table 2.1 
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2.3 Implantable Fetal Biotelemetry. 

There has been very little work done in this specific area and the literature is limited. 

Mackay (1970) (i), (ii), used a three channel transmitter which was implanted in fetal 

dogs in utero. The transmitted variables were three ECG signals making a composite 

vectorcardiogram signal. The signals were recorded and displayed before, during and after 

birth in an attempt to quantify the changes in position and shape of the heart. 

Weeks, et al (1981), used a repeater-type of biotelemetry system to monitor fetal 

heart rate in cattle. The repeater system involves the use of two transmitters and two 

receivers, one transmitter and receiver tuned to one frequency (f1) the other transmitter and 

receiver tuned to another (f2). The transmitter is implanted and transmits to receiver on f1, 

which is fed into the second transmitter which transmits to the second receiver on f2. The aim 

of the study was to attempt to correlate maternal stress (estimated from maternal heart rate) 

with fetal heart rate. 

In the foregoing, I have described an array of possible series of technologies which 

are available. The choice of each element is determined by the conditions under which the 

biotelemetry is to be used and the physiological parameters that need to be transduced. 

These considerations for the present program are discussed in the next chapter 
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3.  DESIGN 

3.1 System Considerations. 

The use into which the biotelemetry system will be put, determines its operating 

and transfer characteristics. In this case the system is used for measuring (monitoring and 

transmitting) the diaphragmatic electromyogram (EMG) of the fetal sheep over a long period 

of time, (for approximately two weeks or more). The recording will be made late in gestation, 

continuously for the life of the transmitter, and will include birth and the immediate neonatal 

period. 

The present method of chronically recording from a fetal animal, entails surgically 

implanting an electrode in the diaphragm of the fetus, and exteriorising the electrode lead 

with respect to fetus and ewe. After sufficient recovery from surgery for the fetus to 

resume normal function and return to breathing, the monitoring session may begin. This 

entails moving the ewe into the laboratory and connecting the EMG electrode lead to the 

amplification and recording system, for the duration of the session (which is of the order of 

two hours). This gives the ewe abrupt changes in her environment which in turn may 

influence the milieu of the fetus. 

With the biotelemetry system, the transmitter is implanted surgically at the same 

time as the electrode and start operating immediately. The transmitter and receiver must 

contain sufficient pre-amplification for direct recording in the animal house, where other 

sheep are present, creating a more "natural" situation. The sheep will be unaware of the 

recording process as there are no constraints besides the pen in which it is kept. 
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The requirements of the system may be viewed more conveniently in three parts: first 

the transmitter, second the link (channel) and last the receiver. 

3.1.1 The Transmitter. 
The transmitter is the most obvious, point to start being the first in the chain, and 

whose constraints the most imposing. 

The ideal transmitter should have the following characteristics: 

a) Size: the physical size of the transmitter should be very small, and should 

occupy only a small volume in total. 

b) Power: the power requirements of the transmitter should be minimal on the 

energy source, such as to give the transmitter the longest possible life. 

c) Sealing: the transmitter should be hermetically sealed to make it moisture 

proof and body fluid proof. 

d) Implanted: the transmitter should be totally implanted. Apart from the 

obvious constraint in (c) above, this means it is preset and unable to be 

altered. 

e) Drift: the transmitter should be drift free, such that no DC offsets, and 

frequency shifts could occur during its operation. 

f) Linearity: the transmitter needs to operate in a linear fashion, such that the 

original form of the information can be regained. 

g) Output: the transmitter should have a high output level, and a high 

efficiency of output, such that total efficiency should be maximum. 
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3.1.2 The Channel. 
This is the "unseen" part of the system. This is how the information is transported 

from the transmitter to the receiver. Even though I have isolated it from both the receiver and 

the transmitter, its properties must be inherent in both. This is a convenient method of 

highlighting its characteristics. 

The ideal channel should have the following characteristics. 

a) Noise: there should be no noise introduced to the system via the channel. 

b) Contact: the channel should traverse a physical distance; that Is there 

should not be physical contact between the receiver and the transmitter. 

This means the channel will be "wireless". 

c) Attenuation: the attenuation of information travelling in the channel 

should be very low, such that the channel may be quite "long". 

d) Stationary: the channel should have a stationary transfer function. That is 

the transfer function of the channel should remain the same throughout 

the whole use of the system. 

e) Multidata: the channel should have the capability of carrying sub-channels. 

This means that there may be more than one type of information carried 

simultaneously. 

f) Crosstalk: the channel if carrying sub-channels, should have no crosstalk, 

that is information interchange, between sub-channels. 

g) Realtime: the channel should have data present to use immediately, 

and should keep pace with happening events. 
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3.1.3 The Receiver. 

The receiver converts the information carried on the channel to 

information in a format similar to the original information presented to the 

transmitter. It necessarily contains any conversion units, such that the potentials which were 

picked up from the electrodes are reproduced at the output of the receiver being amplified and 

pre-processed only. The characteristics of the ideal receiver: 

a) Sensitivity: the receiver should be able to pick up highly attenuated signals. 

b) Selectivity: the receiver should be able to pick-up only the signal of interest. 

c) Portability: the receiver should be portable, to the extent where it may be 

readily moved from room to room. 

d) Drift: the receiver should be drift free, so that once tuned for a particular 

transmitter, it would not need retuning or would not become detuned during 

use. 

e) Linearity: the conversion of information of the receiver should be an inverse 

function of the conversion performed before entry to the channel. 

f) Availability: the receiver (or major part of) should preferably be available 

commercially, so that significant amounts of time would not be spent 

designing, building and testing it. 
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3.2 Carrier Choice. 

To utilize fetal, mplantable biotelemetry, the carrier type needs to be chosen so that 

the design constraints are met. The carrier, most importantly has to traverse a distance 

of between 50 and 100 mm in body tissue, and then a distance between 0.1 and 10 m in air 

to travel from the transmitter to the receiver. 

The choices are hard-wires, acoustic,  time storage, light or radiofrequency, 

and these will be discussed in the following section. 

 

3.2.1 Hard-Wired Biotelemetry. 
Here the transmitter is "connected" to the receiver by a wire. I will now equate the 

requirements of the ideal channel with this type of transmission. This is essentially the 

same as conventional wired recording. 

a) noise - this type of system could be made relatively free of noise, 

using shielded cable, and an inverted, driven guard. 

b) contact - this type of system requires physical contact and does not meet 

the channel requirements. 

c) attenuation - attenuation using this type of system would in fact be minimal 

using good low resistance cables. 

d) stationary - the system would have a stationary transfer function (dependent 

on the transmitter and receiver characteristics). 

e) multidata - this system would be easily adapted to multidata paths, by 

inclusion of extra signal wires or multiplexing. 

f) crosstalk - this system could be arranged to eliminate (make very 

small) crosstalk. 

g) real time - this system is inherently a real time system. 
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At present this type of “biotelemetry” system is presently used in monitoring fetal 

animals, in its simplest form — a direct signal wthout pre-processing being available at the 

receiver end of the wire. 

3.2.2 Acoustic Biotelemetry. 
With this type of carrier, data would modulate an acoustic signal (of either audible or 

inaudible frequency) and drive an antenna (or radiator of acoustic energy). 

Comparing the properties of this type of system with the ideal channel. 

a) noise - this type of system would have an amount of noise present 

due to fluctuations in air pressure and tissue at these frequencies, but it 

should be minimal. 

b) contact - this type of system would not require contact with the fetus, as 

this is a carrier which can travel in tissue. 

c) attenuation - this type of system is highly attenuated in air, and thus the 

receiver (or antenna) would have to be in contact with tissue, such as the 

sheep. 

d) stationary - this type of system should have a stationary transfer function, but 

fetal movements (i.e. transmitter movements) could change the reflection 

and multiple path patterns, making the system slightly non-stationary. 

e) multidata - there is a possibility of multiplexing, or multiple 

transmitters for multidata path. 

f) crosstalk - good rejection for multiple transmitters not as good for 

multiplexed transmitter. 

g) real-time - apart from the propagation velocity in tissue, somewhere near the 

speed of sound in air, there is no appreciable time delay. 
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This type of system would require a contact between the body of the sheep and the 

receiving circuitry, which may be acceptable in some instances. The general usage is in 

underwater telemetry. 

3.2.3 Time Storage Biotelemetry. 
The time storage concept means having a semiconductor or type storage device 

implanted within the fetal animal, to be recovered at a later point in time and is basically a 

self-contained transmitter and channel, with the bulk of the preprocessing performed to 

conserve memory and increase the usable lifetime of the device. Looking at the channel 

requirements 

a) noise - would be virtually eliminated due to the totally implanted, self-

contained nature. 

b) contact - is not applicable, except after recovery. 

c) attenuation - is not applicable. 

d) stationary - the system has a constant transfer function. 

e) multidata - very possible. 

f) crosstalk - minimal as the unit could employ total digital processing. 

g) real-time - the data is not available in real time, and a period of perhaps 

days, weeks, or months may have to be waited for the memory to fill 

completely and stop working. 

If a long time delay was not of importance, then this is a very powerful system, 

virtually noise free and "set and forget". 

3.2.4 Light Biotelemetry. 
This system utilizes an infra-red light source which is carrying the information of 

interest. The receiver consists of a photo sensitive diode of transistor from whose output the 

data is taken. Looking at the requirements of the ideal channel. 
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a) noise - the noise which could be picked up would normally not be a problem 

as the ambient levels of infra red-light are not high at the particular 

wavelength usually chosen. 

b) contact - would not normally be necessary between transmitter and receiver. 

c) attenuation - in air is not great, but in tissue, is quite large and this type of 

system would not penetrate effectively from the fetus to outside the sheep. 

d) stationary - the transfer function should be stationary as most objects apart 

from glass absorb infra-red energy, such that reflections would be minimal. 

e) multidata - this is quite possible using digital multiplexing techniques. 

f) crosstalk - would be minimal when used with the digital multiplexing system. 

g) real time - the data would be available in real time. 

This system as it stands is unsuitable for implantable biotelemetry as it cannot 

transmit out of the animal. 

3.2.5 Radiofrequency Biotelemetry. 
With this type of system the carrier is, a form of electromagnetic radiation, which is 

transmitted and received by conventional means. Comparing to the ideal channel: 

a) noise - there would be possibly an amount of noise due to galactic radiations, 

and man made sources, but these could be minimized by selecting the 

modulation type carefully. 

b) contact - there would not be any need for contact as the receiver can be 

physically isolated from the transmitter. 
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c) attenuation - there would be an amount of attenuation in the tissue, but not 

too great to be able to cope with. 

d) stationary - the transfer function should be stationary, but there may be 

multiple paths and standing waves which could make it slightly non-

stationary. 

e) multidata - this could be achieved either by multiplexing the transmitter, or 

using multi-transmitters. 

f) crosstalk - would be low in multi-transmitters, and perhaps more in a 

multiplexed transmitter arrangement. 

g) real time - the information would be available in real-time. 

 

This system is suitable for implanted biotelemetry, and although not ideal, could be 

made to operate fairly effectively. 

3.2.6 Choice of Carrier. 
Quickly glancing back through this section, light biotelemetry is not suitable, hard-

wired biotelemetry is undesirable due to the physical contact needed, acoustic biotelemetry is 

not suitable also due to necessary contact between the transmitter and the receiver. Time 

storage biotelemetry would be useful if the information wasn't required in real time, and radio 

frequency biotelemetry would be useful, and meets the design requirements. 

I have chosen therefore to use radio frequency biotelemetry. 
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3.3 Frequency Selection and Power Output Requirements. 

3.3.1 Frequency Choice. 
The choice of operating frequency is determined by a number of factors. The 

attenuation of the radio frequency energy by the body, perhaps being of prime 

consideration. The allocation by the Department of Communications for this type of 

use being a limiting factor, and also the physical size of the transmitter, (being related to 

the frequency via the tuned element size). 

3.3.1.1 Attenuation in Utero. 

Due to the implanted nature of the transmitter, it will have to be operating at a 

frequency where attenuation by the uterine wall, muscle layers and skin of the sheep will not 

be too great. 

As the body of the sheep contains differing types of tissue with different 

characteristics, there may be partial reflections at boundary layers, which would be fairly 

impossible to predict. The exact nature due to complex geometries of the structures involved 

and the movement of the fetus. 

If we make some assumptions, the equations may be used with some insight into that 

which may be occurring. 

Firstly, assume that the electromagnetic energy is the form of a plane wave 

inside the animal. This is a significant assumption because there will be inductive fields 

present within the body which would upset the calculations. 

Secondly, assume that the body of the sheep is an isotropic, homogeneous, 

attenuator. This means there will be no internal reflections. This is reasonable, as the 

tissue containing high concentrations of water are only around twice as conductive as low 

water tissue. 
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low water content (20% H2O) conductivity 0.20 Sm-1 

high water content (60% H2O) conductivity 0.50 Sm-1 

both measurements made at 100 MHz 

(Foster and Schepps, 1981) 

The equation describing attenuation is: 

 

α = 8.686
ωµσ

2
where

ω is the angular frequency in rad.s -1

µ is the permittivity (which is assumed to equal µ 0 )

σ is the conductivity in S.m -1

 

(from Mackay 1970 (i)) 

The calculated plot of attenuation versus frequency for biological tissue, which is 

isotropic is shown in figure 3.1. 

Attenuation increases with frequency, and when this is plotted on a log scale (to 

contain sufficient information), the attenuation can be seen to change from 10 dB/m at 10 

MHz to 1000 dB/m at 100 MHz. In other words a decade rise in frequency has brought about 

a hundredfold increase in attenuation. 
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Figure 3.1 Attenuation in soft tissue as predicted by theory. 
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3.3.1.2 Components. 

As frequency increases the physical size of the components used in radio frequency 

circuits generally decreases. For example with capacitors, where physical size is dependent 

upon the electrical "size", as capacitance is due to the dielectric properties of the materials 

between two plates; and for the same dielectric an increase in the area of the plates means an 

increase in capacitance. 

Resonant circuits which operate at higher frequencies, tend to be constructed of 

smaller (electrically) capacitors and hence the higher the frequency, the smaller the physical 

size of the capacitor with the same dielectric. 

Similarly with inductors, the higher the frequency the less self-inductance needed for 

similar operation in tuned circuits. This means a smaller number of turns on the coil-former or 

toroid. In the case of toroidally wound coils, the self-inductance is proportional to the number 

of turns squared. 

With resonant antennae in free space, the wavelength becomes smaller with 

frequency increase and the length of elements in antennas is proportional to wavelength. 

3.3.1.3 Band Allocation. 

As with other forms of radio transmission, areas of the electromagnetic spectrum, are 

allocated for certain types of usage and operations. Major allocations, such as commercial 

radio, amateur radio, space tracking are standardized. Whereas in other areas, local 

allocations within different countries are seen. 

The Department of Communication - Frequency Allocation Branch has designated 

two bands for "low powered services". 
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Band 1: 412.5875 - 412.8375 MHz. (Low powered services). 100 mW maximum 

power, using any modulation on channels, 25kHz apart, with 16 kHz maximum 

bandwidth. 

Band 2: 150.7875 - 151.1625 MHz. (Low powered services). 

1W maximum power, using any modulation on channels 25 kHz apart, 16 kHz 

maximum bandwidth. 

 

3.3.2 Selection Summary. 
From the point of attenuation, the higher the frequency, the greater the attenuation, 

so that the lower the frequency, the less power the transmitter would need to output 

and hence consume. Generally 1 GHz would be too much attenuation. 

From the point of component size, the higher the frequency, the better as far as 

reducing the overall size of the transmitter. Generally above 1 MHz the component size 

will be sufficiently small. 

From these two we have a compromise situation such that a frequency 

between 1 MHz and 1 GHz would be acceptable, probably around 100-350 MHz would be 

acceptable-Taking the third consideration, that of operating within the "guidelines" the 

two bands available mean that only 150 MHz and 412 MHz may be chosen. As the size of 

other components in the transmitter may be a limiting factor, and attenuation in the lower 

frequency band, is 36 % of that in the upper band. (140 dB/m vs. 380 dB/m), 1 have chosen 

the lower frequency band. 
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3.3.3 Transmitter Power Output Level Requirement. 
The calculation of the required transmitter power output level has been performed 

in Appendix A. The theoretical required power output level was found to be 4.53 nW, and 

under ideal operating conditions, this would require a current of 32 uA at the transmitting 

antenna. 

However, this calculation is based on a receiver input of 1 uV, which will operate the 

receiver, but better performance will be ensured with an input of 10 uV. This, when 

substituted into the equations, yields an input current to the transmitting antenna of 320 µA. 

Theses calculations also assume a far-field situation, which does not exist in the 

animal house. There exist cavities due to the resonant structure of the animal house at 

150 MHz, This would lead to a somewhat reduced amount of incident radiation striking 

the receiving antenna, to a first approximation about 50% of the total radiation. The 

problems of antenna polarization, in using two dipole type antennas, coupled with the 

reflections present in the animal house leads to a probability of about 50 % of the incident 

radiation striking the receiving antenna. These two factors lead to approximately a 

fourfold reduction in current of the transmitter, or 1.28 mA. 

A final factor, which is discussed in Appendix B, is that of the mean current to third 

harmonic relationship. This was investigated to find if there was an optimum mean 

current to third harmonic condition. This shows that the amount of third harmonic 

produced is approximately 30 % of the mean current. Hence an overall figure for the 

required current to produce 10 uV at the receiver input is approximately 4.22 mA. 

This current drain seems reasonable and would offer a reasonable battery life and 

was adopted for the transmitters. 
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3.4 Modulation. 

The manner in which the data of interest (biological information) are impressed on 

the carrier wave, is referred to as modulation. 

The choice of modulation needs to be made with respect to the following design 

constraints. 

a) linearity - the end result of the modulation/demodulation process needs to be 

a linear operation, i.e. the biological signal should be undistorted by the 

process. 

b) noise - noise corruption should be minimal. 

c) circuit simplicity - the circuit should be as simple as possible to reduce its 

physical size and its power requirements (in the transmitter). 

d) stationary transfer function - the process needs to have a transfer 

function which neither varies with time or movement of transmitter with 

respect to the receiver. 

e) multidata potential - although the design is only for a single channel, 

the potential should be available for simple conversion to multichannel. 

f) bandwidth - the bandwidth required by the modulation should be small, to 

minimise interference and meet Department of Communication 

requirements. 

The choice will be made from the broad groupings: amplitude, modulation, 

frequency modulation, pulse modulation, and digital modulation. 

3.4.1 Amplitude Modulation. 
There are many types of amplitude modulation, but only simple amplitude 

modulation, that is the amplitude of the carrier wave is proportional to the information 

content, has been used in the documented literature.  
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The reason for this choice has been mainly due to the complexity of circuitry to 

produce such modulations as double sideband suppressed carriers (DSSC); single sideband 

(SSB) and the other - vestigial sideband (VSB). Looking only at simple amplitude 

modulation. 

a) linearity: the modulation - demodulation process is linear for simple 

amplitude modulation. 

b) noise: noise may be a problem in the form of interference from transmission 

at nearby frequencies and the signal received may be a composite of the 

desired and the "noise" transmission. 

c) circuit simplicity: to produce amplitude modulation, the required circuitry is 

very simple, and may be carried out with a resistive network and diode. 

d) stationary transfer function; although the transfer function is stationary 

with respect to time, if the transmitter-receiver positioning is changed 

(or it would be in a mobile animal and mobile fetus), the transfer function 

will change, on the amplitude of the signal (which is proportional to the 

biological quantity), will vary. The variation of the carrier level will be as 

a whole unpredictable. 

e) muitidata potential: the possibility for multidata paths exists. The methods 

used to obtain this would be a time division multiplexing method (time 

sharing); or a subcarrier method employing a frequency modulated sub-

carrier. 

f) the bandwidth using AM is relatively small a few kilohertz. 

3.4.2 Frequency Modulation. 
With this method of modulation, the frequency of the carrier wave is varied in 

response to the information voltage or current level. 
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Documenting the properties gives the following: 

a) linearity: the modulation-demodulation process is linear for this 

b) type of modulation. 

c) noise: the noise with FM is less than with AM, as the process of reception, 

gives rise to the signal (carrier wave) "capturing" the receiver and 

effectively not allowing a weaker signal to add or affect the carrier wave. 

However another type of noise may be present and passed at the detection 

level, which gives rise to short spikes. 

d) circuit simplicity: the circuitry for realizing FM may be very simple 

consisting of a variable capacitance diode if used with a piezoelectric 

crystal and a radio frequency oscillator. 

e) stationary transfer function: the transfer function of this type of process is 

stationary with respect to time and movement, as the amplitude of the 

carrier does not contain the information, the frequency does. 

f) muitidata potential: the potential is present to utilize either a time 

division multiplex or a sub-carrier system also utilizing frequency 

modulation. 

g) the bandwidth may be quite small of the order of 5kHz. 

3.4.3 Pulse Modulation. 
This is a generic name given to a type of modulation in which pulses are modulated, 

either in amplitude (PAM), width (PWM) or position (PPM). 

3.4.3.1 Pulse Amplitude Modulation. 

a) linearity: PAM is a linear process.  

b) noise: noise performance would be equal and probably better than simple 

amplitude modulation. 
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c) circuit simplicity: the circuitry associated with PAM is more complex than 

simple AM. 

d) stationary transfer function: the function of PAM is stationary with respect to 

time; but once again very similar to AM, the transfer function is dependant 

upon the overall level, which may change with movement of the animal. 

e) muitidata: there is the possibility of muitidata path processing by using a time 

division multiplex or a frequency sharing (sub- carrier) arrangement. 

f) the bandwidth needed is fairly large (of the order of tens of kHz). 

3.4.3.2 Pulse Width Modulation. 

a) linearity: the system is linear. 

b) noise: less prone to noise than PAM. 

c) circuit simplicity: becoming more complex. 

d) stationary transfer function: the transfer function is stationary with respect to 

time and movement as the amplitude does not contain the biological data. 

e) muitidata: time division multiplex or frequency sharing. 

f) bandwidth: similar requirements to PAM. 

3.4.3.3 Pulse Position Modulation. 

a) linearity: the system is linear. 

b) noise: is approximately equivalent to PWM. 

c) circuit simplicity: is more complex than PWM. 

d) Stationary transfer function: stationary with time and movement. 

e) muitidata: time sharing or frequency sharing. 

f) bandwidth: the bandwidth needed is similar to PAM. 

3.4.4 Digital Modulation. 
The information is converted to a digital word and then a frequency shifting method is 

used for modulating the carrier. This method, due to the inherent synchronicity, embodies 
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time sharing or time division multiplexing and in this way is probably more a "true" 

multidata method than the others. 

a) linearity - the process is linear. 

b) noise - noise is virtually nil due to the two state (on-off), binary nature of 

the information. 

c) circuit simplicity - the circuitry is complex due to the need to convert 

from an analogue form to a digital form and the need for a clock and other 

digital circuitry, although the power requirement for this type of circuitry 

may be very minimal. 

d) stationary transfer function - very stationary with respect to time; 

depending on whether the system uses an amplitude or frequency shift. 

e) multidata - this system is either inherently a time share system or may be 

converted to one very simply. 

f) the bandwidth required is larger - tens of kHz. 

3.4.5 Choice of Modulation. 
Amplitude modulation is not a good form for preserving actual quantitative data, 

where the voltage level of the input signal, may be proportional to heart rate. The 

amplitude level will decrease and after implantation, the proportionality will thus become 

uncalibrated. 

Digital modulation is the best type of system for noise immunity, but requires fairly 

complex circuitry and to construct from discrete components would be much too large for 

practical use. It also needs a large carrier bandwidth which may not be available in terms 

of allowable band allocation. 
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Frequency modulation, and pulse modulation (not PAM), are probably the better 

systems to make use of. The drawbacks being a slightly more complex minimum circuit for 

both PPM and PWM than frequency modulation, and the large carrier bandwidth needed to 

utilize PPM and PWM, whereas FM may be utilized in a much small carrier bandwidth. 

For these reasons, I have chosen frequency modulation as the method. Also I have 

chosen to use a frequency modulated sub-carrier oscillator, such that multidata paths may 

be added easily in future and this also gives the benefit of simpler modulation techniques 

for the data with even more noise immunity and protection than direct frequency modulation. 

3.5 Biotelemetry Energy Sources. 

The choices available for powering the implantable biotelemetry transmitter may be 

divided into two groups: externally powered - where the energy source is outside the 

animal; and internally powered - where the energy source is inside the animal. There is 

some overlap between the two groups. 

3.5.1 Choice of Source. 
Briefly; the complete range of energy sources available will be listed and their 

usefulness in implanted fetal biotelemetry discussed. 

3.5.1.1 External Source. 

We may have the source of energy outside the animal and couple the power through 

two coils by an inductive field. One coil is inside the animal, the other outside, both possibly 

being sutured in place coaxially 

 



53 

It should be noted here that the power supply connected to the external coil must be an 

alternating current supply, as this is effectively a transformer coupling. Power levels delivered 

to the internal coil may vary with movement, and the thickness of skin may itself vary, and thus 

change in coupling characteristics over a period of time. 

The use of this type of technique would be good for other forms of implantable 

biotelemetry, but for fetal biotelemetry, it means essentially an attachment (hard-wire) to the 

mother either in the uterus or under the skin. If it is in the uterus there is too great a thickness of 

skin and possibly large movements of coils away from efficient coupling, which may give rise 

to radio frequency heating or burning. If it is sutured under the skin, then there would be much 

better coupling, but the hard-wiring situation which is one of the things to avoid in the aims, 

imposes itself again. 

The transmitter also, if using this coupling technique would have to be slightly altered 

to filter the AC power to a stable DC level for use. 

Furthermore the mother also is "hard-wired" to a power supply via a cable.  
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The other form of external power is to use a transponder, that is a device which in this 

case is passive. It is pulsed with an external radio frequency field and returns information by 

modulation of the "echo" which results from its highly resonant circuit at the frequency of the 

external radio frequency burst. 

This type of system is essentially very simple and results in little or no amplification 

of the data which is passively monitored. It may be suitable for an electrocardiogram, at the 

level of millivolts, but is definitely unsuitable for electromyogram at the level of tens of 

microvolts. 

3.5.1.2 Primary Cells. 

These are electrochemical units which are designed to undergo a one way reaction 

and produce an electron flow. They are purchased in a charged form to be discharged by the 

electrical load connected to them. There are many types of chemical systems available. 

Examples are: carbon-zinc, manganese dioxide-alkaline, lithium, silver oxide, mercury. The 

amount of energy contained in each cell varies considerably from one type to another, as do 

the physical sizes and weights of the cells. 

This type of unit, as long as it was sufficiently energy dense, and small could be 

totally implanted along with the biotelemetry transmitter thus making a self-contained unit 

without the need for external hard-wires. 
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3.5.1.3 Secondary Cells. 

Secondary cells may be wired in two modes in implantable biotelemetry. They 

may be used similarly to the primary cell and totally implanted, or they may be used in 

conjunction with a charging circuit, such as in section 3.5.1.1. Used in the second mode, they 

suffer from the problem of hard-wiring, but they only need to be charged periodically, rather 

than have a continuous supply. Used in the first mode, the cells are implanted totally 

with the unit and recharged when it is removed from the animal, making a completely 

reusable unit. This is feasible if the cells are small enough and contain enough energy. 

3.5.1.4 Nuclear Cells. 

The nuclear cell is able to supply only a small amount of power and is fairly bulky 

because of the shielding. It has some radiation hazard associated with it and the cost is very 

expensive. However for implantable fetal biotelemetry, it is too physically large supplying 

too little power. 
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3.5.1.5 Biological Cells. 

These are cells which utilize some of the conditions present in the living organism to 

supply power. The example quoted in chapter 2 of the piezo electric-heart beat generator 

shows that quite a large number of strips of crystal would be necessary to provide an adequate 

power output, to power an implantable transmitter. The other problem is the complex surgery 

required to suture these strips to the very small fetal heart, or the maternal heart. If the 

maternal heart were to be used then once again the non-hardwired condition is not met. 

The other biological cell types are the fuel cells, both the bioautofuel and the 

oxidizing type which have already been discussed in chapter 2. These appear more promising, 

in that the body supplies the fuel and the oxygen or the oxygen alone, with the fuel being 

provided by the body. To utilize either of these fuel cells, the cell must be implanted within 

the body, and the power output is low for the size of the cell. As the oxygen supply varies 

with the awake state of the animal, the voltage output of the cell is not constant. 

 

3.5.2 Choice of Energy Source. 

The choice of energy source for the implantable biotelemetry transmitter has 

been narrowed down to primary or secondary cells. To aid in a decision of the type of cell 

which could be used on index of energy density. There are two types of energy density - a 

volumetric energy density (S.I. Jm-1) and a gravimetric energy density (S.I. 3kg-l). These I 

will denote as Lv and Lg respectively. 
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Cell system Lv(max) Ly(mean) Lg(max)  Lg(mean) 

Silver oxide (1°) 135.8 104.9 32.29 x 10-3 25.78 x 10-3 

Mercuric oxide (1°) 170.4 105.9 32.41 x 10-3 25.35 x 10-3 

Lithium (1°) 157.0 107.6 88.60 x 10-3 48.06 x 10-3 

Alkaline manganese 

(1*) 

90.70 63.89 31.25 x 10-3 21.94 x 10-3 

Zinc-carbon (1°) 27.86 18.79 16.58 x 10-3 10.35 x 10-3 

Zinc chloride (1°) 59.47 44.24 27.24 x 10-3 21.27 x 10-3 

Nickel cadmium (2°) 28.09 19.85 10.00 x 10-3 7.36lx 10-3 

Lead acid (2°) 23.66 19.15 10.00 x 10-3 8.334x 10-3 

 

Table 3.1 Energy density of batteries 

Calculated from: National Panasonic battery data book. 

 

 

Leaving aside alkaline-manganese, carbon-zinc, and zinc chloride ceils (which 

cannot be obtained in small packages anyway), we can see that the volumetric energy 

density of the two secondary systems (data unavailable on secondary silver oxide), 

are an order of magnitude less dense than the three primary systems silver oxide, 

lithium and mercuric oxide. 

Thus to use secondary cells in a mode where they would only be recharged 

when the unit was retrieved would reduce the operating life of the transmitter to about 

one fourth of a primary cell. 
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The cells which are obtainable in small sizes are limited 

SRWW  180 mAh Silver - KOH electrolyte 

SR47SW 165 mAh Silver - NaOH electrolyte 

CR2016 60 mAh Lithium - manganese 

BR1/2A 750 mAh Lithium - carbon monofluoride 

(the lithium carbon monofluoride cells became available at a later date.) 

 

The calculated energy densities of these cells are given below. 

135.8 3 J m-3 at  1.55 volt open circuit 

120.0 3 J m-3 at  1.55 volt open circuit 

91.18 3 J m-3 at  3.2 volt open circuit 

119.7 3 J m-3 at  3.0 volt open circuit 

The energy density of the two silver oxide cells is fairly high, and also that of 

the lithium - carbon monofluoride cell. The actual amount of energy (in mAh) is too 

small to be of use in the lithium-manganese cell. The SR47SW ceil at 1.03 mA initial drain 

had a capacity of 228mA hours; the SC44W cell at 1.03mA initial drain had a capacity of 

188 mA hours; and the CR2016 ceil at 0.97 mA initial drain had a capacity of 60 mAh. The 

BR1/2 A at an initial drain of 2.67 mA had a capacity of 935 mAh. 

(see graphs of SR44W, SR47SW, CR2016, BR1/2A cell versus time). 

 

3-5.3 Expected Life of Source. 

With a transmitter running at (a) 1 mA (b) 5 mA and operating at ± 3 volts (or 

close) the number of and expected life of the above cells as a battery is as follows: 
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1mA at ±3 volts 

Silver oxide 1.55 volts require 4 cells in series 

would give 188 hours   (SR44W) 

228 hours   (SR47SW) 

Lithium 3.20/3.00 volts require 2 cells in series 

would give 60 hours (CR2016) (3.2 volts) 

935 hours (BR 1/2 A) 

With multiple packs in parallel the equivalent capacity is multiplied by the 

number of packs 

I have chosen, therefore to use the silver oxide cells or the lithium carbon 

monofluoride cells as these promise to be the most useful in terms of volumetric 

energy density. 
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3.6 Electrodes 

3.6.1 Electrode Potential. 
Fundamental to all electrodes is a metal-electrolyte interface. When a metal 

electrode comes into contact with an electrolyte the electrode tends to discharge ions into 

solution and the ions in the electrolyte combine with the electrode. This gives rise to a 

phenomenon known as the electrical double layer, which is a gradient of charge. 

Those electrodes where no net charge transfer occurs across the metal-electrolyte 

interface and known as perfectly polarized. Those in which charge exchange is unhindered 

are called perfectly nonpolarizable. Real electrodes exist between these limits. 

Practically, the electrode-electrolyte interface may be modelled as a voltage source 

and capacitance in parallel with a resistance. These values change with factors such as metal, 

electrolyte, temperature, frequency and current density. 

This voltage is called the half-cell potential, and the total voltage between a pair is 

the difference in two half cell potentials. Theoretically two electrodes of the same type of 

metal will produce a net voltage of zero. This is not always the case and potential may 

occur. The electrical stability of the electrode is related to the stability of the regions of 

charge gradient. With surface electrodes stability is harder to achieve than with electrodes 

which have been inserted, where movement of the charge gradient is decreased. 
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3.6.2 Electrode Impedance. 
The electrical double layer produces an impedance known as the polarization 

impedance. Through the impedance of both electrodes and the input impedance of the 

recording apparatus flows a small current derived from the bioelectric event. This is small 

as the impedance of the recorder is normally high, however if the impedance of the 

recorder is not high, (approximately ten times that of the electrode), then a voltage drop will 

occur across the electrode impedance, and waveform distortion will often result because 

this impedance is complex. 

3.6.3 Tissue Response to Metals. 
(Geddes and Baker, 1968) cite studies undertaken by a number of different groups, 

showing that out of gold, platinum, silver, stainless steel, tantalum, tungsten and copper 

wires, tissue reaction was least with gold and stainless steel; tantalum, platinum, tungsten 

produced more reaction; silver and copper causing the most marked tissue reactions. 
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Figure 3.2 Extracellular electrode equivalent circuit. 

Where Et is the biological generator, Rr is the voltage divider impedance 

which accounts for the attenuation by the body tissue and fluids, Rpa ,Rpb , Cpa and Cpb are the 

resistive and capacitive components of the polarization 

impedances, and Ea and Eb are the half cell potentials of the electrodes. 

(after Geddes and Baker, 1965). 
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3.6.4  Electrode Noise- 
The other important electrode characteristic is found in the (real) component of the 

electrode impedance, and is known as Johnson noise. Johnson noise is modelled as a 

voltage generator, dependent upon the square root of the resistance, temperature and 

bandwidth product. 

where: 

Vrms = 4KTR∆f

where

K is Bolzmann's constant =1.38 x 10-23 JK−1

T is the absolute temperature
and selecting typical values of :

T = 38oC,  R =10 kΩ,  ∆f =10 kHz

Vrms = 4 ⋅ 311⋅10 ⋅103 ⋅1.38 ⋅10−23

Vrms = 0.13 nV

 

This is an example calculated at values similar to the proposed recording 

arrangement. This voltage is therefore trivial and won't be considered. 

However the fluctuation which occurs in electrodes spontaneously has been measured 

to be; 10 mV in stainless steel and 90mV in silver, which is due to fluctuations in the half 

cell potentials and is larger than the biological signal, so that some form of capacitive 

coupling would need to be used to block this potential. (Geddes, Baker 1968). 
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3.6.5  Practical Electrodes. 
Stainless steel needle electrodes have been used within the department over a 

number of years for recording chronically and acutely the diaphragmatic electromyogram. 

Their construction is with two needles and a ground plate moulded into dental acrylic. For 

use, the needles are then inserted into the diaphragm, and the ground plate rests on the 

surface of the tissue. 

If recording takes place differentially between the needles, (with respect to ground 

plate), then the typical signal is of the order of 75uV peak to peak. Alternatively, the EMG 

may be recorded differentially between the ground plate and one of the needle 

electrodes (with respect to the other needle), and this results typically in a signal of the 

order of 250uV peak to peak. 
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Figure 3.3 The practical electrode. A photograph and schematic representation are 

shown. Where: A is one of the dental broach needles, B is the silver ground plate, C is the 

dental acrylic covering, and D is the shielded cable. 
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3.7 Transmitter 

To theoretically design the transmitter, which has the characteristics decided upon 

earlier in this chapter, the main ideas (which have met the criteria), are realized in a form 

which will be both functional and readily constructed from common components, which are 

as physically small as possible. This section deals with moving from a block diagram stage 

to a schematic circuitry stage. 

The transmitter consists of three major blocks. The first is the input circuitry. This is 

the block which contains the pre-amplifier, and necessary signal conditioning to allow the 

signal to enter the second stage. 

The second block is the sub-carrier encoding block. This contains the audio 

oscillator and the circuitry to frequency modulate this sub-carrier oscillator. The third and 

final block contains the radio frequency oscillator, which is crystal locked, and the 

circuitry to frequency modulate this oscillator. It also contains the output circuitry and 

transmitting antenna. 
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Figure 3.4 Biotelemetry transmitter block diagram, (see text 3.7 for explanations). 
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3.7.1 Input Circuitry. 

A description is as follows: A differential input amplifier configuration, with 

high input impedance, low common mode, small offset, high gain and differential output. The 

amplifier configuration was taken from Linear integrated circuits handbook (National 1973), 

and the amplifier chosen was an LM4250 (two of), which is a low-power programmable 

operational amplifier. The circuitry has a voltage gain given by the following expression. 

AV = 1+ 2R2

R1

 

 
 

 

 
  

The gain needs to be set at 100-200 to amplify the signal sufficiently. 

The filtering at the input is given by the time constant of the R-C network and 

should be set at around 20 Hz to minimize low frequency electrode impedance 

imbalances (drift). 

The characteristics of the amplifier will be looked at in detail in Chapter 4. 



69 

  

 

 

 

 
Figure 3.5 Input circuitry. Differential input, differential output amplifier 

programmable low current amplifier and low frequency cut input. 
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3.7.2 Sub-carrier Encoder 
Several circuit topologies are possible for the sub-carrier oscillator. 

An astable multivibrator produces a square wave output which can be 

frequency modulated but, requires quite a large amount of radiofrequency bandwidth. A 

sine wave oscillator, on the other hand, to have frequency stability requires complex 

circuitry which is both physically large or requires quite a large amount of power. 

A saw-tooth oscillator using the unijunction relaxation oscillator technique is a 

very simple circuit and requires very little power, (Cleary, 1969), and for these reasons 

was chosen as the sub-carrier oscillator. 

Operation of the circuit is as follows (see fig 3.6): At the beginning of the cycle, the 

emitter is reverse biassed and hence non-conducting. As the capacitance charges (from the 

constant current source), the emitter voltage rises linearly towards the supply voltage. At a 

particular voltage (known as Vp or the peak voltage) the emitter becomes forward biassed 

and the dynamic resistance between emitter and base one drops to a low a value - capacitor 

C then discharges through the emitter. When the emitter reaches Vg min, the emitter ceases 

to conduct and the cycle repeats. 
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Figure 3,6 Subcarrier encoder circuitry. This consists of a differential 

transistor pair converting the voltage output of the previous stage to a current. This current 

frequency modulates an oscillator. 
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The frequency of operation is determined by the capacitor and the Vp-

VEmin difference, such that:

Vp −VE min = ∆V

dV
dt

= I
C

∆V
∆t

= I
C

 (approximately)

f = I

C Vp −VE min( )( )
where

Vp  is the peak voltage

VEmin  is the minimum emitter voltage
C is the capacitance between emitter and negative rail

gt = 1
2re + 2Re

where

re is the small signal resistance (=
KT
qIE

= 536 Ω at 311 K)

I is the emitter current (=  50 µA)
R is the emitter resistance (470 Ω)
gt = 0.497 mA /V at body temperature
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Once again a low-cut filtering arrangement is used at the input. This blocks any DC 

voltage on the outputs of the previous stage, and also sets a lower cut off at greater than 50 

Hz. 

The current (quiescent) supplied by this circuit arrangement is equal to about 50 pA 

into the capacitor, so that the frequency of oscillation is only dependant on the capacitor (as 

the voltage difference is a unijunction property and fairly constant). Frequency 

modulation of the sub-carrier oscillator is achieved by a change in current charging the 

capacitor at a slower or faster rate, according to the equation. 

3.7.3 Radio Frequency Stage. 
The radio frequency stage has a number of functions: the provision of a carrier 

oscillator; the amplification necessary to drive the output circuitry; and to frequency 

modulate the carrier wave with the sub-carrier signal. 

3.7.3.1 Impedance Inverting Oscillator. 

The impedance inverting oscillator has been described by Foster and Rankin (1972). 

The operation is to transform the relatively low impedance of the crystal to the required 

high impedance of the transistor. Thus the crystal is in a series mode resonance (where 

resistance is low) with the effective resistance "looking into" the crystal from the transistor 

being high. 

This circuit will operate satisfactorily with the crystal being replaced by a resistor 

equal to the motional resistance of the crystal (Rm), and frequency adjustment may be 

undertaken of the free running frequency before the crystal is placed in the circuit. 
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Figure 3.7 Radiofrequency circuitry. This consists of a crystal controlled oscillator 

and frequency tripling unit, driving an output tuned circuit. The oscillator is frequency 

modulated by the output from the previous stage. 
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The good features of this type of circuit are: 

i) because the crystal is at ground, a varactor diode can be inserted between 

the crystal and ground, with direct frequency modulation being achieved. 

ii) because the circuit is operating in a grounded collector mode, the 

collector circuit may be tuned to a harmonic of the oscillator running 

frequency. This leads to oscillation and frequency multiplication in one 

stage. This can occur because the oscillator circuit is not extremely 

frequency selective, and synchronises well with the crystal frequency. The 

multiplication is achieved by high order products from the exponential 

transfer function of the transistor. 

The efficiency of the stage in terms of amount of third harmonic present at the 

collector and the mean current flowing through the transistor was studied, to find an 

optimum current. The calculations may be found in Appendix B, and showed that there was 

no optimum mean current reached. As the RF oscillator is the major current user in the 

circuit, this means that there is no point in increasing the current drain too much as it 

will only shorten transmitter life.  

3.7.3.2 Piezo Electric Crystals. 

Piezo electric crystals for the purpose of controlling frequency in crystal oscillators 

are made from quartz crystal.  

They are an electromechanical element, whose resonance is dependent upon size, 

shape, thickness and angle of cut with respect to the major crystal axes. 

Their resonance may be modelled by an electrical equivalent circuit (Lane 1968 and 

fig 3.8). 
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Figure 3,8 Crystal equivalent circuit. This shows an electrical model of the crystal, 

where: Co is the case capacitance, Lm, Cm are the motional impedances, and Rm is the loss 

resistance. This model shows the fundamental (fl), the third (f3) and the fifth (f5) overtones. 
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Generally crystals are required to be AT cut to operate at frequencies 

greater than 50 MHz and are overtone mode because of the difficulty in working with 

very thin pieces of quartz (as the thickness of the crystal is inversely proportional to 

frequency). 

In the circuit, a 3rd overtone crystal has been used because these are locally available, 

and the higher order overtone crystals have a larger loss resistance. 

3.7.3.3 Varactor Frequency Modulation. 

Direct frequency modulation may be achieved by a diode inserted between the crystal 

and ground. 

Diodes exhibit a capacitance when reverse biassed such that the capacitance C« is 

given by: 

C j = ′ K 

ψ −V( )α

where

ψ is the intrinsic diffusion potential at the junction
V is the applied voltage

 

K’ and α are constants determined by doping levels, and junction doping profile 

(manufacturing process). Special diodes (varactor diodes) are manufactured to give a range 

of values for K’ and α. 

(Ko, W,H 1971) 
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The modulation is achieved by the capacitance of the diode being in series with the 

capacitance of the crystal (Cm),  

Typical values for Cm are 0.002 pF 

values for Cj are 10-20 pF  

the associated change in overall capacitance is around 200 to 500 ppm This produces a 

frequency shift in the operating frequency of oscillator. 

If the frequency is "pulled" too far, the oscillator may stop working, and the above 

capacitance changes are only valid while the oscillator is working. 

3.8 Receiver 

With the choice of frequency around 150 MHz, this is close to the amateur two 

metre band. An amateur FM unit could be used that operated H6 MHz without major 

modification to now operate at 150 MHz. 

Extra circuitry, which would be classed as part of the receiver, is needed to 

demodulate the audio sub-carrier. This consists of filters and a frequency to voltage 

converter. 

3.8.1 The Receiver. 
The receiver used was a commercially available, locally designed 146 MHz FM 

receiver, known as the Jenkins and Hepburn receiver. Fitting a different crystal (to operate at 

150 MHz) and retuning the whole receiver for this frequency (Jenkins, Hepburn 1971(i), 

1971(ii), 197i(iii)), makes it suitable for use in this application. 
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3.8.2 The Demodulator. 
As the output of the audio of the FM receiver is still a complex signal, the data 

still has to be extracted. To do this frequency demodulation is used. First the audio signal from 

the receiver is filtered, such that only the frequency range around the sub-carrier oscillator is 

passed. Then direct demodulation (i.e. a frequency to voltage converter) is used to extract 

the data from the FM signal. Then this signal is then band-pass filtered again so as to only 

include the data. Using this technique, out of band information, such as the sub-carrier are 

not present at the output. 

3.8.3 The Antenna. 
The antenna types which could be used in this recording situation are of many diverse 

types. They could be considered as either a simple antenna or as a complex antenna. 

Generally speaking, the more complex the structure, the greater the gain. As the situation 

in the recording environment is further complicated by the close proximity of the receiving 

antenna to the sheep (and hence the transmitting antenna), the usual relationships cannot 

be said with the utmost certainty to hold. For this reason I have limited the receiving 

antenna to be of a simple half wave type (Kraus, 1950), which appears in figure 3.10. 

A copper tube is slipped over the outside of the cable and is made electrically 

continuous with the shield, while a short rod 1/4 wavelength long is made continuous with 

the inner conductor of the cable. This arrangement acts as both an unbalancing transformer 

from the centre fed half wave dipole with a perfect ground, such that the other 1/4 of the 

antenna is an image. 
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Figure 3.9 Demodulator block diagram. (see text 3.8.2 for explanation). 
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Figure 3.10 Receiving antenna. This antenna arrangement is a half wave, 

centre fed, dipole. The length L is given by the equation L = X/2, where X is the 

wavelength. 
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3.9 Encapsulation 

3.9.1 Encapsulation Techniques. 
Encapsulation is best brought about by hermetically sealing a metal or glass case, 

with glass-metal feed throughs for places where antennae, electrodes, battery wires have to 

be exteriorized. 

This is true hermetic sealing but the cost of using metal or glass and the facilities 

needed to weld both, and the temperature tolerance which is required of the components to 

encapsulate in glass is unavailable in most components. 

The alternative is a multistage encapsulation, achieving similar, but not true hermetic 

sealing. The encapsulants used in the past have arrived at a fairly standard technique of 

using an epoxy to cover the components and form a block, then a wax coating to make the 

unit impervious to moisture (body fluid) and then a final coating with silicone rubber, which 

in a medical grade is normally readily accepted by the body as a non-foreign object. 

3.9.2 Practical Encapsulation. 
A suitable epoxy resin which is readily available is LC 191. It has a very low toxicity, 

low heat generation in curing, and good adhesion. This was used with a low toxicity hardener 

HY 956 to provide a low toxicity which is essential in this type of application. 

A wax was then used to coat the transmitter. It was used as its properties are such 

that it is hard at body temperature, and is of low viscosity when heated. It makes a good 

coating and also blocks the entry of body fluid into the transmitter. 
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There are two possible materials for the external coating: Dow Corning 382 

medical grade elastomer, which is a two part silicone rubber, and Rhodorsil CAF 4, which is a 

single part, low viscosity silicone rubber of medical grade. 

3.10 Noise 

The threshold effect is a phenomenon which arises if the signal to noise ratio at the 

detector input decreases below some critical level, and the end result is that the detected 

signal becomes severely distorted or mutilated by the noise. 

When the input signal to noise ratio: (Rj) is greater than the threshold signal to noise 

ratio (R]t)» that is when Rj > R^, the detected signal to noise ratio is greater than the input 

signal to noise ratio. 

However when Rj < R^ the detected signal to noise ratio drops very rapidly and the 

signal is mutilated and unintelligible. 

It has been found experimentally (Stanley, 1982) that a threshold level of 

approximately 10 dB or absolute ratio of 10 (Rjt = 10) is necessary for frequency modulation. 

This then means if the input signal to noise ratio drops markedly (or a large RF noise 

spike occurs), then the signal will be mutilated, and the information present on the 

subcarrier will also be lost. Thus the operation depends on this not occurring. 
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3.11 Summary 

The system is a radio frequency biotelemetry system, the carrier frequency being 

150.8775 MHz utilising FM-FM subcarrier modulation. The transmitter will be a crystal 

oscillator for low drift operation. 

The energy source will be primary cells, of either the silver oxide or the lithium 

carbon-monofluoride types. The electrodes will be stainless steel needles mounted above a 

ground plate. 

The receiver used will be a modified amateur receiver, along with extra circuitry for 

the subcarrier demodulation 
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4.  BENCH TEST. 

After the design of the system the next step was to construct the transmitter, the 

receiver already being constructed when obtained. The construction was in a number of 

discrete steps. The first step was to make the printed circuit artwork from the circuit 

schematic. This was done at twice real size, as the board was envisaged to be of the size 

40mm x 40mm. This has the effect of making the physical layout more precise. Four times 

real size was investigated, but the component shapes are hard to obtain of this 

magnification whereas very common for two times size. 

The second step was to photographically reduce the artwork to a real size negative. 

The board was coated with a photo sensitive etch resist substance and was contact printed 

and then etched in ferric chloride solution to remove the area of the board not being 

component tracks. The board was then cleaned, tinned and drilled to accept 

components. Finally the components were soldered into place and operation of the 

individual blocks of the circuit checked. 

I elected to have the circuit boards made professionally, and only the artwork and 

construction of the transmitter proper was undertaken alone. The photographic reduction was 

done elsewhere as equipment was unavailable. The etching and drilling of boards was also 

performed elsewhere as the author was only able to perform less than adequate work in these 

areas due to a lack of precision equipment with the fineness and intricate nature of the 

boards. 

 

4.1 Checking of Circuit Blocks. 

The individual blocks in the system were checked to assess performance and to 

obtain an indication of the gain or transfer function in each



86 

 

block, and to assess whether modification to operation would need to be carried out to alter 

the characteristics of any of the blocks. 

4.1.1 Input Differential Amplifier. 

As described in the previous chapter the differential input amplifier was used. The 

amplifier chip used to obtain this configuration was an LM 4250 which is a low power 

programmable chip. The amount of power consumed is decided upon by the addition of a set 

resistor to the negative power supply rail. Current was measured at two values of set 

resistance and found to be: 

 

Rset  = 100 kΩ  Iset = 48 µA 

Rset  = 470 kΩ  Iset = 11 µA 

 

The effect of varying set current has an effect on other parameters. Increasing the set 

current increases the gain-bandwidth product, the open loop voltage gain, the slew rate, the 

input bias current, and the input offset voltage. For this application, where low power 

consumption is the prime consideration, the 11 µA set current was adopted, giving 

reasonable values for the other parameters (gain bandwidth = 200 000; slew rate .02 V/µs). 

The measured gain of the preamplifier was 198, with the high frequency response 3 

dB down at 7 kHz, and a low frequency cut off at 31 Hz. 
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Diagram 4.1 Input preamplifier gain versus frequency 
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4.1.2 Differential-pair Amplifier. 

The differential pair amplifier is of almost standard configuration. The transistors are 

biassed in a "long-tailed pair" format and the output is taken as a current instead of the usual 

voltage across the collector resistor. The current source was considered to be stable enough 

as the power supply rails remain at a constant level until just before the battery source runs 

out. 

The interconnection with the sub-carrier oscillator is vital and it is just an arbitrary 

choice to deal with this area of the circuit separately. With no signal applied to the inputs of 

the differential pair amplifier, the emitter current was measured to be 4SuA through each 

transistor. When a differential voltage was applied to the inputs, the transfer function of the 

block was found to be 

g        = 0.475 mA/V 

or        g       = 4.75 x 10-4 A.V-1 

This compares with the calculated value of 0.497 mA/V or 4.97 x 10-4 AV-1, from 

the previous chapter, (see fig. 4.2) 
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Diagram 4.2 Differential pair current out versus voltage in 
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4.1.3 Sub-carrier Oscillator. 

The  sub-carrier  oscillator  used  was  the  circuit  described  in  the previous 

chapter.   The unijunction transistor used was the 2N2646. 

As the sub-carrier carries the data signal it needs to have sufficient bandwidth to 

accommodate the signal bandwidth. The signal (electromyogram) has most of its energy 

within the band 80-500 Hz (see power spectrum fig 4.3). The sub-carrier oscillator frequency 

needs to be at least 3 times the upper limit of this signal for adequate representation of the 

frequency modulated data. This gives a value of above 1.5 kHz. Choosing to go higher than 

this value, but still remaining at audio levels, (as operation of the transmitter will then be 

audible at the receiver speaker), a value of approximately twice this frequency was chosen. 

Solving  the equation in 3.7.2 yields: 

f        = 3.69 kHz 

when       C      = 10 nF. 

The free running sub-carrier oscillator was measured to be running at 3.53 kHz with 

a value of 10 nF in the circuit. 

The frequency change depends upon the input current and is plotted in figure 4.4. 
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Figure 4.3 EMG power spectrum 
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Figure 4.4 Subcarrier frequency output versus current input 
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Only the change in input current with respect to the change in frequency was 

important, and the transfer function was calculated by linear regression techniques, and was 

equal to: 

 

g s      =  6 7 .6  H z /µA  

 

or gs  =6.76 x 107 HzA-1 

 

 

4.1.4 Crystal Radio Frequency Oscillator. 

The frequency shifting element in the RF oscillator is the variable, capacitance 

diode: 

Two diodes were tested:  BA102, BB2059 Their respective transfer functions are 

given below: 

 

B A 1 0 2   g m        =     0 .5 2  k H z /V  

o r          g m        =     5 2 0  H z V -1  

B B 2 0 5 G  g m        =     2 .2  k H z /V  

g m        =     2 2 0 0  H z  V -1  

However, the circuit would only sustain oscillation if the input voltage was less than 

300 mV, and hence the BB205G could not be used as the frequency modulating element (see 

figure 4.5). 

The linearity of this stage is not as critical as the linearity of the subcarrier stage. 
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F ig u re  4 .5  O u tp u t f re q u e n c y  c h a n g e  v e rsu s in p u t v o lta g e  fo r  tw o  v a ria b le  

c a p a c ita n c e  d io d e s . B A 1 0 2 , a n d  B B 2 0 5 G . 
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4 .1.5 Problems with the RF Oscillator. 

With the radiofrequency stage set up as in figure 3.7, the oscillator did not operate 

satisfactorily. This circuit suffers from the disadvantage that when used with a standard third 

overtone mode crystal, it can operate at the crystal fundamental frequency. This condition is 

not explained in the original literature (Lane 1970; Foster, Rankin 1972), and could only 

mean that the oscillator was not compatible with the crystal in this configuration, as the 

oscillator without the crystal operated satisfactorily at the correct frequency. There was brief 

mention made to the use of a 560 ohm resistor shunted across the crystal, (in some poorly 

defined cases), to make the circuit oscillate at the correct frequency, but this was not 

explained, and the answer did not seem obvious. 

To understand why this happened, I modelled the crystal according to the 

manufacturer's specifications (as in figure 3.8) and modelled the transistor circuit according 

to Sutcliffe (1968) (figure 4.6), (all the circuit was used except the negative resistance of the 

transistor), and used a digital computer programme to iterate values of real and imaginary 

impedance for the circuit without the 560 ohm resistor and after the 560 ohm resistor had 

been placed across the crystal. 

For the oscillator to function sustain oscillation the impedance of the crystal needs to 

be both low in the real part and positive in the imaginary part (ie. inductive). When these 

conditions have been met, the oscillator will sustain oscillation, as the negative real 

impedance and negative imaginary impedance are being supplied by the transistor. 

Adding the resistor to the simulation stopped unwanted oscillations at 17 MHz, 

without affecting the situation at 50 MHz. When the resistor was added to the actual 

circuitry, the same was found to occur. 
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Figure 4.6 Computer simulation of RF circuitry. (a) the impedance without the 560 

ohm. (b) the impedance with the 560 ohm. (c) the equivalent circuit used in the simulation. 
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4.2 System Considerations. 

The characteristics of the system can be described using a block diagram. In this 

way, the system may be dealt with as a whole before concentrating on the individual 

blocks, and as each block has its own transfer function, a composite transfer function may be 

obtained, which is known as the system transfer function. 

The diagram shown over (figure 4.7) for the system shows two modulation -

demodulation steps, necessary for the FM-FM mode. The first modulation -demodulation 

step (1) being the audio-frequency (AF) which is associated with the sub-carrier, and the 

second (2) being the radio-frequency (RF) which is associated with the carrier. The purpose 

of calculating and measuring the system function from two methods, gives an insight as to 

whereabouts in the system, any deviation from the ideal is occurring. For example: if the 

transfer function of block D was not the true inverse of block C, then the deviation from the 

ideal would be in the sub-carrier modulation -demodulation. 

As the composite transfer function is an artificial situation where there may be 

hidden, more complex interactions between blocks which are not allowed for, the overall 

transfer function indicates that which will actually happen to the signal from input to output. 

This means that the whole system may be regarded as a "black-box" with an overall transfer 

function, relating the output to the input. 
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Figure 4.7  System block diagram. (see text 4.2 for explanation). 
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4.2.1  Block Transfer Functions. 

As  in  line  with  common  practice,  the  transfer  functions  will  be 

labelled with an "HH, and subscripted with the block number. 

Block A HA = 198  

Block B HB = 31.7 Hz/mV 

Block C HC = 0.52 kHz/V 

Block D HD = 0.57 V/kHz 

Block E HE = 3.0 Mv/Hz 

Immediately we can see that the inverse relationship of HD and HC is holding true, and 

also the inverse relationship of rig and Hg is holding true. Thus the deviation from the 

ideal occurs at the channel. However the deviation from the ideal is greater in the case 

of the AF channel. This means that the demodulator is more sensitive than the 

modulator. The actual process of modulation - demodulation is still linear, only the output 

has an increase in gain. 

The total system function could be estimated by the multiplication of all the transfer 

functions, i.e.: 

HS   =  HA x HB x HC x HD x HE This yields a result of 

HS  = 5581        (which is dimensionless). 

4.2.2       System Function. 

The system function overall was measured by feeding into the transmitter a sinusoid 

of known amplitude and frequency, and measuring the output waveform at the sub-carrier 

demodulator. The passband for the signal input was determined and the transfer function H's 

was taken at mid-frequency.  H’S  =5710  (between 80 and 500 Hz.) 



100 

 

 

 

 

Figure 4.8 System gain versus frequency 
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Comparing the two system functions obtained HS and H’S, we can see that they are 

within 5% of each other, so the interactions between stages is fairly limited, and for all 

analytical purposes the system is behaving as modelled in the block diagram (see figure 4.8). 

4.2.3  RF Modulation Index. 

The modulation index is a ratio of the change in frequency of the carrier at 

maximum input to the frequency of the unmodulated carrier.(Stanley 1982) 

The measurement of the modulation index of the RF carrier was a straightforward 

procedure. The unmodulated frequency is 150.8775 MHz, and the modulating waveform is 

always of the same amplitude. An input level of this amplitude produces a shift in frequency 

of the carrier of 676 kHz, and hence the modulation index is equal to 0.0134. This is 

important as bandwidth is limited by the Department of Communications to 16 kHz. To be 

certain of staying within this limit, narrow band FM has to be used. Narrow band FM 

essentially involves the carrier and two sidebands only (Stanley 1982), and to achieve 

narrow band FM, the modulation index has to be below 0.1. If this figure is exceeded, then 

there are significant levels of higher sidebands present, and the requirements would be 

exceeded. 
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4.3 Attenuation. 

As the receiver was not equipped with a signal strength meter, I had 

to construct field strength measuring circuitry to measure the level in the 455 kHz 

intermediate frequency strip prior to the FM detector and limiter. Measurements were 

made of attenuation in a bath of saline, signal strength versus distance in free space, and 

signal strength versus position in the animal house. The circuit was calibrated to measure the 

signal strength in microvolts by connecting the receiver to a calibrated signal generator. 

The circuit for the field strength meter can be found in Appendix D, 

4.3.1 Attenuation in Saline. 

This measurement was made to give an indication of attenuation in utero, as the 

properties of body tissue at radio frequencies are similar to saline. 

To make this measurement, a perspex bath filled with 8 litres of normal saline (9 

grams per litre) at body temperature was used. 

The method of measurement was to take a field strength at a distance of two metres 

between transmitter and antenna in air, then take another reading, at the same distance, with 

the transmitter immersed in the saline bath, and a third measurement with the transmitter in 

the empty perspex bath at the same distance from the antenna. 

The field strength reading in saline was:  64 µV 

The field strength reading without saline: 87 µV. 

Thus, the effect of the saline immersion is to reduce the measurable field strength, or 

attenuate the signal. The resultant attenuation is equal to 2.67 dB. 
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Figure 4.9 Saline bath experiment. Two cases: (a) before saline is added to the tank, 

and (b) after saline is added to the tank. Note the distance D between the antennae is the 

same for both cases. 
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4.3.2 Attenuation in Free Space. 

The voltage at the receiver was also measured when the transmitter 

was moved away from the antenna. This could not be done inside the office 

buildings, as the corridors and rooms are quite efficient resonant cavities at 150 MHz (which 

corresponds to a wavelength of two metres). A standing wave pattern is set up, which can be 

explored by moving the antenna and noting the peaks and nulls. These occurred at a distance 

of one metre (or two metres between nulls or between peaks). Consequently the 

measurements were undertaken in the open space of the second oval at the Kew Cricket 

Ground. The results are graphed in figure 4.10. 

The absolute range in free space of the transmitter was close to twenty metres. The 

fall in signal strength was, as expected, of a linear form, as power falls inversely as the 

square of the distance from a point source, and voltage (or field-strength) which is 

proportional to the square root of the power should therefore fall linearly with distance from 

a point source. 

Once again it should be stressed these measurements are made under ideal 

conditions, which won't be available in the animal house. 
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Figure 4.10    Attenuation in free space.    Field strength is plotted against distance 

between transmitting and receiving antennae. 
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4.3.3 Attenuation in the Animal House. 

This is an important variable as the recordings taken from the animals took 

place here. The only differences between this experiment and the actual recordings are the 

absence of the sheep in which the transmitter, was implanted, and the static nature of this 

experiment (i.e. the sheep could move about at will). 

The transmitter was placed in a plastic envelope and secured in position such that 

the antenna would stay in a constant position within this packet throughout this experiment. 

This is to make minimal the effects of antenna movement between measurements. 

The pen was gridded into rectangles 160mm x 200mm (which was the size of packet). 

This gave a grid 8 boxes long by 7 boxes wide. The pen was also divided into three layers. 

Pen floor level, 300mm above pen floor, and 650mm above pen floor (see figure 4.11). 

The antenna was placed in the position in which it was used in the experiments which 

was above the pen at the side and connected via a metre length of coaxial cable to the 

receiver in the next room. The transmitter was then moved sequentially through the 168 

positions, where the field strength was recorded. These data were then plotted on a set of 3 

dimensional graphs which are shown in Appendix E. 

As the field strength patterns appear to be very complex, especially at the 300mm 

level, a solution to derive an equation describing the behaviour was not attempted. However, 

a solution could be undertaken by modelling the animal house, cages and walls as a set of 

reflecting surfaces to obtain a three dimensional standing wave pattern. This is however 

beyond the scope of this research. The message from this experiment is quite clear. At the 

300mm level (which is approximately the position of-, the transmitter implanted in the fetal 

sheep), the corners of the pen greatly attenuate the signal. 
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Figure 4.11   Grid in animal house. Each grid element is the same size as the 

transmitter package,  (see text 4.3.3, and Appendix E). 
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4.3.4 Summary of Attenuation. 

The attenuation which would effect the operation in utero of the biotelemetry 

system, would be a combination of attenuation by the living tissue, the spatial position of the 

transmitter (and hence animal), and the effect of distance from the transmitter. Of these 

three, the distance would probably have the least effect as a complex standing wave pattern 

is also set up in the animal house. The effects will reduce the received strength quite 

independently and it is probable that there are some spatial arrangements of the sheep and 

the transmitter which would give rise to a massive attenuation. 
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4. 4 Receiving Antenna. 

A very simple antenna was used.    This was a half wave dipole.    The construction 

was such that a "bazooka-balun" was used to match the antenna to the cable. The match 

needed to be made as the antenna was a balanced 75 ohm network, and the cable an 

unbalanced 75 ohm network. To prevent energy from flowing in the shield, a tube was 

placed concentrically over the coaxial cable, which was one quarter wavelength long. This 

also has the effect of establishing a conducting ground, over which the quarter wavelength 

antenna has a reflection, effectively creating a half-wavelength antenna, which is the 

smallest length which is resonant (see figure 4.12). 

The frequency to which the antenna was to be tuned was calculated and the lengths 

of tubing cut accordingly. Generally speaking the half-wave dipole is a broad-band antenna, 

covering a wide frequency range. 

Other antenna types with gain and directivity were considered, but the problems of 

standing waves in the environment, may render the benefits of such an antenna to be of little 

value. Such a study of antenna types specifically for use in this recording situation would be 

very involved and is thus beyond the scope of this research. 
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Fig 4.12  Receiving antenna. Half wave dipole with “bazooka balun”. 
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4.5 Receiver, 

The receiver and power supply are shown in figure 4,13. The receiver characteristics 

other than the transfer function, which has already been investigated (4.2), that are of 

interest are the sensitivity, selectivity and stability. The first parameter describes the 

ability to pick up weak signals, the second the ability to distinguish between signals that 

are extremely close together in terms of frequency, and the last, the property of remaining 

tuned once a stable signal is picked up. 

To measure these parameters, a calibrated signal generator is used. For sensitivity, 

the signal generator is set at the correct frequency and the output reduced until the 

combined output of signal and noise is 10 dB above the background noise level. The 

selectivity is found by feeding into the receiver a signal of known level, and adjusting the 

frequency slightly, then adjusting the input to yield a constant output. The plotted results 

give a selectivity curve and the width of the curve is quoted at -6 dB or specified point. 

The results may be found in figure 4.14. The stability is qualitative label only which 

describes whether or not the receiver drifts out of tune. 

The sensitivity of the receiver found by the above method  

0.9 µV at 10 dB above background. 

The selectivity of the receiver found by the above method 

±7 kHz bandwidth at -6 dB.      (see figure 4.14). 

The stability of the receiver is good, as it is a crystal locked unit and the drift if it 

could be measured would be quoted in parts per million 



112 

 

 

 

 

 

 

 

 

 

Fig 4.13 Receiver (right) with power supply 
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Figure 4.14 Selectivity. This plot shows the required input level (measured with 

respect to 20 µV) to keep the output level constant as the frequency is varied. 
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4.6 Construction Summary. 

This section will be referred to in both Chapters 5 and 7. 

Six transmitters in total were designed and constructed (see figure 4.15 and table 

4.1). They varied from a simple fairly large prototype unit to a very compact unit with high 

energy cells. I will describe each transmitter briefly and tabulate the results. 

The first transmitter (No. 1) was constructed by drawing on a copper board with a 

pen containing etch resistant ink, to form the tracks. This transmitter failed before 

implantation, due to the difficulties in construction. The etch pen technique was then 

abandoned in favour of etch resistant tapes. These were considerably thinner than that which 

could be obtained with the pen. This technique formed the basis for the second transmitter 

(No. 2), which was implanted in a fetal animal, after encapsulation and sterilization with 

ethylene oxide. The transmitter was connected to the silver oxide battery pack (consisting of 

8 cells yielding an aggregate ± 3 volts) before encapsulation, and was in fact operational 24 

hours before implantation. After implantation, the transmitter was operational, but data was 

not being transmitted due to defective circuitry. This was only discovered after two weeks, 

when the lamb was delivered, and the transmitter recovered. The encapsulation techniques 

had been proven. With the next transmitter (No.3), I decided to use a simpler model and 

implanted the unit in a 6 month old lamb. The transmitter circuit board was also constructed 

using the etch-resistant tape technique, and utilized silver oxide cells in the battery pack. 

This transmitter proved to be highly effective, however, the battery pack failed after only 3 

days, indicating deteriorated cells. Three days of data were recorded. The next transmitter 

(No.4) was altered in both the energy source and the circuit board construction. Graphic 

artwork techniques were used by at twice life size (to reduce the size of the board) with 

precision slit tapes and donuts. 



115 

 

The artwork was then photographed, reduced, and printed onto a specially treated 

copper clad board. Etching took place to remove unwanted copper and finally the holes 

were drilled and the components mounted and soldered into place. The intermediate steps 

of photographing, printing, etching and drilling being done professionally. The second of the 

technology leaps was the inclusion of the Lithium cells which had only just become 

available in the larger sizes in Australia. The unit was encapsulated, sterilized but not 

connected to the battery pack until 5 minutes before implantation. The fetus did not 

recover from the surgical procedure. Maternal heart rate could be heard at the receiver 

output. The transmitter was recovered after three days and left operational to assess cell 

life, which was found to be two weeks. 

Transmitter No.5 was similar to the previous transmitter (No.4), except the 

artwork had been redone to make the component density more uniform, with a further 

reduction in size. The power output was increased to improve the signal to noise ratio at 

the receiver. This transmitter failed during encapsulation due to an interaction between 

the encapsulant (araldite) and some components. It was shelved at this stage but later 

repaired and used in a backpack experiment on a newborn lamb. 

The sixth transmitter (No.6) was of identical design and layout to No.5, with the 

components suitably protected before encapsulation. This unit was implanted twice after 

refreshment of electrode and battery pack to yield one week of data in both cases, and is still 

in operating condition. Also a parallel run was undertaken with a hard-wired EMG electrode 

in the first of these experiments. 
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Figure 4.15 The six transmitters. They are in numerical order from left to right. 

Transmitters 1,2,3 and 4 are partially dismantled  
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   T a b le  4 .1 .   
      
D a te  No. C o n s tr . E n c a p s . P o w e r Use 

3 U L S 2  1 e tc h  p e n  N .A . N .A . N .A . 

O C T  8 2  2 e tc h  ta p e s  w a x ,  c o p p e r , w a x ,  

s i la s t ic  

s ilv e r  o x id e  fe tu s  

D E C S 2  3 e tc h  ta p e s  it  la m b  

3 U L  8 3  it pcb a ra ld i te ,  rh o d o r s il l i th iu m  fe tu s  

A U G  8 3  5 pcb a ra ld i te ,  rh o d o r s il Li N .A . 

A U G  S 3  6 pcb a ra id i te ,  rh o d o r s il n fe tu s  

S E P  8 3  5 pcb it ii L a m b  

S E P  8 3  6 pcb it ii F e tu s  

 

 

 

 

D a te  No. L if e  A n im a l Age C o m m e n ts  
J U L 8 2  1 N .A . N .A , N .A .  

O C T  8 2  2 2  w e e k s  F G i2 9  M e c h a n ic a l  F a ilu re  

D E C  8 2  3 ti  d a y s N D 1 8 0  P o w e r  F a ilu r e  

J U L 8 3   2  w e e k s  F G 1 3 6  F e ta l  d e a th  

A U G  8 3  5 N .A . N .A , N .A . E n c a p s u la tio n  F a ilu re  

A U G  8 3  6 1  w e e k  F47 G 1 3 4  P o w e r  fa i lu re  

S E P  S 3  5 1  d a y  N il  ( F 4 7 ) D3 B a c k p a c k  

S E P  8 3  6 1  w e e k  F63 G 1 3 4  P o w e r  fa i lu re  
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5.  BIOLOGICAL VERIFICATION 

5.1 Introduction 

The previous chapter was concerned with the final construction and testing of 

the system "in-vitro". This chapter deals with the evaluation of the biotelemetry system 

"in-vivo". Hence it is an appraisal of the system under conditions of normal use. The 

testing was carried out using four animals. Four of these were fetal animals, and one 

was a lamb 

5.2 Entire Surgical Procedure. 

The entire surgical procedure will be described for the fetal animal, and then briefly, 

where appropriate, for the lamb 

5.2.1 Fetal Surgery. 
The pregnant Border-Leicester cross ewe was transferred to the animal house, 

from Monash University Animal Complex two to three days prior to the scheduled operation 

date. Here it was housed with a number of other ewes, and fed dry food and given clean 

water daily. The holding pens were cleaned and disinfected daily. Inside the animal house 

the lights were cycled on and off every, twelve hours. Twelve hours prior to surgery, food 

was withdrawn, with water being available.   No premedication was given. 

Anaesthesia was induced by sodium thiopentone (pentothal 17-25 mg/kg) 

administered intravenously. The intravenous line was used to infuse 40% dextrose in 

0.18% sodium chloride throughout the duration of the operation, a total of 500-1000 

ml being given. A cuffed endotracheal tube was inserted into the trachea and inflated 

to hold it in position. Through this tube halothane (fluothane 2-3%) and oxygen were 

delivered via a semi-closed circuit with carbon dioxide absorber to maintain anaesthesia. 
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The ewe was ventilated by an intermittent positive pressure pump. 

After induction of anaesthesia, the ewe was transferred to the operating theatre 

- specifically designed and exclusively used for animal surgery. Standard aseptic 

procedures were followed rigidly. The ewe was placed supine on the table and secured 

with leg straps. The wool was then removed from the abdominal, pelvic and lower 

thoracic regions with fine toothed clippers. This area was then cleaned with cetrimide 

0.15% and chlorehexidine gluconate 0.015% (savlon 1 in 100 solution) and 1% iodine in 

70% alcohol solution (Betadine), and draped appropriately. 

A midline infra-umbilical incision was made through the anterior abdominal wall 

and the gravid horn of the uterus was partially delivered through the incision. Here an 

incision was made in a cotyledon-free area of the uterus, such that the fetus could be 

delivered without a major loss of amniotic fluid. The head, forelimbs and thorax of the 

fetus were delivered and wrapped in warm saline soaked towels, (see figure 5.1) 

An incision was made through either the ninth or tenth left intercostal space of 

the fetus, and the pleural surface of the diaphragm was exposed. A barbed, stainless-

steel, bipolar, needle electrode previously connected to the transmitter was then 

inserted in the costal part of the left diaphragm. The thorax was then closed, and a 

subcutaneous pocket was made in the left side, anterior to the incision to house the 

transmitter and battery pack. In this pocket an interior opening was made to 

exteriorize the antenna wire, which was then sutured to the skin along the back of the 

fetus to prevent entanglement. The fetus was then returned to the uterus, care being 

taken to ensure the umbilical cord was not twisted or entangled. Warm, normal saline 

(with dextrose) was used to relax the uterus, and replace any amniotic fluid loss. 
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Figure 5.1 Fetal surgical procedure 



121 

A compound antibiotic, procaine penicillin and dihydrostreptomycin sulphate 

(streptopen 2 ml) was injected into the uterus, which was then closed. The abdominal incision 

was also closed. 

In two of the fetal animals (F36 and R9), a parallel electrode with cable attached 

("hard-wired" electrode), was inserted in the diaphragm next to the biotelemetry electrode. 

The surgical procedure differed here as the electrode was exteriorized from the fetus 

prior to closure of the fetal thorax. Then 30 cm of the lead was coiled loosely and placed in 

the uterus after the fetus had been returned. The remainder of the lead was then 

exteriorised from the uterus which was then closed. Prior to abdominal closure, a 

subcutaneous skin tunnel was made from the lateral margin of the abdomen to a point high 

on the ewe's flank. The abdomen was then closed and the electrode lead exteriorized 

through the skin tunnel and placed in a vinyl pouch which was sutured to the flank of the ewe. 

The ewe was then extubated and observed for a few minutes before being carefully 

transferred to a trolley and returned to a clean holding pen. She was observed for a period of 

time and checked at later intervals for signs of pain, delivery, proper wound closure, and 

whether she was eating and drinking. In all cases the ewe was eating and drinking within 1-2 

hours of being returned to the pen. Daily observation of well-being and the administration of 

5 ml of streptopen antibiotic intramuscularly was carried out for seven days. Daily 

observation continued, with the administration of 5 ml of a long acting antibiotic (triplopen) 

on every third day. Food and clean water were given daily and the holding pen cleaned and 

disinfected daily. 
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5.2.2 Surgery of the Lamb. 
In all respects, up to the initial surgical incision, the housing, pre-surgical treatment, 

and sterile conditions were the same as for the pregnant ewe. 

An incision was made in the left, ninth intercostal space, which exposed the 

surface of the diaphragm. A bipolar, barbed stainless-steel needle electrode already 

connected to the transmitter was then inserted in the diaphragm. The thorax was then 

closed, leaving the transmitter and short lead attached to the electrode exteriorized. A 

subcutaneous pocket was made anterior to the thoracic incision, posterior to the left 

shoulder, where the transmitter and battery pack were placed. An anterior opening was 

made in the pocket to exteriorize the antenna wire, which was sutured to the skin along 

the back of the lamb. The cutaneous wound was then closed, completing the surgical 

procedure which took approximately 55 minutes. 

The endotracheal tube was then removed, and the lamb was carefully returned to 

the holding pen where food and water were available. The lamb was noted to be eating and 

drinking approximately one hour after surgery. Daily observation and intramuscular 

administration of streptopen antibiotic was carried out. Food and clean water were given 

daily and the holding pen cleaned and disinfected daily. 
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5.3 The First Fetal Animal 

The surgical treatment as described in 5.2.1 was carried out on fetus No. 52 at a 

gestational age of 129 days. Transmitter No.2 was connected to the battery pack prior to 

encapsulation and sterilization, and hence was already transmitting at the time of 

surgery. The receiver and antenna were in the operating theatre to monitor the progress 

of attenuation (audibly only) as the unit was implanted. 

When the animal was returned to the animal house, it was placed in a pen in the 

nursery room. The antenna, which was mobile, was placed next to the pen and the 

receiver, power supply, sub-carrier demodulator, and tape deck were on a trolley next 

to the antenna. These could be moved for cleaning and feeding the animals. 

After the equipment was set up, recording began at approximately 7.00 p.m. that 

same night. The tape recorder was run at its slowest speed of 1.19 cms-1 giving a tape life of 

17 hours for two weeks, at which time the lamb was born, due to the size of the transmitter 

and battery pack, with this particular sheep. 

Battery life was for two weeks, when they failed prior to the delivery. The 

lamb was born prematurely and did not survive for more than twenty minutes after birth. 

Upon recovery of the transmitter at post mortem, there was seen no adverse tissue 

reaction to the implanted transmitter and battery pack. Upon subsequent 

disassembly of the transmitter, there was no entry of body fluid noted, but a mechanical 

failure of the printed circuit board had occurred and this meant that no data had ever been 

present on the sub-carrier. Thus the circuit was not reliable in this form, and quite an 

alarmingly large amount of noise had been present within the system. 

Thus transmitter No.2 had shown that the encapsulation methods were good, 

surgical techniques were good, battery life was at the expected range, and success at 

a later stage looked promising. The problems to be dealt with were noise and circuit 

reliability. 
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5.4 The Lamb 

The surgical procedures as described in 5.2.2 were carried out on the lamb at 6 

months of age. Transmitter No.3 was implanted, also being connected to the battery 

pack approximately 15 hours prior to surgery. 

When the lamb was returned to the animal house it was not placed in the nursery, but 

in one of the metal pens at the edge of the animal house. The mobile antenna was placed 

next to the cage, with the recorder, receiver, power supply, sub-carrier demodulator, 

and oscilloscope being placed on a bench at the side of the animal house. The antenna was 

moved for cleaning of the pens. Once again the tape recorder was run at the lowest speed 

of 1.19 cms-1 giving a tape life of 17 hours. An effective continuous recording was established 

for a period of 78 hours after returning the animal to the pen. After this time, the battery 

pack failed prematurely and the lamb was killed and the transmitter removed. The 

encapsulation was seen to be effective when the transmitter was inspected, and post 

mortem analysis revealed no adverse tissue reaction to the unit. The circuitry operated 

without failure during this period, with an amount of noise present which showed no regular 

patterns. When the noise was examined at the output of the demodulator, it was seen to 

manifest itself in the form of large impulses, and would appear for a number of minutes. 

As the electrodes from the transmitter were in the diaphragm of a lamb, a correlation 

between the audible shift in frequency of the sub-carrier and the actual breaths taken by the 

lamb was seen. During one of the days that the transmitter was operational, I quietly spent 

time watching the lamb, and listening to the receiver output. During the various stages of 

sleep and wakefulness of the iamb, which I did observe, I was able to ascertain that the 

inspiration occurred simultaneously with the frequency shift of the tone at the receiver output. 

(I listened to the sub-carrier undemodulated output, as the human ear is more sensitive to 

changes in pitch than intensity). The degree of pitch change varied with the size of inspiration 

(which could be seen by rib-cage movement), and the duration and periodicity of the changes 

became more regular when the lamb was asleep. 



125 

With this second transmitter implant, although I had moved back to a simpler 

experimental preparation, I had achieved a success as far as actually recording data, once 

again re-affirming the encapsulation technique, and making the circuitry reliable. I had also 

correlated the output with physiological signs from the lamb. However, noise was still a 

problem to be investigated, and the fetal animal had not yet successfully been used. 
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5.5 The Second Fetal Animal. 

The second fetal animal in which a transmitter was implanted was No. F36 (1983). 

The transmitter No.4, was used in this case, and the output was increased to try and defeat the 

noise problem. The transmitter also utilised new techniques and had a new power supply (see 

Ch. 4). The surgical procedures as described in section 5.2.1 were again followed. This 

animal was at a gestational age of 136 days, and had a parallel hard-wired electrode in 

position as well. The battery pack was connected to the transmitter 5 minutes before 

implantation. 

After surgery was completed, the ewe was returned to the nursery pen, the 

equipment was moved into position. This time, however, the antenna was fixed to the side 

of the nursery pen, with 6 metres of coaxial cable running overhead to the next room. In 

this room were the power supply, the receiver (which now contained the sub-carrier 

demodulator), and an oscilliscope for monitoring the output. These three devices sat on 

the bench, and standing nearby was the tape recorder, mounted on a trolley. 

Recording was begun the next evening, and while monitoring the output, a small, 

rhythmic change could be noted. When this was timed, it was found to correspond to the 

heart rate of the ewe. At this stage fetal recovery was questioned. Fetal death was 

confirmed, and the transmitter was recovered when the post mortem of the fetus 

was carried out. The transmitter was kept running, as the new battery pack's lifetime 

was unsure. This lasted two weeks, at a higher current drain the silver oxide cells in the 

previous transmitters. There was still a problem with noise, which was present at the 

output. 

In summary transmitter No.4, had proved for its short implanted life, the new 

encapsulation techniques, the new Lithium cells, but the problem of noise had still to be 

dealt with. 
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5.6 The Third Fetal Animal. 

The third fetal animal in which a transmitter was implanted was F49 (1983). The 

transmitter No.6 was used in this animal. The power output had been further increased 

from transmitter No.4, (see Ch. 4). The surgical procedures described in 5.2.1 were 

followed, and this animal also had a parallel hard-wired electrode. Again, the power 

supply was connected to the transmitter approximately 5 minutes before implantation. 

After the surgery was completed, the animal was returned to the nursery pen, 

where as in the second fetal animal, the antenna was fixed, the receiver and other 

equipment being in the next room. Recording began the next evening, and very regular 

bursts of activity, which resembled the pattern of diaphragmatic EMG were seen on the 

oscilliscope at the output. Tape changes were made every 16 hours, running at the tape 

speed of 1.19 cms-1. An effective continuous recording time of 173 hours (or approximately 

7 days was obtained. During this time a parallel run, which meant moving the ewe into the 

laboratory and connecting the hard-wired electrode to an amplifier, and connecting the 

receiver output and the amplified output to a paper chart recorder was obtained, and the ewe 

was returned to the animal house, where recording from only the receiver continued. 

With the increased power output, the noise problem had diminished in importance, 

but was still present. The circuitry and encapsulation again proved to be reliable, and the 

battery pack life was however cut by half. When the lamb was born, an identical transmitter 

(No.5), was then connected to the external EMG leads, and "back-packed" 3 days after birth. 

A further 16 hours of newborn data was able to be obtained. In this arrangement, noise was 

considerably less, almost invisible, due primarily to the increased signal level (as the animal 

was no longer in the uterus). 
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The parallel recorded data was analysed by running the two data sets through identical 

software to count the number of EMG bursts per minute (see Ch. 6). This yielded a result 

of very highly comparable data; the total number of breaths per minute being within 

1-2%. Further analysis of the energy content of each type of EMG burst, yield power 

spectrums which are shown below. 

The implantation in this animal was effectively the major breakthrough in the 

development of the technique, as data had now been successfully recorded from a fetal animal in 

utero, with highly successful circuitry, encapsulation techniques and 173 hours of continuous 

data. The parallel results further show that the same information is being gained from both 

systems. 
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5.7 The Fourth Fetal Animal. 

This was the last animal to have a transmitter implanted. This was F63 (1983) and its 

gestational age was 134 days. The transmitter used was again transmitter No.6, with a new 

battery pack and a new needle electrode fitted. The surgery has been previously described in 

5.2.1. Between the last implantation (F47) and this one, the receiver sensitivity had been 

improved by retuning to optimum operating conditions. 

The recording procedure was identical to animal 3, and 184 hours of continuous data 

was recorded. No parallel run was undertaken with this particular animal. 

The noise level was down considerably on the previous run, the only difference being 

the retuning of the receiver between the two runs. Thus almost all the initial difficulties had 

been overcome. This transmitter had proved itself with over 355 hours of implanted life 

without affecting its operation. 

5.8 Summary 

With the 5 units which had been implanted, an upward development had been taking 

place, solving problems and improving the size, and reliability of the units "in-vivo" from the 

first unit which survived implantation (No.2) and was plagued with noise problems, and lack 

of data output to the final unit (No.6) on its second round, which produced data which was 

relatively noise free and extremely reliable and small. In all the biological testing has proven 

the effectiveness of the units. 
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6.  DATA ACQUISITION AND ANALYSIS. 

6.1 Quantity of Data. 

The biotelemetry system has the capabilities of continuous monitoring, and I have 

utilised these features to continuously record onto magnetic tape the information emanating 

from the receiving and demodulation circuitry. 

With the transmitter being able to operate for at least 160 hours, an enormous 

amount of data is recorded. This amounts to 10 tapes of 16 hours or more. The existing 

computing facilities were designed to analyse 3 hour laboratory recordings in real time (i.e. 

playback = record speed), and hence it was necessary to design a new system to analyse 160 

hours of continuous recording. This required new equipment, a new computer operating 

system designed for longterm data acquisition and new software to enable playback speed to 

be much greater than record speed. 

To adequately represent the data in a digital form, sampling at the analogue to digital 

converter needs to be at five times the Nyquist rate. The Nyquist rate is twice the frequency 

of the highest recorded frequency, and this only gives two samples per cycle, which does not 

adequately represent the data, and hence 5 times the Nyquist rates yields ten samples per 

cycle, which should adequately represent the data. To contain the signal bandwidth (which is 

already present 80-300 Hz), a 333 µS sampling rate would need to be used, which 

corresponds to a frequency of 3 kHz. This is also equivalent to 21.3 Megabytes per hour or 

345 Megabytes per 16 hours. 
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6.2 Hardware. 

The computing system consists of the following hardware: A Digital Equipment 

Corporation (DEC) 11/34 minicomputer, with rack and power supply; two DEC RX01 

single-sided single-density floppy diskette drives; a DEC ARll analogue to digital converter 

and digital to analogue converter; a Tektronix storage oscilloscope; a SOROC IQ120 visual 

display unit; a DEC Decwriter II LA36 hardcopy terminal; a Tektronix 4662 digital 

interactive plotter; an Advanced Electronic Design 20 Megabyte Winchester disk; and a 

Cipher magnetic tape unit. 

The major components in use for collecting large amounts of data being the main 

processor, the Winchester disk, for data storage, the ARll for data acquisition, and the 

magnetic tape unit for data back-up. One half of the Winchester disk is available for 

data storage. This amounts to a little over 10 Megabytes of usable storage. 

6.3 Operating System. 

The computer is run under control of a real-time single user system supplied by DEC 

known as RT 11. The software operating language known as DAOS (acronym Data 

Acquisition Operating System), was supplied by Laboratory Software Associates who 

wrote and now support the language. The version numbers of the operating systems are DEC-

RT11 V4.Q and DAOS V6. 

RT11 gives the user a powerful basis for running programmes and utility operations 

such as copying media, assembling, compiling, linking and editing languages such as 

FORTRAN, and assembly level MACRO-H. DAOS is an interactive language, that is: the 

instructions are acted upon as they are entered at the terminal, or they may be stored into sub-

programmes known as "macros" and executed as a sub-programme unit. DAOS when 

running, accesses RT11 operations without complex user interaction. 



132 

 

 

 

 

 

 

Figure 6.1 Computer bus diagram 
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6.4  Pre-processing of Information, 

With reference to the preceding sections, it can be seen that close to 350 Megabytes 

of data are generated per tape with only storage at one instant in time for 10 Megabytes, then 

the tapes would have to be analysed in half hour blocks, which would mean, on average 32 

sessions at the computer for each tape, or 512 sessions at the computer for a ten tape series. 

Obviously this is not a practical solution, so some thought and attention has been 

turned to data reduction. The most important parameter is the breathing rate, as it is one of 

the most widely studied and simplest of the available parameters from the data. As the 

highest breathing rate practical would be less than 100 breaths per minute (or 2 Hz), the 

Nyquist rate would be 4 Hz. 

Firstly the EMG signal is full wave rectified (such that all data points assume the 

magnitude only of their value), and then low pass filtered (the anti-aliassing process). The 

filtering cannot take place alone as the data is bipolar and filtering this type of data would 

tend to make it cancel out to zero. The data is shown over leaf with the block diagram of the 

process. 

Summarizing, the complete data analysis procedure is as follows: The data is played 

from the tape recorder, through the full-wave rectifier and low-pass filter (where it emerges 

in a format shown) and is then presented to the analogue to digital converter. Here the 

computer controls sampling of the analogue signal at the 20 Hz frequency, and conversion to 

a digital word which is stored at every sample onto the Winchester disk. 

To completely remove any intraburst activity such that a smooth envelope occurred 

with each breath, a filter frequency was found by trial to be best set at 3 Hz. 
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Figure 6.2 Pre-processing of diaphragmatic EMG. (a) Raw EMG burst, (b) 

Rectified EMG burst, (c) Rectified, 50 Hz low pass flitered, (d) rectified, 11 Hz low pass 

filtered, (e) rectified, 5 Hz low pass filtered, and (f) rectified, 3 Hz low pass filtered. 
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Figure 6.3 Pre-processing procedure block diagram 
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6.5 Software 

The software was written in DAOS language, as a number of (small subroutine 

programmes (called macros). The tasks that it performs are as follows: sampling, digitization 

and storage in memory form one set of macros. The second set of macros control the 

complicated tasks of burst counting and recognition, data reduction, and data output. All the 

computer programmes can be found in Appendix F. 

Basically the operations are performed in two discrete parts. The first macro 

(AMAK), takes the data from the analogue to digital converter, which in turn is being fed by 

the pre-processing circuitry, which is being fed by the tape recorder playing the tape at 32 

times recorded speed. This information once inside the computer is relayed at strategic times 

to the Winchester disk where it is stored for later analysis. 

The second macro (WCOUNT) takes the blocks of data which were stored on the 

Winchester disk and operates on them in the following way, Which is noted in detail in the 

flow chart. (The flow chart, for the unitiated always flows from left to right, and top to 

bottom following lines unless arrows prevent. At decision points, the flow is such that the 

"true" result will cause a downwards movement, and the "false" result a sideways 

movement). 

In essence, the data is searched through very carefully to look for the start and end of 

each breath; when these have been found, the area and length is checked against set values, 

which if met, means the breath is accepted and counted. To check for noise, the total area in 

15 seconds is determined and if above a present level, the 15 second period is rejected, 

otherwise it is kept and operated upon.  
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Figure 6.4 Software burst acceptance procedure flowchart 
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This noise "selective knock-out" worked effectively, as the processed noise gave the 

appearance of a very high baseline level, whose area was almost an order of magnitude 

above that of a "noise-free" period.  The preset values were set by careful observation and 

counting of the information. The listing of the macros are contained in the appendix. 

As the data is either accepted or rejected in periods of 15 seconds, then a minutely 

average may be an underestimate if one or more of the 15 second periods contain noise as 

the four are added for the total. The data is not adjusted as this leads to the distinct 

possibility that the rate would be overestimated. The uncertainty should be noted such that 

with one period of 15 seconds rejected could mean the rate is under-estimated by 25%, but not 

necessarily so. 

6.6 Results 

The output is shown overleaf. This is a comparison of the data sent via 

biotelemetry, and data sent via hard-wires. The breath rate is plotted against time. 

There can be seen a difference between the two plots, which could be attributed to 

noise with the biotelemetry. However, the pattern can be seen to be definitely the same and 

this information, can be used in a number of ways (Chapter 7). 

The prescence of noise on the trace can be regarded as one of the problems with this 

technique. Every effort has been made in the software to remove the effects of noise from 

the final output, and to indicate which segments of the output are prone to interference, so 

that the interpretation of the results may be weighed accordingly. These concepts will be 

discussed in the next chapter. 
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Figure 6.5 Data output. A comparison of the hard wired and biotelemetry outputs. 
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7.  PHYSIOLOGICAL DATA ANALYSIS 

7.1 Introduction 

This chapter is essentially a marrying of ideas and techniques from the previous 

chapters. It is a combination of a designed, developed biotelemetry system (chapters 3 and 4), 

long term monitoring of diaphragmatic EMG using biotelemetry (chapter 5), and the 

processing and analytical powers of the computer and associated software (chapter 6). It also 

contains a discussion of the physiological behaviour of the developing respiratory system. The 

goal initially outlined in chapter 1 of continuously monitoring the diaphragmatic EMG of the 

ietai sheep in-utero, with minimal stress under conditions more familiar to the ewe than the 

laboratory without the ewe being aware of the monitoring, had been reached. 

7.2 Aim 

The aim of this chapter is to use the data obtained from a long term monitoring 

session, to investigate the cyclical nature of the behaviour of the respiratory system. An 

attempt to characterize the data will also be undertaken in both the frequency and time 

domains. 

7.3 Materials and Methods 

For these experiments, the data from two animals will be used. The amount of data 

successfully collected from these animals ranges between 77 hours and 184 hours. These data 

are shown in Appendix G in their entirety. The data were taken from: a fetus of gestational ae 

134 days (F47), using transmitter No 6 for 173 hours; and another fetus also of gestational age 

134 days (F63) for 184 hours. 
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The surgical and recording procedures are outlined in chapter 5, while the data 

reduction techniques are those described in chapter 6. The reduction of data produces an 

output, or value, for each minute of the total run, which tells the number of diaphragmatic 

bursts (or breaths) which have been counted. This output also includes the presence of noise 

when it is detected. The output is also presented in other formats. To examine in detail, some 

of the information presented in the complete recording may be viewed in terms of a two hour 

segment. This has the advantage of showing the actual minutely information with finer 

detail. However, this leads to an increase in the amount of space for visual presentation, 

and is only used when an examination of finer detail is required. In the case where viewing of 

the entire record in a simple presentation is required, the data is reduced as follows: the 

minutely values of rate are summed over an hour and divided by sixty to yield an hourly average 

rate, which can be presented on a single line and easily interpreted. However, this 

information is of much less detail than the original minutely rates and no interpretation 

can be made for changes which occur within an hourly period, only those changes which 

occur between hours may be found in this information. 

To make a comparison of gestational effects for a particular animal, and of individual 

effects between animals of the same gestational age on the breathing rates, a series of 

autocorrelations are used. These serve a twofold purpose: firstly the presence or non-presence of 

cyclical activity may be determined in two individuals on a long term and short term basis; and 

secondly these results can be compared between the two animals and also may be compared 

with other published data from within the department. 

The autocorrelation studies undertaken are: (i) early and late within the recording for a 

period of 34 hours, (beginning 135 days gestation and 139 days gestation respectively), for both 

the animals (F47, F63). 
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( ii)  T h e  co m p le te  re co rd ing  b e gin n in g  a t ges ta tio n a l a ge  1 3 5  d ays  th ro u gh  to  

th e  en d  o f  th e  ru n  fo r  bo th  an im als  (F 4 7 , F 6 3 ). 

In  a t te m p tin g  to  c h a ra c te r iz e  th e  d a ta , th e  f re q u e n c y  d o m a in  ( v ia  th e  F F T ) , 

w il l  b e  e n te r e d  a n d  in v e s t ig a te d  f o r  p a t te r n s  o f  s ig n if ic a n c e  a n d  r e p e a ta b i l i t y .  T h e s e  

o u tp u t  w il l  b e  in  th e  f o rm  o f  p o w e r  sp e c tr a  o f  a  p o r t io n  o f  th e  in fo rm a tio n . 

A  tim e  d o m a in  d e sc r ip tio n  w ill  a lso  b e  fo r m u la te d  to  a id  in  th e  u n derstand in g 

o f  th e  in fo rm a tion , and  to  po in t to  a  ph ys io lo g ic a l m od el o f  the  sy s te m . 

7 .4  Results. 

7.4.1 Format. 

S a m p l e  d a t a  a r e  s h o w n  in  t h e  f i g u r e s  o v e r l e a f  i n  a  n u m b e r  o f  d iffe re n t 

fo rm a ts . F irs tly , th e  m in u te ly  d a ta  fo rm a t is  sho w n . T h is  sh o w s th e  bu rs t d a ta  and  th e 

n o ise  p resen ce  (w h ere  c om p le te  d a ta  re jec tio n  h as  ta ke n  p la c e ) ,  a s  a  f u n c t i o n  o f  t im e .  

T h i s  i s  p a r t  o f  th e  r u n  F 6 3 .  T h e  t im e  s h o w n  a lo n g  th e  h o r iz o n ta l  a x is  i s  l a b e l le d  in  

h o u r s  f r o m  th e  s ta r t  o f  th e  r u n .  T h e  n o is e  i s  s h o w n  b y  t h e  d o ts  a b o v e  t h e  d a t a .  T h e  

c o m p le t e  m in u te ly  d a ta  f o r  bo th  th e  a n im als  a re  sh o w n  in  A p p en d ix  G . 

T h e  s e c o n d  f o r m  o f  d a t a  o u t p u t  i s  a  s m a l l  s e g m e n t  o f  t h e  f i r s t  o u tp u t . 

T h e  t im e  i s  a lo n g  t h e  h o r iz o n ta l  a x i s  a n d  la b e l le d  in  m in u t e s ,  w h il e  th e  r e s p i r a to r y  

a c t i v i t y  r a t e  i s  a lo n g  th e  v e r t i c a l  a x i s  a n d  l a b e l le d  i n  b u r s t s  p e r  m in u te . T h e  n o ise , 

w h e n  c o m p le te  d a ta  re je c tio n  h a s  ta ke n  p la ce , is  sh o w n  as  a  d o t a b o ve  th e  

c o r re sp o n d in g  tim e  p e r io d . 



143 

 

 

 

Figure 7.1 Data presentation. Rate of breathing versus time in hours. (a) 2 hour 

format, (b) 16 hour format, and (c) 48 hour format. Noise is only marked on (a)and (b). 
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The third form of data output is that of hourly mean values plotted against time. This 

data is on a compressed time scale, lasting for 184 hours in F63. The hourly mean data for 

F47 is shown in Appendix G, along with the other data. 

The autocorrelations for both animals are shown in figure 7.2. In the first instance, 

the autocorrelation of the total time for each animal was obtained using Fast Fourier 

Transform techniques on the computer, and then output to the plotter yielding the resultant 

7.2 (a) (b). 
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Fig 7.2 Data Presentation – autocorrelation. The correlation coefficient is plotted 

against lag time in hours, with the dashed lines showing the 95% confidence levels. (a) F47 

total, (b) F63 total, (c) F47 G135, (d) F47 G139, (e) F63 G135, and (f) F63 G139 
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The output contains two dashed lines which indicate 95 % confidence levels. When the 

magnitude of the autocorrelation function is greater than the magnitude of the dashed lines, 

the data can be said to be statistically significant and either negatively or positively 

correlated. The lag time at which these events occur now corresponds to a period of cycling in 

the original data. 

The intra-animal comparisons were also made using two separate autocorrelations 

at different times during the run (that is at different gestational age.). These outputs 

also contain the dashed lines indicating statistical significance. This data is shown for F47 

in 7.2(c) and 7.2(d) and for F63 in 7.2(e) and 7.2(f). 

7.4.2 Data Output (simple data). 

The data presentation, as outlined, involving the three presentations of simple data (2 

hours, 16 hours and 184 hours), shows the data in grades of detail . The 184 hour contains the 

least amount of information (or is the most coarse), the 16 hour shows more information than 

the 184 hour, and the two hour presents a more detailed information than the previous two 

(or is the most fine). These are shown in figures 7.1(a),(b),(c) respectively. These 

presentations have immediate appeal in that the amount of detail which is required for 

viewing may be gained by choosing the appropriate data output. 

The presence of noise, and the data rejection was greater in F47 than in F63. 

7.4.3 Total Run (autocorrelation). 

When the autocorrelation was undertaken on the total runs, the autocorrelated output 

showed no significant cycling. The resolution is given by the number of points for the total 

run.    
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There is one point per hour and the Nyquist rate (which gives two points per cycle) 

would mean the smallest detectable rate of cycling would be two hours. However this, as 

mentioned, only gives two points per cycle, which does not give an accurate 

reconstruction of the signal. A more realistic representation wuold be with five to ten 

points per cycle, which equates with the lowest cyclic rate at five to ten hours. 

With the number of points set at 156 (for F47) and 184 ( for F63), the cyclic time which 

can be detected is 31 or 37 hours respectively. Within this overall range of 5 to 37 hours 

(approximately) no significant cycling could be detected in either F47 or F63. 

7.4.4 Comparison of 135 and 139 day autocorrelations. 

The next data set consists of a 34 hour period at two gestational ages which were 

autocorrelated. Each point was two minutes apart and thus the minimum cycle time would be 

ten minutes, with the maximum 7 hours (using a five point per cycle criterion.) The cyclic 

variations here are less than obtained with the total run. 

For both F47 and F63, the autocorrelation showed no significance at any of the cycle 

times within these runs at either of the gestational ages. 

As there was no cycling present which could be detected at either of the gestational 

ages, there cannot be said to be any statistical difference between the two ages (135 and 

139 days of gestation). 

7.4.5 Frequency Domain Representation. 

When the power spectrum is obtained for some of the data (F63 G139), for a 

period of 34 hours giving a frequency range of 0 to 1/17 cycle/hour, no significant 

harmonics were found. In this case the standard error of each estimate is equal to the 

magnitude of the harmonic (as the  standard error is equal to the square root of the 

number of samples multiplied by the estimate). 
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Fig 7.3 Frequency domain presentation. (a) F63 G139 a single 8.55 hour transform 

and (b) F63 G139 four averaged 8.55 hour tansforms. 
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When 4 spectra are taken of the 34 hour period (ie. 8.6 hours each), the standard 

error now reduces to half the estimate. Again there can be seen no statistical significance of 

any of the harmonics. From this type of representation of the data there are no features 

which would serve to characterize the information present. 

7.4.6       Time Domain Representation. 

From the frequency domain representation, there appeared to be no easy method of 

characterising the information, and the autocorrelation of the original rate data was largely of 

a random nature, a model of the time series was proposed. 

A pure Gaussian noise distribution produced a random autocorrelation, 

which did not show any signs of oscillatory behaviour (which was present but not statistically 

significant in the rate data). Modifying the Gaussian noise by making its present state 

dependent on the previous state (ie. making the noise deterministic), produces a more ordered 

set of random data. The autocorrelation for this type of data is shown in figure 7Me). This 

output appears to be similar to the original rate data. 

A first order autoregressive model of the noise source is one in which the present 

state of the system depends upon the previous states of the system. This is 

mathematically represented as: 

Y(t) = A * Y(t-l) + X(t) 

where Y(t) is the output of the system at time equals t, and X(t) is gaussian noise. 
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Fig 7.4 Time domain characterization (a) autocorrelation of data F63 G139, (b) 

autocorrelation of gaussian noise, and (c) autocorrelation of 1st order regressive noise. The 

dashed lines show 95% confidence limits. 
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This autocorrelation appears more like the data than the gausssian noise model, 

and this is the model which will be applied to the respiratory rate data obtained from the 

biotelemetry. 

The first order autoregressive noise should be understood in terms of what it means 

physically as well as what it means mathematically. The output would be that of a system 

which is fluctuating randomly, but yet whose output is constrained by having a dependence 

on the previous state of its output. In essence, depending upon the constraints (measured by 

A), the system may fluctuate randomly, but the difference between two neighboring points 

will always lie in a certain range. 

By a least squares regression technique (Box and Jenkins 1971), of the form y = a * z + 

b, where a = A, b = X(t), y = Y(t) and z = Y(t-l), the constant A was found from the 

regression equation (r being the regression coefficient). 

The autoregressive techniques were applied to the animals under study in this 

chapter: F47 and F63 at both gestationai ages (G135,G139) and the data characterised by 

the constant A. These are listed below. 

F47 G135     A = 0.843 (b = 0.653,  r* = 0.891) 

F47G139     A = 0.928  (b = 0.596,  r2 = 0.954) 

F63G135     A = 0.773  (b = 0.508,  r* = 0.715) 

F63G139    A = 0.820 (b = 0.643,  r2 = 0.837) 

As there are only two animals at two different gestational ages, the significance of 

the results may not be apparent. A larger study using more animals at differing gestational 

ages is beyond the scope of this research. 
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7.5 Discussion. 

7.5.1 Diurnal and Ultradian Rhythms. 

O f  th e  tw o  t o t a l  r u n s  w h ic h  w e r e  i n v e s t i g a te d  b y  a u to c o r r e l a t i o n  o n ly , 

n e ith er  sh o w ed  a  s ign  o f  s ig n if ic a n t c y c lin g . A s th is  w as  th e  sa m e  in  b o th  c a se s  th is  

sh o w s a  s im ila r i ty  o f  th e  d a ta  b y  d e fa u l t .  N o n e  o f  th e  fo u r  3 4  h o u r r u n s  sh o w e d  a n y  

u l trad ian  rh y th m s b e tw e en  te n  m in u tes  a n d  s e ve n  h o u rs  a n d  th e re  is  n o  s ign if ic an t 

d iu rn a l  o r  u ltra d ia n  rh y th m s  p rese n t in  e ith er  o f  th e  to ta l r u n s  . 

7.5.2  Gestational Variations. 

T w o  se p a ra te  c ase s  w e re  lo o ke d  a t in  th is  in s ta n c e , b o th  a t th e  sa m e  ge sta tio n a l 

a g es  o f  1 3 4  a n d  1 3 9  d a ys . T h e  tw o  ca ses  u se d  a n im als  F 4 7  an d  F63 . 

T h e  d a ta  fo r  e a c h  o f  th e se  a n im a ls  sh o w  th a t th e re  is  n o  ge s ta tio n a l  tr e n d  

w h ic h  c a n  b e  se e n  u n d e r  th e  a u to c o r r e la tio n  o u tp u t . A s  th e re  a re  n o  s i g n i f i c a n t  

p a t t e r n s  p r e s e n t  a t  e i t h e r  o f  t h e s e  a g e s ,  i t  c a n n o t  b e  s a id  t h a t  th e r e  i s  a  g e s ta t io n a l  

c h a n g e  o f  th e  r e sp i r a to r y  a c t iv i ty . 

7.5.3  Time Domain Representation. 

T h e m e th o d  o f  o b ta in in g  th e  co e ff ic ie n t A  h a s  b e e n  d e sc rib e d  in  sec tio n  7 .4 .6 , 

T h e  re gre ss io n  equ a tion s  h ave  b e en  so lve d  b y  c o m p u ter  fo r  th e  re sp ira to ry  ra te  d a ta  a n d  

th e  co e ff ic ie n t fo u n d . T h e  te ch n iq u e  is  h o w e ve r a n o t h e r  m e t h o d  o f  a t t e m p t i n g  t o  

a n a l y s e  t h e  d a t a .  T h i s  m e t h o d  h a s  p h y s io lo g ic a l  c r e d e n c e  a s  i t  i s  a  r e a s o n a b le  

a s s u m p t io n  th a t  th e  o u tp u t  f r o m  th e  re sp ira to ry  g e n era to r  c o n s is ts  o f  a  d e te rm in ist ic  

co m p o n en t (w h e re  th e  ra te  o f  b re a th in g  d e p en d s  u p o n  th e  p re v io u s  ra te s ) , m ix ed  w ith  a  

ra n d o m  o r  s to c h as tic  co m p o n e n t. 
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7.6 Physiological Summary. 

The data reduction techniques, and analysis utilised, together with the long-term 

information obtained from the implantable biotelemetry runs, have been utilised to make a 

statement about the periodicity and gestational trends of the respiratory patterns of the 

developing sheep fetus. 

The data which has been analysed in this study has been greatly reduced in 

information content from original data which was transmitted from the fetal animal. These 

data reduction techniques have been described in chapter 6. The information which has been 

analysed is only a small segment of the minutely and hourly rates obtained from the digitized 

data. To establish methods of analysis has been one of the aims of this study and in 

particular this chapter. However, the large scale application of these techniques are beyond 

this aim due to the sheer amount of data, and the amount of development work involved 

in applying these prototype methods of analysis routinely.  A full study is beyond the scope of 

this thesis. 

A number of methods of data analysis have been attempted, yielding only one with 

promising potential. The power spectral method has revealed no significant insight with 

regards to predominance of a particular cycling frequency. The autocorrelation techniques 

have also yielded no statistically significant result, but there appears to be some evidence of 

cyclic respiratory rates. 

Finally in an attempt both to characterise the respiratory rate data and to give 

some understanding of its patterns and fluctuations, another method of analysis was 

tried. This has proved to be most interesting as it combines the feasible first order 

autoregressive model of random noise, such  
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that each point is dependent upon a random noise level and the preceding point to a certain 

degree, in: 

Y(t) = A * Y(t-l) + X(t) where Y(t) is the output at time equals t 

X(t) is gaussian component at time equals t 

a is the coefficient of dependence on the previous values of Y. 

This model can be feasibly applied to the unknown (perhaps legendary) 

respiratory generator, which controls the rate of breathing, and appears to produce an output 

of random fluctuations, which may be related to the previous result in time. 

The physiological significance of such modelling means that the output of the 

generator is essentially only random fluctuations which cannot change very rapidly in time; 

eg. the respiratory rate cannot change from a rate of 2 breaths per minute to 100 breaths 

per minute in one step, but would have to accelerate or decceierate in stages. 
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8. CONCLUSION. 

This section of the thesis deals with everything I have done, some things I have not 

done (but would have followed this work had time allowed), my findings and finally my own 

thoughts on this work. 

To remind the reader that which I set out to do. I set out to design, develop, and 

implement a fully implantable biotelemetry transmitter which could be used in the long 

term monitoring of the diaphragmatic EMG from fetal sheep, in a non-laboratory situation; 

to develop and utilize data reduction techniques which would be suitable for the massive 

amounts of transmitted data; and finally to develop analysis techniques which would be useful 

in the characterization of the data, and would lead to a simple method for routinely analysing 

large quantities of information. The demanding design concept arose out of discussion and 

expertise of members of the Centre for Early Human Development. This is now a completely 

new area in recording, analyzing, and interpreting, and new techniques are thus needed. The 

development of these new techniques are thus a major project in their own right. 

8 .1  A chievem ents. 

My achievements are very close to to my original objectives. I have developed, 

constructed, encapsulated, implanted, and recorded from, a fully implantable biotelemetry 

transmitter. 

The original design, has been developed through the long process of bench testing, 

then biological testing. Construction techniques have progressed from the early 

prototypes utlising etch resist ink drawn onto the board with a pen, and etch resist tapes 

transferred to the board through to printed circuit boards using photographic techniques. 

The size of the unit has been decreasing with each step in the development process. 
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Encapsulation techniques have progressed from the tedious process and heavy 

overall mass of the encapsulated unit, which was encapsulated with wax, copper, solder, wax, 

and silicone elastomer; to the lightweight, simple two or three stage process of epoxy resin 

and silicone elastomer. These later units have proved their effectiveness by being 

implanted for approximately 400 hours without any failure in the last unit (No. 6). 

The choice of energy source has been altered from the silver oxide cell in a pack to 

the new high energy density lithium carbon-monoflouride cells in a pack when these cells 

became available in Australia. 

Standard surgical procedures are largely used for the implantation purposes. A new 

development here is the slightly different procedure to accommodate the transmitter unit 

within the fetus and the placement of the antenna along the back of the fetus. 

The problem of noise has been dealt with, from each model of the transmitter up, and 

noise appears not to be a large problem with the latest implantation. Major sources of noise 

appear to be the switching of heavy duty equipment (the animal house is situated next to a 

hospital plant room), and the starting of fluorescent lamps in the animal house. 

Long term recording has been the desire of those who regard biotelemetry as a 

tool, and this means a new technique is now available for the physiologist. This is an exciting 

area as continuous recordings of fetal development under non laboratory situations has nt 

been previously possible without the need for wires to connect the animal to the equipment. 
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To cope with the enormous amounts of data generated by the continuous 

recording, I have developed appropriate hardware and computer software to quickly 

digitise and analyse the tapes. Data acquisition and analysis takes less than 80 

minutes for a 16 hour recorded tape. The development of this software and the 

expansion of the local computing facility has enabled this step to take place. 

Previously 16-17 hours analysis time would have been neccessary to digitise and 

analyse this amount of information. 

8 .2  F in d in g s . 

The findings of the data analysis exercise are that from a number of analysis 

techniques tried, both autocorrelation and power spectrum analysis showed no statistical 

significance, while the autoregressive labelling of the data has proved to be a 

valuable method characterization. The coefficient designated to represent the data, 

signifies the amount of dependence on the previous value in time. The other benefit is 

that the model can explain the data in the real time (as distinct from lag time and 

frequency) domain, and is much easier to visulize than the other representations. 

The findings are not easily interpretable as this amount of data has not been 

previously available, and in essence the information which will be of use in the 

recorded data is largely unknown. In the future, when more information is 

available, the discussion of the relevance and usefulness will be of prime importance to 

physiologists. 
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8 .3  W h a t H as N ot B een  D on e. 

As the research work for this thesis has expanded in a large number of directions in 

term of related fields and possible avenues of study, I have concentrated only on the design 

and development of the transmitter; the data acquisition and the data analysis methods. 

The areas which are closely related and have not received attention include the 

following: 

Research and experimentation in receiver design has not been attempted. The 

receiver which has been used in the research was a modified, commercially available 

amateur radio receiver. It is not particularly suited to this application and was modified to 

suit the purpose. Some of the problems associated with the noise may have been alleviated, 

had there been time to thoroughly modify or redesign the receiver, perhaps using phase locked 

loop techniques. 

Research and experimentation on receiving antenna design and appiication in an 

environment where standing waves are present has not been undertaken. This would entail a 

thorough investigation of the assumptions about far-field radiation, which have been used 

throughout this thesis. 

Research and experimentation would also need to be carried out on transmitting 

antennae design (in conjunction with receiving antennae) for the same reasons as mentioned 

in the last paragraph. 

Had more time and micro circuitry facilties been at the disposal of the department, 

the size and efficiency of the transmitter would have been improved using very large scale 

integration (VLSI) techniques. Benefits from this type of work could include a more power 

efficient output stage and the inclusion of more channels, for similar power requirements 

and a much reduced physical size. 

Development of  techniques  and  interpretive skills have not been taken to the 

extreme limit, for the massive amounts of data generated from the biotelemetry runs. 
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8 .4  G en era l S u m m a ry . 

The goals which were aimed for have been acheived as follows: 

The design and development of a fully implantable, self contained 

radio transmitter for the transmission of biological information from the fetal animal 

present in the uterus of the pregant sheep. 

The subsequent data reduction and analysis to yield both the results of long term 

respiratory rates in the developing fetus and a method of simply quantifying the information 

on the rates contained within the data. 
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Appendix A. Calculation of Transmitter Power Output 
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Appendix B. RF Oscillator Mean Current Calculation. 
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Appendix C Batteries. 
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Battery voltage versus time with resistive load. Silver oxide cells (SR44, 

SR47SW) at 1 k load, and Lithium cell (CR2016) 3k3 load. 
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Battery voltage versus time with transmitter as load. Lithium cells (BR1/2A) 

at 2.18 mA (A) and 2.67 mA (B) 
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Battery packs. Left: 8 silver oxide cells (SR4W). Right 2 lithium 

carbonmonofluoride cells (BR1/2A). 
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Appendix D. Circuit Diagrams. 

The following circuit diagrams form the receiver. In these circuits, wound 

inductors and transformers are referred to by a letter and a number (eg. L7, T4). This 

is the orginal notation used by Jenkins and Hepburn (i), (ii); and the specifications 

can be obtained from the original papers. 
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Appendix E. Attentuation Surfaces 
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Appendix F. Computer Programmes 
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DEEPA 

1 1 MATRIX M 2 2 
2  CLEAR M 0 1 
3  DELETE DL1:DATA.111 
4  SLICE 1024 
5  MARK R 
6  DO  10 J=0, (BLB/4)-1 
7  MP1=MT(J) 

 

S  MD=0  
9 4 IF MP1 LT 1000 5 
10

0 

 MP1=MP1 -1000 
11  MD=MD- 40 
12  GO 4 
13 5 M(J,0)= MP1 
14  M(J,1)= MD 
15 10 C  
16  CLEAR M 0 0 BLB/4 1023 
17  CLEAR M 1 1 BLB/4 1023 
18  MARK U BLB/4 
19  DIS ARR M 0 
20  EXP  
21  MARK L BLB/4 
22  MARK U 1023 
23  CLEAR  M 0 0  
24  MARK  R 
25  CHANNEL  2 M DL1:DATA.111= 
26  DATA S 2 0 
27  DATA W 2 0 1 
28  CHANEL 2 
29  MULC 200 M 0 
30  MULC 200 M 1 
31  DIS ERV 
32  TYPE “DEEPA FINIS”!! 
33  TYPE /A 7 
34  RETURN  

 

DAOS programme. (f) DEEPA the reduced data storage macro. 
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Appendix G. Data Output. 
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