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CHAPTER I 

INTRODUCTION 

The transmission of information is in many cases vital to modern 

research. An example is the transmission of information which con­

cerns.the physiological phenomena taking place inside the body of an 

unrestrained animal. The transmission of the information has to be 

accomplished with a minimum amount of-discomfort to the animal. A 

physical connection to the sensor would cause much discomfort to the 

animal and would not indicate a normal situation. Therefore, in re­

cent years the information gained from a sensor (inside of an animal 's 

body) has been used as the intelligence to modulate a small telemetry 

unit. This information is transmitted to a receiving station outside 

of the animal. The mode of transmission and the type of sensor have 

varied. 

The type of sensor to be used will vary with the body function 

that is to be observed and the type of transmitter to be used. Two 

important body functions are temperature and pressure. Most of the 

temperature sensors used in the past have been thermistors8. They 

have been used to frequency modulate different types of oscillators 

or change the pulse duration time in a pulse code modulation system, 

such as the one developed at NASA Ames Research Centerl4 • 

A pressure sensitive coil was one of the first pressure tran­

ducerslO, 11. A metal slug that moves as a result of a pressure change 

was placed inside of a coil. Thus, a change in pressure changed the 



inductance of the coil. If the coil was in the tank circuit of an 

oscillator, the frequency of oscillation would vary with pressure. 

However, the inductor was very bulky and therefore not conducive to 

miniaturization. With this in mind, the remaining component of a 

tank circuit was investigated. Although this paper was not pri­

marily directed toward sensors, the variable capacitor was investi­

gated. It was found that the foremost disadvantage of the variable 

capacitor in the past was its small change in capacitance with 

temperature or pressure. However, this becomes an advantage in the 

system that is developed in Chapter II. 

It is important to note that the sensor and transmitter must be 

compatible. R. s. MacKay developed a versatile transmitting unit 14• 
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It is a single stage frequency modulated oscillator. The modulation 

can be obtained from three different types of sensors; a variable 

resistance for temperature measurements, a variable inductance for 

pressure measurements or a variable resistance between two electrodes 

for pH measurements. In many measurement applications, a single stage, 

frequency modulated transmitter has been used4, 5 with emphasis placed 

on small size and long battery life. However, the gathering of data 

is rather laborious and quite sophisticated equipment is required to 

receive and demodulate the data. In obtaining the data, one first 

zero beats the receiver using the beat frequency oscillator. Second­

ly, without further receiver adjustment, a signal generator is tuned 

until the receiver is again at zero beat. Then, this frequency is 



measured. This method is very time-consuming and renders continuous 

recording nearly impossible because of the instability of the radio 

frequency and the beat frequency oscillators. 

3 

The above method has been used2, 3 where readings were taken every 

half hour which means that a minima or maxima in the intelligence 

signal could have been missed. Therefore, a more sophisticated 

transmitter is required so that a continuous record can be made with 

available equipment. For example, a frequency modulated subcarrier/ 

amplitude modulated carrier system (FM/AM) constitutes a more com� 

plicated transmitter. It requires more operating current but requires 

less complicated receiving equipment. 

The FM/AM transmitter has been used as a temperature and a 

pressure sensing telemetry system8 '9• This system is composed of two 

oscillators: a sensing and a transmitting oscillator. A phase. shift 

oscillator with a variable resistance as the· sensor is used as the 

sensing oscillator. The frequency of the oscillator has to be in the 

audio range to utilize available receivers and easily implement the 

recprding of the infor�ation. The output of the sensing oscillator 

is used to amplitude modulate the transmitting oscillator. Overall 

operation is much better than the single staged frequency modulated 

transmitter. 

The FM/AM transmitter has its disadvantages. The main one is 

that the first stage (the phase shift oscillator) requires five times 

the current of the transmitting oscillator for operation. The total 

current require� by both oscillators is excessive. Also, to use the 



transmitter as a pressure sensing device is very difficult and expen­

sive. A pressure sensitive capacitor cannot be used because of its 

small change in capacitance. Pressure sensitive potentimeters are 

available on the commercial market and have been used with satis­

factory results. However, they are quite expensive. 

The FM/AM telemetry transmitter has proven to be a very satis­

factory temperature sensitive telemetry system, baring the larger 

current.and larger size. It would b� advantageous to have a smaller 

more efficient FM/AM system while retaining its advantage of ease 

of recording data. 

The purpose of this thesis will be to develop a low current 

FM/AM system to be used as an implanted biotelemetry unit. The cir­

cuit will be designed in Chipter II and then an equivalent �odel will 

be developed in Chapter III. Chapter IV will be devoted to experi­

mental work and discussion of the results. 
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CHAPTER II 

DESIGN 

A. Design Criteria 

Before the design of an implanted biotelemetry unit is con­

sidered, it is essential to establish some fundamental design 

criteria or considerations. Most of these criteria are found from 

a literature review of the subject. The four most important criteria 

are size, output signal, power requirement and versatility. 

1. Size 

Knowledge of the temperature and pressure variations in and on· 

various organs of the animal. body is important in the study of animal 

science. In past years studies have been made on the larger organs 

of animals (for example, the rumen of a cow). However, it is (and 

has been) desirable to do similar studies on smaller organs of ani­

mals. To make this possible, a small transmitter and a small sensor 

is needed. The size of present transmitters is in the order of 10 cm 

long and 2.5 cm in diameter9 for the studies conducted on cows. For 

the study of smaller animals, this would have to be reduced by one 

half or more. 

2. Signal Output 

Although the size of the transmitter is an important considera­

tion, there are other considerations that have to be made. One is 

the type of output signal. As already discussed, the transmitter 

5 



could be made very small and still not be acceptable because of the 

difficulties in acquiring data. Amplitude modulation receivers are 

readily available on the market. Therefore, an output, amplitude 

modulated at an audible rate compatible with the frequency response 

of available receivers, is desirable. 

3. Power Requirement 

In the development of the amplitude modulated signal, it is 

also desirable to keep the current at a minimum to insure long bat­

tery life. If the transmitter is made small enough it can be im­

planted in various parts of the body and if the current drain is low 

enough it will remain operational for a long period of time. 

4. Versatility 
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Another attribute that is desired in a telemetry unit of tnis 

type is versatility. With the two main physiological phenomena, pres­

sure and temperature, it would be ideal if the transmitter could be 

used for both, with a minimum of component change. Temperature 

sen3itive, variable capacitors are available and preliminary inves­

tigations indicated that a pressure sensitive capacitor can be built. 

Therefore, the preliminary design incorporated a variable capacitor. 

B. Initial Design 

The initial design is as shown in Fig. 2-1. The sensing os­

cillator signal is mixed with a crystal controlled oscillator signal. 

The sensing oscillator varies from one to ten KHz above the crystal 
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oscillator frequency. The reason for using this frequency range is 

to stay within the bandpass of commercially available receivers. 

Following the mixer, a low pass filter is required to insure 

that only the audio frequency is passed on to the audio amplifier. 

It is a well-known fact that the output of a mixer consists of the 

frequencies of the two inputs, the sum of the inputs and the dif­

ference of the inputs as shown in Fig. 2- 1. The frequency of concern 

is the difference between the two inputs which is an audio frequency 

between one and ten KHz. The audio difference frequency signal 

could then be used to amplitude modulate an RF oscillator. An 

audio amplifier following the low pass filter may be required if 

the output is not of sufficient amplitude to modulate the trans­

mitting oscillator. 

The resulting carrier signal would be amplitude modulated by a 

frequency modulated subcarrier, (FM/AM). This method and design as 

shown in Fig. 2-1 appeared to be an excellent approach to FM/AM 

modulation. However, after development of the circuit began, it be­

came apparent that the battery current consumption would be rather 

high and the size of the total system would be fairly large. For 

this system to obtain a lower current consumption than the phase 

shift oscillator technique would be very difficult. Also, the os­

cillators and audio filter would increase the size. 

8 



C. Final Design 

le Sensing Oscillator 

The first stage was chosen to be a colpitts type oscillator 

because of its relative circuit simplicity as shown in Fig. 2-2a. 

The equivalent circuit of the oscillator is shown in Fig. 2-2b and 

its resonant frequency and starting condition are6 

(2-1) 

(3 < C 
(2-2) 

9 

The tank capacitor (C) in Fig. 2-2a was chosen as the sensing capac­

itor. The oscillator circuit was designed to keep C as small as 

possible. The output of the sensing oscillator is frequency modulated 

and with the capacitor C very small, the current is low9 ( 15 micro 

amperes). 

With the first stage decided upon, the problem of how to use 

this frequency modulated signal to amplitude modulate an output signal 

remained. 

2. Mixer and Modulator 

With the consideration of low current consumption and small 

size, an attempt to combine or eliminate some of the stages of the 

initial design seemed necessary. Initially, the mixer and local os­

cillator were combined into one circuit. 
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A crystal controlled, colpitts type oscillator was designed to 

minimize current consumption and to insure that a nonlinear iriput 

characteristic was available for mixing. The output of the sensing 

oscillator was fed into the base circuit of the crystal controlled 

oscillator as shown in Fig. 2-3 at a voltage level such that the 

frequencies would mix and a difference frequency would be realized. 

The difference frequency was again restricted to an audio· frequency. 

In analyzing the circuit, it was noted that the energy stored 

in the near field of the coil (L2) was the desired output signal as 

shown in the second trace of Fig. 2-4. This signal was observed by 

placing a search coil near the coil (L2) of the crystal oscillator. 

11 

The carrier frequency was the same as.the crystal frequency and the mod­

ulation frequency was the difference between the sensing oscillator 

frequency and the crystal frequency. If the sensing oscillator. is 

designed to not vary more than ten KHz above the crystal oscillator, 

this output signal satisfies the original desig� requirements. 

Ffg. 2-4 shows four oscilloscope displays of signals associated 

with the FM/AM system Fig. 2-3. The circuit is operating with a 

sens.ing oscillator frequency of 385 KHz and a crystal oscillator 

frequency of 380 KHz. The top display is the audio output (5 KHz) 

of a Hallicrafters WR3000 receiver. The receiver is tuned to the 

carrier (380 KHz) of the FM/AM transmitter. Thus, the output of 

the receiver is a signal at the difference frequency of the sen­

sing oscillator and the crystal oscillator (5 KHz). The second 

display is of the near field of coil (L2) .  This is obtained by 
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Fig. 2-4. FM/AM System Waveforms·. 
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placing a search coil close to the coil (L2). The third display is 

the base to ground voltage. The fourth display is the voltage across 

the emitter resistor Re in Fig� 2-3. 

With the type of output signal desired available, the remaining 

design restrictions were size, low current consumption, and versatility 

in the type of phenomena that can be observed. 

The battery current drain is very low. With a supply voltage 

of 5.6 volts D. C. , the total current consumed is 30 microamperes. 

If the voltage is reduced to 1.4 volts, the current drain decreases 

to 10 microamperes. The unit must be built for a given voltage. If 

the voltage is changed after construction, the sensing oscillator 

will change frequencies. However, the capability of proper operation 

at a lower voltage is in itself an advantage over previous methods9. 

If a high frequency is used, all circuit components are small 

with the crystal being the largest. Also, if the low voltage ( 1.4 

volts D. C. ) is used, the battery is one fourth the size of the 5.6 

volts D. C. battery. Hence a small telemetry transmitter can be built. 

With temperature and pressure sensitive capacitors available, 

the transmitters can be changed from a temperature sensing to a 

pressure sensing unit with a minimum of component changes. Thus, 

using the capacitor as the sensing element provides a versatile unit. 

A versatile system with a low current consumption that can be readily 

adapted to continuous data recording has been obtained. 



Although the mixer is a frequently used device, the theory and 

design are not well documented. In the telemetry circuit developed 

in this chapter, first mixing occurs and then modulation, these 

processes are discussed in Chapter III. 
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CHAPTER III 

EQUIVALENT MODEL 

The conventional mixer in receivers is used to translate the in­

coming signal frequency spectra into an intermediate band of fre­

quencies. Although the system that has been developed in Chapter II 

is not a conventional mixer, mixing does take place. Therefore, this 

chapter .will first cover the conventional mixer theory. Secondly, it 

will relate the system to the conventional mixer; and, finally, am­

plitude modulation of the crystal controlled oscillator will be 

discussed. 

A. The Conventional Mixer 

In the available literature on mixers, most authors discuss the 

conventional mixer and/or the frequency converter. Mixing is defined 

as a process that transforms a band of frequencies centering about one 

frequency f1 to another related band of frequen6ies centering about 

some other frequency f2. In most practical applications of the mixer, 

this does occur. The difference frequency is the frequency of inter­

est and all other frequencies are filtered out. However, other pos­

sible applications do exist for the mixer circuit as will be shown. 

The conventional mixer circuit can be used with a variety of 

input configurations: (a) one signal fed into the emitter and a second 

into the base, (b) both signals fed into the base circuit, (c) one 

signal fed into the collector circuit and a second into the base 



circuit, etc. If capacitor coupling is employed, the first configu­

ration is usually used, as shown in Fig. 3-la. This configuration 

is used to obtain better isolation between the two sources. The 

circuit shown is similar to the conventional mixer used in the 

front end of a communications receiver. 

To illustrate the operation of this configuration two signal 

generators can be used as the input signals. By Kirchoff's voltage 

law it can be seen that Vb = Vs + V0,-where Vb, Vs and V0are de­

fined in Fig. 3-lb. 

17 

The transistor Q2 must be biased with proper values of R1 and 

Re such that a nonlinear base to emitter characteristic is available. 

Since a linear device never generates new frequencies, nonlinear 

properties are essential to the process of mixing. In some cases, 

the nonlinearity can be adequately approximated with the first and 

second order terms of a power series expansion. 

ic (t) = K1 Vb (t) + K2Vb
2 (t) 

With Vb (t) = V 5 (t) + V0 (t) and Vs (t) = Vsm cosWst, V0 (t) 

Vom cos W 0t (the subscript m denotes maximum), we have 

ic (t) = Ki (Vsm cos Wst + V0m cosW 0t) 

+ K2 (Vsm cos Wst + V0m cos W0t) 2 

(3-1) 

(3-2) 



Rl 

Cl 

ib(t) 

Vs +T 
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+ 

(a) 

+ 

(b). 

Fig. 3-1. (a) Conventional Mixer 
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ic (t) = K1 Vsm cos Wst + K 1  V 0m cosW 0t 

+ K2V2
sm cos2wst + K2 V0m

2 cos2 u.) 0t 

+ 2K2 vsm vom cos Wst cos Wot 

Substitution of the trignometeric relations 

cos2 
W st = ½ (l + cos2Ws t )  and 

cosuJ5t cosW0t = ½ cos (uJs +W 0)t + cos (Ws - u)0 ) t  

results· in 

19 

ic (t) = K1Vsm cosWst + K 1Vom cosW 0t + � K2V2
sm (l + cos2u.kt) 

+ ½K2 v2
0m (l + cos2�t) 

+ K2VsmVom cos(u).; + u.J0)t + cos (u.k - W0)t (3-3) 

It is apparent from equation· 3-3 that new frequencies are produced. 

The resultant frequencies are the two originals, their 2nd harmonics, 

a D. C. component, and the sum.and the difference of the two original 

frequencies. 

The difference frequency (Ws - u)0 ) is denoted as Wn· For con­

ventional use, the tank circuit (T1 ) is tuned to resonate atW0 and 

thus, the tank circuit has a negligible impedan ce at other frequencies. 

Therefore, the voltage (VT (t ) across the tank circuit exists only with­

in a narrow band of frequencies centered at the frequency (l<..,b). The 

difference frequency (ltJn ) signal will be amplified. The other signals 

generated in the mixing process are attenuated be cause of the output 
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impedance at these frequencies. The gain that is achieved is called 

conversion gain and is defined as the ratio: 1 

Conversion gain = available power difference frequency from mixer(3-4 ) 
available power from signal source 

The conventional mixer, when used in the front end of the super­

heterodyne receiver has a modulated carrier (Ws ),  as one of its 

inputs. The modulated carrier signal is combined with a locally 

generated signal (W
0

) to produce a new signal. The frequency of this 

signal is called the intermediate frequency (IF ) and is always lower 

than the carrier frequency but has the same modulation. The IF 

signal is demodulated and an audio output is obtained. 

B. Conventional Mixer Versus Transmitter System 

In the transmitter developed in Chapter II, mixing is the first 

operation that takes place. The mixing occurs in the transistor of 

the transmitting oscillator. 

The transmitting oscillator can be represented by an amplifier 

with equivalent inputs and outputs. The emitter signal is an input 

from the feedback circuit of the crystal controlled oscillator. The 

base signal is an input from the feedback circuit of the sensing os­

cillator. Thus, the base input can be represented by an equivalent 

source as shown in Fig. 3-2a. Although the crystal controlled oscil­

lator is a common base oscillator circuit, the base to ground 

impedance is approximately 400 ohms at the crystal and sensing oscil­

lator frequencies. The input impedance to the base circuit is ap­

proximated by its smallest component, C3, in Fig. 3-2a. 



Rx 

i 
Vfb Re 

! 
Fig •. 3-2. (a) 

(b) 

(a) 

lc1 

C2 

(b) 

Equivalent Base Input 
Equivalent Emitter Input 

I 
Vy 

21 

+ 

�4
-==-



The emitter input can also be represented by an equivalent 

source. A voltag� (Vfb) is picked off the voltage divider c1 and c2 

-as shown in Fig. 3-2b. In the feedback circuit the crystal is shown 

as a small impedance (Rx) which is true at the crystal frequency7 • 

For the case where Rx = 0 

22 

(3-5) 

At other frequencies the impedance increases and shuts down the os­

cillator. Thus, the input to the emitter is a constant voltage and 

a constant frequency source. The input to the base circuit is also a 

constant voltage source. However, the frequency of the sensing .os­

cillator varies with the function that it is observing. 

The collector output circuit is the tuned tank circuit of the 

oscillator. Therefore, it can be considered as a tank circuit tuned 

to the crystal frequency as shown in Fig. 3-3. Since the emitter 

input is at the crystal frequency, the tank circuit is tuned to the 

emitter input frequency. The circuit in Fig. 3-3 is the same as the 

conventional mixer with the tank circuit tuned to one of the original 

frequencies rather than the difference frequency. If a nonlinear 

base to emitter junction is available, mixing will take place. 

The D.C. bias point of the crystal oscillator transistor (Q2) is 

0.4 volts and 2 microamps. This is below the cutin point of the sili­

con transistors used. Thus, a nonlinear base voltage versus base cur­

rent is available as shown in Fig.· 3-4. With the proper input voltage, 

mixing will occur. 



F ig. 3-3. Equivalent Inputs and 
Outputs of Q2• 
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C. The Equivalent Mixer 

The circuit in Fig. 3-3 will be used to explain the mixing 

operation. With a nonlinear characteristic available, equation 3-1 

can again be used as an approximation for the base to emitter char­

acteristic. From this equation 3-3 again follows. 
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The tank circuit T1 in Fig. 3-3 is tuned to the crystal fre­

quency (u)0 ). Thus, the voltage VT (t) can exist only within a narrow 

band of.frequencies centered at Wo• The other signals of equation 

3-3 are attenuated. From the output characteristic curves, it was 

observed that the base current and collector current, for the tran­

sistors used (2n930, 2n2483, and 2n918), are linearly related. -Th�s, 

the base current (ib (t)) is related to the collector current in equa­

tion 3-3 by a constant. This is shown in equation 3-6 and the new 

constants are denoted by K' 

+ f½Vom cos Wot + ½K2 v�m (l + cos2 u.Jot) 

+ K:?srnvorn[ cos (Ws + Wo)t + + �K2• v2 (1 + cos2 W t) om s 

cos (Ws - W0
)t] (3-6) 

Some components of the base and collector currents will have an 

effect on the circuit operation. The transistor is already modulated 

byW 0 • Thus, this component will not add to the circuit output. With 

Ws and u)0 being within lOKHz in frequency, the components of current 

at 2Ws, ¾ and Ws + Wo are too high in frequency to have any 

effect on the output signal. The component of current at s will 



26 

have an effect on the outpute The effect shows up in the strength of 

the side bands and will be discussed later. The D. C. components can 

be considered as part of the D.C. bias current. 

The signal of interest is again the difference signal (Wn)· 

With the two original frequencies (u.Js and W0 ) less than 10 KHz 

apart, the difference frequency is much less than the carrier fre­

quency. In the case of the transmitter in Fig. 2-3, the carrier fre­

quency is 380 KHz. Thus, the difference signal is of a low enough 

frequency to modulate the output signal. 

D. Amplitude Modulation 

Amplitude modulation can be obtained by a number of methods. 

One method is to change the amplitude of the oscillations of a car­

rier frequency oscillator by changing its operating point at the mod­

ulation frequency. This method can be implemented by changing the 

emitter bias current. The analysis of the amplitude modulated os­

cillator is similar to that of the amplitude modulated amplifierl3• 

Thus, the modulation circuit can be analyzed using the circuit in 

Fig. 3-5. 

In Fig. 3-5, the base source current is given by equation 3-6. 

Although most of the components are of too high a frequency to 

modulate the carrier, they will be considered. The components of 

current at 2U)0, 2<,vs and Ws +u..)0 will be attenuated. At these 

frequencies, the input impedance �o the crystal oscillator stage 

is approximately one half the value that it is at the crystal 
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frequency (6)
0

). The current at 6Js will affect the circuit, and will · 

be discussed later. This leaves the D.C. component and thee.JD com­

ponent of the base circuit. 

The collector current contains all the components of equation 

3-3. However, the collector voltage VT (t) can only exist within a nar­

row band of frequencies centered atu.)0 • The collector voltage (Vy) 

will be 

(3-7) 

With the current input, no further mixing will occur because of 

the linear relationship between ib and ic.· Thus, the difference fre­

quency component of the base· current is the important component. To 

the Wo component the circuit looks like a common collector stage. 

With Am = K2 VsmVom' the base to emitter current is Am cos W0t. 

The modulating signal Am cos Wnt is amplified and appears in the 

emitter circuit as hfcAmcos u.Jnt where hfc is the common collector 

short circuit current amplification factor, Am is the peak amplitude 

of-the modulation signal current. The emitter bias current is 

(3-8) 

and I
0 is the emitter o.c. bias current. 
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The gain of the transistor stage is highly dependent upon 

total emitter current6• The voltage amplification Av can be approx­

imated by6 

where K" is a constant dependent upon the device. The voltage 

amplification is 

The output voltage is given by 

(3-10) 

( 3-11) 

Substitution of equation (3-7 )  and (3-10 )  into equation (3- 1 1 ) yiel�s 

Equation (3-12 ) may be written as 

+ �K"K'Vrm cos (uJ0 - Wn )t 

V0ut (t ) = K {v Tm cos W0t + ½ (rnaVrrn> ( cos (U,b +u.}0 ) t  

+ cos (W
0 

- Wo )t)} 

where K = K" I0 and the modulating factor is 

ma 

(3-12) 

( 3-13 ) 
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· Equation (3-13) represents amplitude modulation and the output 

signal shown in Fig. 3-6a. Because of the approximation made· in 

equation (3-9), equation (3-13) is free of unwanted signals or har­

monics. This is not normally the case. However, the output equation 

3-13 is a good estimate of the actual signal as can be seen in Fig. 

3-6a,b. The unwanted signals are filtered out by the collector 

circuit. 

Fig. 3-6b is a picture of the frequency spectrum of the output 

signal. The.picture is a reflection of the actual spectrum with 

frequency increasing to the left. From the picture one can see that 

the upper sideband is stronger than the lower -sideband. 

The fact that the upper sideband is stronger is due to the nature 

of the current input to the base ib (t). It should be noted that the 

(u.)0 + u.JD) sideband is equal to lvs, if lvs is greater than u.)0 , 

and the ((A.)0 - ltJD) sideband is equal to Gus, if Gus is less thanu.Jo. 

Since (,,J s is so close to the filter frequency, ft is amplified and thus 

adds power to the upper sideband. A possible reason for this will be 

discussed in Chapter IV. 

In the circuit designed, the filter is inherently set to the 

crystal frequency because it is part of the oscillator circuit. How­

ever, if an amplifier is_ actually used with two voltage inputs as in 

Fig. 3-3, the tank circuit can be tuned to any one of the higher fre-­

quencies of ic (t) (equation 3-3). The output of this circuit is a 

signal at the frequency of the tank circuit modulated by the 



F ig. 3-6. (a) Output S ignal After and Before Demodulat ion. 
(b) Frequency Spectrum. 
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difference frequency. For example let the tank be tuned to 2W
0

, 

then the output will be 

Vout(t) = Kflrm cos�t +½(maVTm) ( cos(2u)0 +WD)t 
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+ cos(�0 - o.JD)t]} (3-14) 

Equation 3-14 was obtained by substituting 2W0 in equation 3-13. 

This idea will be demonstrated experimentally in Chapter IV. 

In the analysis of the circuit there are various other factors 

such as percent modulation versus temperature or input voltages, fre­

quency stability versus temperature and the filtering ability of the 

feedback network. 



CHAPTER IV 

EXPERIMENTAL DATA AND D ISCUSSION OF RESULTS 

In this chapter, a number of features of the FM/AM circuit will 

be discussed. First, the collector filter circuit that was assumed, 

in Chapter III, will be discussed. Second, in Chapter III, the ob­

servation was made that any one of the frequency components of the 

collector current could be picked off as the carrier frequency. The 
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carrier frequency would still be modulated by the difference fre­

quency. This will be demonstrated. Third, the percent modulation of 

the output signal will be discussed o Fourth, the temperature stabi�­

ity of the system is discussed. 

All of the experimental data shown in this chapter was gathered 

with 2n930 type transistors in the circuit. Although three dif­

ferent transistors were used (2n930, 2n2483 and 2n918 ) ,  the 2n930 was 

typical of the three. Also, it was noted that the circuit operation 

was much better when the sensing oscillator was tuned above the 

crystal oscillator frequency o This will be discussed later in this 

chapter and the data were taken with the sensing oscillator frequency 

above the crystal oscillator frequency. 

A. Collector Filter Circuit 

In determining an appropriate model of the FM/AM system, the col­

lector circuit load was considered to be a tuned filter. Because the 

filter was part of the oscillator circuit, the tuned fr�quency was 

380 KHz. To test the selectivity of the filter, the crystal 
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oscil lator feedback loop was broken as shown in Fig. 4-1. The curve 

in Fig. 4-2 was plotted from data taken with the output voltage (V ) as 

a function of the input frequency <uJs ). The source voltage (Vs ) was 

maintained at a constant amplitude. 

The curve in Fig. 4-2 shows that the circuit amplification is 

not symmetrical about the crystal frequency. The signals with fre­

quencies 5KHz above the crystal frequency are amp lified more than 

those signals whose frequencies are 5KHz below the center frequency. 

Thus, the unsymmetrical amplification is a possible exp lanation for 

better circuit operation with the sensing oscil lator tuned above the 

crystal oscil lator. 

Fig. 4-2 can also be used in analyzing the unsymmetrica l fre­

quency spectrum of the transmitter shown in Fig. 3-6b. With the sen­

sing oscil lator tuned above the crystal oscil lator, the transmitter 

upper sideband contains more power than its lower sideband. The fre­

quency of the sensing oscil lator is equal to the upper sideband fre­

quency. Thus, the signal is amplified and adds power to the upper 

sideband. 

The circuit shown in Fig. 4-1 was also used to verify that only 

the signa l at the crystal frequency (W0 ) is fed back to the emitter 

of transistor (Q2 ). Again the amplitude of the input vol tage was held , 

constant and the frequency was varied. The curve is a plot of feedback 

voltage (Vfb ) versus the input frequency (CA.Js ). As can be seen in Fig. 

4-3, the amount of voltage fed back is attenuated to the extent that 

it can be neglected except at the crystal frequency (380 KHz ). 
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B. Second Harmonic Output 

In the mixing cir�uit shown in Fig. 3-3 , the tank circuit was 

tuned to the original emitter input frequency. The output was at 
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that frequency and modulated by the difference frequency of the_ two 

inputs. The possibility of developing an output at frequencies differ­

ent than u.Js and lJo was suggested in Chapter III. 

The circuit shown in Fig. 3-3 was used to demonstrate that other 

components of ic (t ) can be used as the carrier frequency of the out-

put signal. The two input frequencies were W
5 

(232. 5 KHz) and u.)0 

(227.5 KHz). The tank circuit was tuned to 455 KHz (2 ltJ
0
).  The out-

put signal received was an amplitude modulated signal with a carrier 

frequency of 455 KHz (2 l<J0).  The modulation frequency was 5 KHz 

(W5 - W O) • Thus, the output can be represented by 

V
0

( t) = K {vTM cos 2lA}
0

t + �(MaVTM) [cos( 2l,J0 + 6)0 ) t  

+ cos ( 20J0 - lvo l �} ( 4- 1) 

The frequency spectrum of the output signal is again unsymmetri­

cal. Equation 4-1 does not indicate the unsymmetrical frequency 

� spectrum. However, the (CA.)5 + l<J0 ) component of ib (t) was originally 

ignored as in Chapter III. The upper sideband is stronger than the 

lower sideband. The component (u.Js + u.Jo) of ib (t) (eq. 3-3 ) is equal 

to the upper sideband frequency. Thus, the signal is amplified and 

adds power to the upper sideband. 
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c. Percent Modulation 

The percent modulation of the FM/AM system developed in Chapter 

II is a factor that has to be considered when constructing an opera­

tional unit. The percent modulation of the output signal varies with 

different circuit parameters and inputs. 

The important or controlling variation is the variation in per­

cent modulation with the frequency of the sensing oscillator. From 

the curve in Fig. 4-4 one observes that as the input frequency is 

decreased the percent modulation increases. An explanation for this 

goes back to Fig. 4-2. The closer the sensing frequency is to the 

tuned frequency, the more it is amplified. Thus, the percent modu� 

lation is increased. 

The percent modulation also varies with the base and emitter 

voltages of transistor Q2. In Fig. 4-5 and 4-6, percent modulation 

is plotted versus the input and feedback voltages. Fig. 4-5 is a 

plot of percent modulation versus the input voltage from the sensing 

oscillator with the feedback voltage maintained constant (. 67 volts ).  

In Fig. 4-5, curves are drawn for three different input frequencies. 

The curves in this figure show the significance of the amplification 

of the frequencies closer to the crystal frequency. With the dif­

ference frequency smaller, the percent modulation is greater and in­

creases with a greater slope when the voltage is increased. 

The curves in Fig. 4-6 are much the same as those in Fig. 4-5. 

Percent modulation is plotted versus feedback voltage. The sensing 

oscillator is again set at three different frequencies with the voltage 
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maintained constant. Data from the two figures can be used to obtain 

proper modulation over the entire range of the· difference frequency. 

With the difference frequency allowed to vary over the audio fre­

quencies, the percent modulation will vary greatly over the range. 

Therefore, with the range decided upon, the circuit should be de­

signed such that 90 percent modulation is obtained at the low end of 

the range . The 90 percent maximum was picked because the . percent 

modulation is fairly linear with voltage inputs up to 90 percent. 

The curve in Fig . 4-4 shows a range of 3 to 8 KHz in the difference 

frequency. The percent modulation at 3 KHz was 91 percent and at 8 

KHz was 17 percent. The input voltages were . 35 volts from the sen­

sing oscillator and . 67 volts feedback. This is considered an ac­

ceptable operating range. If the range is extended, the percent 

modulation becomes too low for good reception. 

D. Temperature _Stability 

Frequency instability with temperature of the FM/AM system de­

veloped in Chapter II  �s its main disadvantage. Although the system is 

fairly stable at room temperature, there is a considerable change in 

frequency with a temperature variation. 

The circuit was observed in operation for a twelve hour period 

at room temperature. At the outset of the test the difference fre­

quency was 4,624 Hz. During the twelve hour interval, the difference 

frequency varied from 4, 600 to 4 � 630 Hz. In tests run on the crystal 

o�ciliator, the frequency variation was never over one Hz. Thus, the 

variation was in the sensing oscillator. 
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A frequency stability test was run under varying temperature con­

ditions. The modulation or di fference frequency was plotted, in Fig. 

4-7, as the temperature was varied. The modulation frequency varied 

377 Hz over the 40° range. This is a disadvantage if the system is 

used as a pressure sensing device. A change in the modulation fre­

quency would then not necessarily mean a change in pressure. It could 

mean a change in temperature. If th� system is used as a · ternperature 

sensing device, no problem would be realized. The temperature sta­

bility fact6r would be included in a calibration of the system. 

A frequency stability test was then run on the individual oscil­

lators. The crystal oscillator was subjected to an 80 to 120°F temper­

ature range. The variation was 9 Hz from .399,990 at 120°F to 399,999 

Hz at 80°F. · Thus, the crystal was not causing the problem in the 

total system. 

Fig. 4-8 shows the sensing oscillator, frequency stabil ity test. 

The frequency of oscillation was 384,325 Hz at 120°F. When the temper­

ature was lowered, the frequency of  oscillation decreased to a low of  

38�, 025 Hz at 90°F. This change was of the same order as the total 

system change. 

The change in frequency of  the sensing oscillator is a very small 

percentage of its initial value. The 300 Hz change is only 0. 078 per­

cent change from the initial value. However, this change has to be 

considered in the total system • .  In Fig. 4-7, the 377 Hz change is 

7.55 percent change from the initial value. Thus,. to ·improve the sys­

tem, the stability of the sensing oscillator has to be improved. 
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CHAPTER V 

CONCLUSION 

A versatile, highly efficient FM/AM transmitter for monitoring 

animal body funct ions was designed. The system is versatile in that 

it can be used to monitor pressure or body temperature. The function 

to be monitored can be changed by changing the sensing capacitor. 

The total power consumption of the transmitter is very low. If 

the supply_ voltage is 5. 6 volts D. C. , the total current consumption 

is 30 microamperes. W i th available batteries rated at 500 

milliampere-hours, the system is calculated to operate for more_ than 

2 years. If a shorter transmission distance is allowable, the con­

sumption can be reduced even more. If a supply voltage of 1. 4 volts 

D. C. is used, the total current consumption is 10 m icroamperes. The 

system will then operate for more than 6 years assuming no other losses. 

The economy of the FM/AM system is not only in the low current 

consumption. W i th the output signal of the system ampli tude modu­

lated, commercially available equipment can be used for reception and 

data acquisition. No special equipment or modifications are required. 

The size of the transmitter is also one of the original design 

criteria. If the 1. 4 volt battery is used, an operational unit  can 

be built one half as large (2 cm diameter and 5 cm long) as available 

FM/AM units. If a higher frequency transmitter is developed, the 

unit will be even smaller because many of the circuit  components will 

be reduced in size .  
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The percent modulation is fairly linear up to 90 percent modu­

lation with the input voltages. However, the percent modulation 

varies with the frequency input. This must be considered when build­

ing an operational unit. 

The ma in disadvantage of the transmitter is its frequency insta­

bility with a temperature change. A small change in the frequency 

of the sensing oscillator effects a_ large change in the modulation 

frequency. 
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