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A waveform -preserving, variable time -delay system capable of 

several milliseconds delay is described in this thesis. These con- 

siderably long delays are achieved by judicious use of the relatively 

low sonic velocity of gases. Initial system design criteria specified 

a time delay of ten milliseconds and a signal bandwidth of 0-10 KC. 

Due to limiting parameters of available system components, optimum 

performance may not be obtained for delays in serious excess of five 

milliseconds and maximum signal frequency which may be passed 

through the system is two KC. 

Acoustic waveguides in the form of circular tubes are used to 

contain the gaseous transmission media. Energy conversion is 

achieved by electroacoustic transducers placed at each end of the 

waveguide. With air as the delay medium, a time delay of 0.885 

milliseconds per foot of waveguide propagation distance may be 

obtained for an ambient temperature of 20 degrees C. 



Since the attenuation properties of acoustic waveguides are 

very non -linear functions of frequency, intelligence transmission is 

best accomplished by frequency modulating an ultrasonic carrier. 

An FM carrier of 40 KC was used to accommodate available trans- 

ducers. 

A unique FM modulator based on the principles of mutual in- 

ductance and current division was designed for use in the system. 

These principles allow it to possess a very large frequency -voltage 

transfer ratio at low carrier frequencies in contrast with other types 

of sinusoidal FM modulators. Detection is performed by means of a 

capacitive pulse averaging device. 

Strongest limitations of the system with respect to feasible 

delay time are imposed by reflection coefficients of waveguide ter- 

minations and sensivity of reception apparatus. These factors serve 

to determine the longest practical propagation distance which may be 

used for a given modulation index and signal frequency while main- 

taining percent distortion in the output below a desired level. Sys- 

tem bandwidth is limited to two KC by transducer passbands. 

Very good reproduction of delayed signals may be obtained by 

operating the system under its optimal modes of performance as 

dictated by these limitations. 

Several possible applications of ultrasonic waveguide systems 

are discussed, among them the implementation of time delay 

generators in correlation function computation systems. 
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IMPORTANT SYMBOLS 
Dimensions and/or 

Symbol Quantity units 

A sound pressure amplitude ML -2 

a waveguide attenuation coefficient nepers L-1 

ß 

C 

C 

cps 

DB 

f 

f 

F 

FM 

echo coefficient none 

velocity of sound LT 

electrical capacitance farads 

cycles per second 

the decibel 

frequency deviation cps 

propagation frequency cps 

modulating frequency cps 

frequency modulation 

content of ith harmonic relative to none 
fundamental 

J 

K acoustic compliance M- IL4T2 

k specific heat ratio of delay medium none 

kI a/ PIT- 

KC 1000 cycles per second 

Mf modulation index none 

angular velocity radians T 

411(T) auto correlation function 

c1)12(T) 
cross correlation function 

H. i 

w 

-- 

-- 

-- 

-- 

-1 



IMPORTANT SYMBOLS (Continued) 

Dimensions and/ or 
Symbols Quantity units 

averaging interval of correlation T 
function 

R radius of waveguide (internal) L 

p density of delay medium ML -3 

S cross sectional area L2 

Tr reflection coefficient none 

T time delay T 

Z acoustic impedance ML-4T-1 

Z electric impedance LT 
1 

D, J, B arbitrarily selected symbols to facilitate 
mathematical discussion 

Note: Similar symbols corresponding to different quantities have 
been used to avoid violating precedents set by predominant 
authors in the fields of acoustics and electronics. Proper 
correspondence of these symbols is clearly established 
throughout the text. 



THE DESIGN OF AN ULTRASONIC WAVEGUIDE SYSTEM 
FOR TIME DELAY APPLICATIONS 

I 

INTRODUCTION 

The purpose of this thesis is to describe the design and opera- 

tion of a waveform -preserving, variable time -delay system which is 

initially designed to introduce delays of ten milliseconds to signals in 

the 0-10 KC bandwidth, is inexpensive to construct, and has no 

moving parts. Due to limiting factors of available components, the 

largest practical delay time lies on the order of five milliseconds, 

while system bandwidth is restrained to 0 -2 KC. 

This system was developed to facilitate oscilloscope viewing 

of bioelectric signals in which the time between successive occur- 

rences is a random variable. In typical instances, the amplitude of 

initial impulses appearing in each signal cluster is insufficient to 

produce effective oscilloscope triggering. By dependence upon waves 

of larger amplitude which may be located later during signal duration 

to activate the cathode ray trace, one is completely unable to observe 

that portion of the signal preceding the triggering pulse. 

One very practical means of remedying this situation is the 

utilization of a time delay which allows the oscilloscope to trigger 

from a larger impulse before the complete delayed signal is applied 

to vertical deflection. Oscilloscopes are available which possess 
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built -in delay lines for these applications. Such units, however, are 

of considerable expense and the available delay time in many cases 

is not of large enough magnitude to be applicable to this purpose. 

The time delay system described herein is primarily designed 

for use in these applications, but its principles of operation do not 

limit its capabilities to the field of bioelectronics. 
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II 

CONSIDERATION OF VARIOUS DELAY SYSTEMS 

Present day waveform -preserving time delay systems are of 

two basic types, magnetic recording storage and signal propagation. 

Each of these was researched while attempting the selection of a 

system suitable for the triggering application. 

Magnetic Recording Time Delay Systems 

In magnetic memory systems (Daniels and Sampson, 1959; 

Davies, 1961; Goff, 1953) the signal to be delayed is recorded onto a 

moving magnetic tape, drum or disk and is retrieved after the desired 

time lapse by a playback head. In the closed loop disk and drum sys- 

tems, provisions must be made to erase intelligence from the mag- 

netic material before it completes a revolution and re- enters the 

recording head. The time delay of these devices is dependent upon 

tangential velocity of the magnetic material with respect to the re- 

cording head and the spacing between record and playback heads. It 

consequently may be adjusted over a substantially wide range. 

Signal Propagation Time Delays 

Signal propagation time delays are concerned with transmission 
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of the signal through a medium which has a finite velocity of propaga- 

tion as compared to that of light. These time delays consist of three 

basic modes, electric, mechanical and acoustic wave propagation. 

Electric wave delay is accomplished by propagation along 

either transmission lines or artificial lines (Terman, 1955) Such 

lines will pass electric energy with a velocity of 1g LC where L 

and C are respectively the series inductance and shunt capacitance 

per unit length of the transmission line or per section of the artificial 

line. 

Mechanical wave propagation time delays in use at present 

are primarily of the magnetostrictive wire and the shear mode strip 

designs (Meitzler, 1964). These are schematically outlined in 

Figure 1. 

The magnetostrictive wire delay lines take advantage of the 

finite propagation velocity of rotational shear vibrations through wire. 

Electrical -mechanical energy conversion is most frequently accom- 

plished by magnetostrictive transducers placed at each end of the wire. 

The delay medium of the shear mode strip delay line is a 

strip of metallic alloy having a width many times greater than its 

thickness. Applicable transducers are rectangular bar - shaped ele- 

ments of piezoelectric ceramic attached to the end faces of the strip. 

If they are polarized in a direction parallel to the width of the strip, 

a driving voltage will result in the excitation of a thickness -shear 



5 

NICKEL TAPE 

BIAS MAGNET\ 

INPUT 

-WIRE DELAY MEDIUM 

a) Magnetostrictive 

INPUT 

b) Shear mode strip 

SHEAR DIRECTION 

-- TRANSDUCER 

Figure 1. Magnetostrictive and shear mode strip delay lines. 
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vibration in the transducers. This excitation produces an elastic 

shear wave motion in which individual particles of the strip move 

perpendicular to the length axis and parallel to the direction of 

polarization in the transducer. This wave is then propagated along 

the length of the strip with a velocity on the order of one half that of 

the longitudinal wave velocity. 

Acoustic wave propagation has not been used extensively for 

time delay applications due to the dependence of sound velocity on the 

temperature of the delay medium. The most common delay media in 

this field are mercury and water. In mercury, the velocity of sound 

2. 54 x 106 is 
[ 17. 52 + . 0052(T - 20°C)] 

Water and most other fluids that have been investigated have a tern- 

cm per second (Blackburn, 1949). 

perature coefficient of opposite sign than that of mercury in the region 

of room temperature. 

The temperature coefficient of sonic velocity in water, how- 

ever, vanishes at 72-2 °C where the velocity is a maximum. F rom 

this point, the velocity remains constant with increasing temperature. 

By mixing water with other fluids in proper proportions, the tempera- 

ture of the velocity maximum can be lowered in predictable manner. 

The supersonic velocity in such mixtures as water solutions of ethanol, 

of methanol and of ethylene glycol has been rigorously investigated at 

Bell Telephone Laboratories (Willard, 1941). 

Relatively little work has been done with delay systems which 
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employ a gas for their delay medium. The speed of sound in a gaseous 

medium obeys the following equation (Streeter, 1962): 

C = JkRT distance units second (II- 1) 

where k is the ratio of specific heats, R is the universal gas 

constant divided by the molecular weight of the gas and T is the 

absolute temperature of the medium. 

Acoustic delay systems frequently use what are termed polygon 

delay lines (Meitzler, 1964 ). Here, the container of the delay me- 

dium is a multi -sided device in which the focused sonic waves are 

reflected from one side to another and finally to the output transducer. 

This method effectively confines a large propagation path into a small 

area. 
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III 

SELECTING A TIME DELAY SYSTEM 

The problem faced at this stage is the choice of a delay system 

which is most suitable for the specific application. 

Electric wave propagation is out of the question entirely. It is 

possible with a good quality electric delay line of the coaxial type to 

obtain as much as one microsecond time delay in a length as short as 

two feet without appreciable power loss (Terman, 1955). A delay of 

ten milliseconds would consequently require 20, 000 feet or 3. 8 miles 

of delay line. 

Both the magnetostrictive and shear mode strip delays can be 

made to have zero temperature coefficients of delay, depending upon 

choice of the material used as the delay medium. The velocity of 

propagation in metals is in the neighborhood of 5x 105cm/ sec. This 

again requires an impractical transmitting distance of 164 feet for 

a ten millisecond delay which could be introduced by a magneto - 

strictive delay line. 

Shear mode strip lines enjoy a somewhat smaller propagation 

velocity because of predominant shear wave motion. Lines have been 

constructed by Bell Telephone Laboratories which are capable of 11. 2 

milliseconds delay over a length of 116 feet. 

These lengths, however, are not altogether serious drawbacks 
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as the medium in both cases can act as an elastic waveguide in the 

form of a coil. 

Due to inefficient performance of magnetostrictive transducers, 

the magnetostrictive delay line suffers a serious minimum loss in 

excess of 40 DB for delays of a few hundred microseconds. With 

piezoelectric transducers, the losses in the shear mode strip delay 

line may be kept under ten DB for the same magnitude of delay. 

The performance of magnetic recording delay schemes makes 

them very suitable for this specific application as very large magni- 

tudes of time delay may be obtained. However, the complexity of 

their construction, their dependence upon moving parts and their high 

cost are detriments sufficient to warrant their abandonment from 

serious consideration. 

Water and mercury, the most prevalent acoustical delay media, 

possess a sonic velocity on the order of 1. 5 x 105 cm /sec at room 

temperature. This would require a propagation distance of approxi- 

mately 1490 cm or 49 feet for a ten millisecond delay. Even though 

mercury has a much lower temperature coefficient of delay than 

water, its high price enters into the problem of decision. 

A practical polygon delay line with a water medium could very 

well be employed in the application at hand. However, a total path of 

49 feet would require an average distance between faces of at least 

12. 25 feet if a pentagonal tank were used. Excluding its size, a water 
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medium polygon delay line is most attractive to contemplation since 

underwater sound transducers are easily obtained. 

The one type of time delay which has not been investigated to 

any extent and which yields the largest amount of time delay per unit 

length of propagation distance is attained by the propagation of 

acoustic waves in gaseous media. The most notable disadvantage 

of this mode is its high temperature coefficient of delay. This is no 

extreme handicap since such a system may easily be constructed to 

possess sensitive calibrational adjustment through manual manipula- 

tion of transducer position. 

Various gases are available which have an even smaller sonic 

velocity than that of air. Properties of these gases are listed in 

Table I and were computed with the aid of Equation II -1. 

From inspection of Table I it may be seen that the largest 

time delay per unit length is 1.83 msec /ft through propyl ether. 

Whether or not a certain gas may be used will depend primarily upon 

susceptibility of the containing apparatus to corrosion by the gas. 

Gaseous media acoustic wave propagation then, appears to be 

a very desirable means of solving the oscilloscope triggering problem. 

It is not essential that a system designed for this particular 

function possess a low temperature coefficient of delay. The gaseous 

media delay line does not require complex reflecting structure and 

may be contained in a comparatively small area due to the low sonic 
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Table I. Sonic properties of selected gases computed at 20 °C. 

Gas C in cm /sec C in ft /sec Time delay per unit 
propagation distance 

msec /ft msec /cm 

Silicon 
Tetrafluoride 2.09x 104 685 1.46 4. 77 x 10 -2 

Octane 1. 88x 104 618 1. 62 5. 32x 10 -2 

Krypton 2. 21x 104 725 1.38 4. 53 x 10 -2 

Hydrogen 
Iodide 1.7 5x 104 575 1.7 4 5. 7 2 x 10-2 

Isobutane 2. 18 x 104 7 15 1.40 2. 63 x 10 -2 

Carbon 
Tetrafluoride 1. 7 1 x 104 562 1.78 5. 85 x 10 -2 

Propyl Ether 1. 67 x 104 547 1.83 6. 00 x 10 -2 

Air 3. 44x 104 1130 0. 885 2. 90 x 10 -2 

velocity of the medium. Likewise it requires no moving parts and its 

construction may be accomplished at a meager cost. An investigation 

in this area is additionally justified by the fact that very little has been 

written on the particular subject. 

For these reasons, the gaseous media acoustic delay line was 

selected over the others to be undertaken as a thesis project. 
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IV 

MODES OF ACOUSTIC PROPAGATION 

There are two basic modes by which gaseous media acoustic 

propagation may be accomplished in a time delay system. These are 

propagation through free space and propagation through containing 

waveguides. A choice between the two is primarily dependent upon 

system requirements. 

The system factors exhibiting influence on this selection are 

propagation signal bandwidth, operation of multiple channels, and 

the delay medium which may be air or another type of gas. Use of a 

delay medium other than air will, of course, necessitate waveguide 

propagation in order that the gas does not escape. 

The use of air as the delay medium renders both propagation 

modes possible. However, if the bandwidth of propagation signals 

lies within the frequency range of any other pressure variations in 

the immediate environment, waveguides are essential to noise free 

operation. For this same reason, if simultaneous operation of multi- 

ple delay channels is required, waveguide confinement or some other 

separation scheme is required to eliminate crosstalk. 

Disturbance problems arising from audio frequency sources of 

noise may be remedied by transmitting the intelligence on a modulated 
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ultrasonic 'arrier. In the absence of ultrasonic noise, waveguide 

interference elimination is unnecessary. Under these conditions, 

each channel of a multichannel system could be assigned an individual 

carrier frequency to provide for free space transmission. 

A strong disadvantage of open air transmission is the fact that 

extremely sensitive transducers are required for adequate response 

to the propagation signal after it has undergone heavy dispersion in 

the uncontained medium. 

Laboratory investigations were centered primarily upon the per- 

formance of waveguide systems as multichannel ope ration of the com- 

plete system was intended and efficient low cost transducers available 

are only operable around a single frequency. Likewise, modifications 

of the waveguide scheme could very well receive application in the 

engineering future. By selection of proper gaseous delay media and 

operating temperatures, and by availability of more desirable system 

components, this type of system could be made to occupy smaller 

space and produce larger time delays to the extent that it is more prac- 

tical than any of the previously mentioned time delay systems. 

Acoustic waveguides in the form of circular tubes were utilized 

in the system. Plastic pipe was used for preliminary tests and under 

nonextreme degrees of curvature was found to be nearly as suitable 

as rigid pipe. As is explained in the following chapters, waveguides 

attenuate sound with respect to a nonlinear function of frequency, 
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deeming the use of a modulated ultrasonic carrier not only practical 

but absolutely necessary. This fact gives rise to the term ultra- 

sonic waveguides which appear in the title of this dissertation. 

All tests were made with air as the delay medium due to tem- 

porarily constructed waveguides which made adequate confinement of 

other gases impractical. 
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V 

THE WAVEGUIDE 

The Transmission Line Analogy 

Provided that the radial dimensions of a circular acoustic wave - 

guide are not small as compared to a wavelength of the sound being 

transmitted, the waveguide interestingly is the acoustical equivalent 

of a transmission line. 

There are, in fact, two types of electromechanical analogies 

existing between the energy systems of electricity and sound. The 

electroacoustic analogy used for this analysis is known as the pres- 

sure- voltage analogy and correspondence is as follows (Swenson, 1953): 

Table II. Pressure - voltage analogy. 

Acoustical Quantity Electrical Quantity 

Sound pressure 

Volume velocity 

Volume displacement (meters3) 

Acoustic mass 

newtons 
2 meter 

meters3 
second 

( 

meter 
kg 

4 

kg Acoustic stiffness 
( 

Acoustic resistance 

Acoustic impedance 

meter second2 

kg 

meter4 second 
kg 

meter4 second 

Voltage (volts) 

Current (amperes) 

Charge (coulombs) 

Inductance (henrys) 

-1 -1 Capitance (farads ) 

Resistance (ohms) 

Impedance (ohms) 

( 

) 

( ) 
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In acoustic terminology, particle velocity represents the velo- 

city of an infinitesimal element of gas as a function of space and time. 

The product of particle velocity and the cross sectional area of 

the waveguide is called the volume velocity. The acoustical imped- 

ance Z at a point of the tube then, must be the ratio of sound pres- 

sure to volume velocity. The acoustic impedance at any point in a 

long tube is a constant real number p CfS and is called the charac- 

teristic acoustic resistance. Here p is the static density of the 

gas, C is the speed of sound through the gas and S is the cross 

sectional area. The specific acoustic impedance of any medium is by 

definition p C. 

Reflections and Standing Waves 

Standing wave distributions exist in acoustic waveguides in 

exactly the same manner as they are known to exist in transmission 

lines. They are the superpositional sum of incident or transmitted 

waves and reflected waves. 

Standing waves in themselves are not harmful to the operation 

of this scheme. The reflected waves are the ones which hinder ef- 

ficient operation for if they are again reflected by the transmitting 

structure and return to the receiving end, the undesirable phenomena 

of echoes will be present in the output to cause distortion. The nature 

of this distortion is explained in Chapter XIV. 
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There are three ways in which these reflected waves may be 

lessened. One procedure is to design the waveguide so that attenuation 

is very large. Upon their return to the receiving end of the wave - 

guide, the reflected waves will have undergone three times the 

amount of attenuation as have the incident waves. If attenuation is 

sufficiently large, the magnitude of these echoes will be minute com- 

pared to that of the incident waves. The topic of attenuation is dis- 

cussed in the next chapter. 

A second method of diminishing reflection in the waveguide 

arises from consideration of the transmission line analogy. The 

reflection coefficient Tr of a waveguide termination is defined as 

the ratio of reflected pressure to incident pressure and is equal to 

Z - Z 
o t where Z and Z are respectively the intrinsic and 

Zo+ Zt o t 

terminating specific acoustic impedances of the tube. Reflected 

waves may be greatly diminished by choosing a terminating material 

whose impedance is comparable to the impedance of the air in the 

waveguide. 

Substituting impedance expressions into the previous equation 

yields: 

T 
PairCair PC t t 

r Pair Cair + PC t t 
(V -1) 

where subscript t refers to the material used for termination of 

t 

- 
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the waveguide. 

Such materials as rock wool and cotton possess a pC product 

very close in magnitude to that of air. Packing any empty space at 

the waveguide terminations not occupied by transducers with these 

materials will serve to notably lower the reflection coefficients. 

In many cases, a third method of accomplishing a reduction in 

reflection coefficients will lie in attempting an impedance match by 

means of the exponential horn (Kinzler and Frey, 1950; Olson, 1947; 

Stewart and Lindsay, 1930). 

An exponential horn is constructed so that its cross sectional 

area at a distance x from the throat or small end is S =S e 
o 

mx 

where So is the throat area and m is termed the flaring constant. 

The exponential horn is the acoustical equivalent of the transmission 

line impedance match coupling and hence may be used to transfer 

from one acoustical impedance to another. 

There are, however, several limitations upon the use of expo- 

nential connectors in ultrasonic frequency applications. When at- 

tempting to match a diaphragm transducer to a waveguide, great care 

must be taken to minimize the volume of the air chamber existing 

between transducer diaphragm and horn throat. The acoustic compli- 

ance, (stiffness) -1 2 2 
, of this volume V is K = Vi p C S where 

S = cross sectional area of the diaphragm (Kinzler and Frey, 1950). 

At high frequencies, the reactance due to the volume, 1 /jwK, is 
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small compared to acoustic resistances of horn throat and transducer. 

Under these conditions the compliance presents a short circuit to the 

connection system and little coupling efficiency is to be gained. 

Another limiting factor at high frequencies is the requirement that 

distances fromdifferent elements of the diaphragm's surface to the 

throat of the horn should not differ from one another by more than a 

quarter wavelength. Under violation of this requirement, waves 

travelling between horn throat and different elements of the dia- 

phragm's surface arrive at their destination in serious phase differ- 

ence from one another. This condition is at its worst when the throat 

area is smaller than that of the diaphragm. As the quarter wave- 

length of 40 KC sound is 0. 085 inches, the improvements to be made 

in lowering reflection through exponential impedance matching will 

have to be seriously weighed against these impediments. 

Hence for ultrasonic frequency applications, horn impedance 

matching is not as desirable or efficient as compared to lower fre- 

quency uses. The first two methods of diminishing reflections are 

very effective as was demonstrated by investigations. 
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VI 

ATTENUATION CHARACTERISTIC OF PIPES 

The behavior of incident plane sound waves is governed by the 

following solution to the ordinary wave equation (Beranek, 1949): 

A = A exp. jw[t - 
X 

] exp. 
o 

(VI -1) 

where A 
0 

= sound pressure amplitude at the source, A = sound 

pressure amplitude at point of interest determined by X and t, 

X = distance away from the source and a = attenuation coefficient 

in nepers/ unit length. 

The first exponential term consists of the phase shift expression 

and is not of importance since calibration is to be done with the move- 

able reception transducer. 

The second exponential term e is of considerable impor- 

tance as is shown by the following discussion (Olson, 1947): 

/2Trf. (k') 
a = ^ 

p RC 

where f = frequency, 

medium in gra cc , C 
1 

k' = 1 + 1. 58 ( k-4-17. ), 

medium (1. 4 for air) 

(VI -2) 

µ = viscosity coefficient, p = density of 

= speed of sound in cm/ sec, 

k = ratio of specific heats of the propagation 

and R = internal radius of containing 
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waveguide in cm. 

Considering only the magnitude of sound pressure variation at 

a distance X from the source leaves the following equation: 

A =A el,\FX x o 
(VI -3) 

This presents a rather disturbing factor for contemplation; the wave - 

guide will attenuate sound waves with respect to the exponential of 

the square root of frequency. Hence an observation of waveforms 

at the receiving end without an amplitude restoring device will tell 

one little more than that a signal has been sent. He would be able to 

distinguish frequency but would be unable to establish positive data 

about the input magnitude without calculations. 

Another disturbing quality of a sonic waveguide is its frequency 

dependence of sonic velocity. The velocity of sound in a waveguide 

is given by the equation (Beranek, 1949): 

C' =C[1- ( 

7 6 1 )] distance units second 
2R NFri-- NTT- 

(VI -4) 

where C is the sonic velocity of the uncontained medium, R is 

the radius of the tube and f the frequency. The harmonics of a low 

frequency signal will thereby pass through the waveguide each with an 

appreciably different velocity, resulting in serious distortion at the 

output. 
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There are two methods by which this situation may be remedied. 

One is to ignore the frequency dependence of sonic velocity and design 

an amplitude restoring amplifier for use at the output. 

Now at X = 11.3 feet (245 cm) which is the propagation distance 

required for a ten millisecond delay in air at room temperature, the 
-k14- 

transducer output is ktAoe where kt is the transducer coef- 

ficient. The restoration amplifier would then require a gain of 

+k lNF 
e in order that the magnitude of its output will be ktAo. The 

other method is to transmit the signals on a higher frequency modu- 

lated carrier. 

The design of a restoration amplifier with the required gain is a 

very difficult achievement. Also, since the signal bandwidth this sys- 

tem was designed for extends to the lower limit of direct current, dis- 

tortion could be seriously present at this low end as predicted by 

Equation VI -3. In addition, a sealed propagation area with incompres- 

sible boundaries and sonic transducers capable of measuring static 

pressure would be required in order to pass DC signals through the 

system. 

In contrast, a higher frequency carrier completely eliminates 

these problems from the necessity of consideration, provided that 

harmonic content of the carrier and modulation bandwidth are kept 

within a reasonable magnitude. 

On the basis of these arguments, the modulated carrier scheme 

was selected for use in the system. The feasibility of various types 

of modulation is discussed in the following chapter. 
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VII 

SELECTION OF MODULATION SCHEME 

There are two principal factors which should be taken into con- 

sideration when selecting a modulation method suitable for intelligence 

transmission through an ultrasonic waveguide system. 

First, if the propagation signals are to possess a large band- 

width, amplitude modulation is not desireable for attenuation of side - 

bands will vary in accordance with Equation VI -3. This phenomena 

will again result in amplitude distortion at the output. Hence both 

types of amplitude modulation, sinusoidal and PAM (pulse amplitude 

modulation), will not yield optimum performance in broadband car- 

rier applications . 

The second factor arises from the statement of Equation VI -4; 

signals of different frequency pass through sonic waveguides with dif- 

ferent velocities. It therefore is not possible to retrieve all compo- 

nents of a nonsinusoidal carrier under the same phase relationship 

to each other as when they entered the waveguide. For this reason, 

pulse width modulation and pulse position modulation are not feasible 

if total pulse retrieval is desired. 

For discussion of these modulation procedures the reader is 

referred to Russell (1962). 
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Phase and frequency modulation with sinusoidal carrier satisfy 

both of these considerations. Retrieval of the carrier's fundamental 

component and its sidebands are of sole concern; in addition, the 

intelligence depends only upon frequency or phase shift and will not 

be distorted by waveguide amplitude attenuation. 

The frequency spectrums of both phase and frequency modula- 

tion contain the same sideband components at the same relative ampli- 

tudes, provided that the modulation index possesses the same value 

in both cases. The only difference between the two processes is the 

method by which modulation index is defined. 

Systems of phase modulation, however, lack the ability to pro- 

duce large values of modulation index such as may be obtained with 

frequency modulation at low signal frequencies. Consequently, fre- 

quency modulation is by far the most suitable when low frequency 

signals are to be transmitted and it therefore was selected for use in 

the system. 

A detailed explanation of the principles of frequency modulation 

may be found in Terman (1955). For purposes of future reference, it 

will suffice here to define the term modulation index, Mf, as being 

Af 
the ratio of frequency deviation to modulating frequency, i.e. Mf. 

To a very close approximation, a frequency modulated carrier 

contains sideband components on either side of the carrier over a 

frequency interval equal to the sum of frequency deviation and 
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modulating frequency. The total bandwidth in which most of the energy 

is contained is then twice the value or 2(.6f F) = 2F (Mfg- 1). 

Piezoelectric transducers used in the system possess a useable 

bandwidth of four KC. We thus are able to predict that the highest fre- 

quency which may be passed through the system will not be greater 

than F = 2 KC, this maximum being obtained with a very low modu- 

lation index. 

Theoretically, a modulation index of less than approximately 

0. 15 yields a modulated carrier in which all except the first order 

sidebands have negligible amplitude. By operating in this region, one 

may expect to crowd two KC of signal frequency through the system, 

beyond which the first order sidebands will move outside the passband, 

leaving only the carrier within. 

The system is designed around a carrier frequency of 40 KC, 

this being the center frequency of available ultrasonic transducers. 

A carrier frequency in this low order of magnitude is also necessary 

to insure nonsevere waveguide attenuation. 
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VIII 

MODULATING CIRCUITS 

There are three predominant types of oscillator circuits whose 

frequency may be varied by input voltage in such a manner that they 

would be suitable for low carrier FM. These are the multivibrator, 

the relaxation oscillator and the sinusoidal feedback oscillator. 

An astable multivibrator circuit (Strauss, 1960) can be con- 

structed so that an input voltage assumes strong control over the 

switching rate or frequency. The frequency of a saw tooth relaxation 

oscillator (Terman, 1955) may also be governed by an input voltage, 

and like the multivibrator, it is of simple construction. 

Feedback oscillators with sinusoidal output are in general more 

difficult to modulate at low carrier frequencies. Frequency variation 

must be achieved by coupling in parallel with the oscillator tank 

circuit an element whose reactance varies with an input voltage. The 

design of such an element is in itself a very formidable task but may 

efficiently be done as is discussed in the following chapters. 

Both the multivibrator and relaxation oscillators are not well 

suited for use in acoustic waveguide FM systems. The many har- 

monics of the square and sawtooth waveforms will each pass through 

the waveguide with a different velocity. With the lack of band pass 
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transducers, extensive filtering would be required to extract a 

fundamental component of one of the waveforms with no phase shift 

over the bandwidth. In addition, a certain amount of power would be 

wasted in the generation of unneeded harmonics. 

For these reasons, sinusoidal carrier FM was chosen for use 

in the waveguide system. 
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IX 

THE SINE WAVE MODULATOR 

One of the simplest types of sinusoidal oscillators suitable for 

this application is the tuned circuit oscillator. Here a capacitor C 

and an inductor L are connected in parallel to form the tuned cir- 

cuit. That is, the frequency of oscillation will be tuned to approxi- 

1 mately f - (Equation IX -1). By tapping a circuit from some - 

27rNLC 
where in this tuned circuit, amplifying it and feeding it back with 

zero net phase shift, sinusoidal oscillations will be sustained. A 

schematic for such a circuit is shown in Figure 2. 

Figure 2. A tuned circuit oscillator. 

e our 

Frequency modulating a circuit such as this is usually accom- 

plished by connecting in parallel with C a device whose capacitance 

changes with input voltage. The frequency of oscillation then varies 
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according to Equation IX -1 where C = Co -1- AC. 

The most common type of circuit approximating an inductance 

or capacitance which is subject to an input voltage is a reactance 

tube (Camies, 1959). The operating principle of this circuit depends 

upon the amplifying unit's variation in mutual transconductance with 

input voltages. Its basic circuit appears in Figure 3 with vacuum 

tube implementation. 

input 
O 

to oscillator 
tank circuit 

Figure 3. A reactance tube. 

o 

If Z1 is a capacitor C1, Z2 is a resistor R2, and 

Z1 >> Z2, the voltage across Z2 (grid voltage) will lead the tank 

circuit by approximately 90 degrees. Amplification of the tube pro- 

duces a sizeable plate current which also enjoys this property. Now, 

an element which draws leading current is effectively capacitive. 

The total equivalent capacitance which the tank circuit is subjected to 

is GmR2C1 where G is dynamic mutual transconductance of 

the tube at the selected bias voltage. 

To vary the equivalent capacitance of this circuit, one must 

depend on the variation of transconductance with a change in bias 
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point caused by input signals. The remote cutoff pentode serves very 

well in this application. However, if completely transistorized cir- 

cuitry is desired, it becomes necessary to find a defective or aged 

transistor for use in this circuit. With present day production specif- 

ications, this is a very formidable task. 

A protracted amount of time was spent in attempting the design 

of a reactance transistor circuit appropriate for application in the 

system. The presently existent circuits are not suitable for low fre- 

quency carrier operations because their variation in equivalent react- 

ance is not large enough to alter the base frequency by any great 

extent. 

Consideration was given to the concept of physically deterio- 

rating the internal composition of transistors to derange the stability 

of the common -emitter current amplification factor hfe with input 

current. The lack of time and facilities necessitated the abandonment 

of this idea. 

Secondly, modification of basic circuit design was attempted to 

a significant degree. Design criteria were established on a field 

effect transistor reactance unit to the extent that it would modulate 

a transistor Colpitts oscillator over the desired frequency range. 

However, the input voltage versus frequency characteristic was a very 

pronounced exponential and this, of course, is unacceptable as mod- 

erate linearity of this curve is essential. 
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Were it possible that the circuit could be made to cover a much 

broader frequency band, operation over a small portion of the large 

exponential would result in enough linearization to be acceptable. 

The results of this investigation lead to the conclusion that 

transistorized modifications of reactance unit circuitry which are 

proficient in modulating low frequency carriers do not exist. 

The final modulating circuit fashioned for the system makes 

very generous use of the broad band property. It was chosen to call 

this circuit a mutual inductance modulator (Johnson, 1965). 
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X 

THE MUTUAL INDUCTANCE MODULATOR 

The inductance modulator designed for the system is the ulti- 

mate in low carrier -frequency modulation and actually is suitable for 

any carrier frequency which the other circuit elements will withstand. 

In a preliminary experimental circuit, a ±1. 5 volts on the input was 

sufficient to vary the frequency of oscillation from 40 KC to 220 KC. 

The Principle of Mutual Inductance 

In order to describe the magnetic interaction between circuits 

or portions of the same circuit, the circuit parameter M is intro- 

duced. It is called the coefficient of mutual inductance and is di- 

mensionally equivalent to the coefficient of self inductance L. The 

following discussion is based on Figure 4. 

coil 1 '"' coil 2 

Figure 4. Inductively coupled coils. 

4 

0 2 o3 



Mutual inductance is defined as: 

Flux linkage in second coil produced by current in first coil N2(1)1 

M- 

M also = 
N1`)2 

i2 

current in first coil i 

Weber -turns - henries. amp 

1 
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(X -1) 

Now suppose that coil 1 is being excited from a sinusoidal 

voltage source el and that the resistances of both coils are 

negligible. Likewise assume that a finite amount of sinusoidal 

current of the same frequency is flowing through coil 2. 

We may handily employ M to write the following circuit 

equation around loop 1 -2: 

dit 
1 

dit 
e = L M + dt 1 dt 

Rewriting in terms of RMS values of voltage and current yields: 

El =jw(IlLl+I2M). 

This gives rise to the principle from which the modulator 

derives its action. Assume that El and Il are constant. The 

ratio El / j(.1 
1 

must then represent the effective inductance ap- 

pearing between terminals 1 and 2. 

wl -L1+ I2 
1 1 

M = L effective (X -2) 
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Suppose further that coil 1 composes the tank circuit inductance 

of a tuned oscillator. Hence any current passing through coil 2 will 

govern the effective inductance of the tank circuit to an appreciable 

degree, thereby controlling the frequency of oscillation. 

A Current Division Circuit 

The remaining task is the construction of a circuit which will 

feed back oscillatory current to coil 2 in proportion to an input 

voltage. 

The design of such a circuit is not difficult. Two common base 

transistor amplifiers operating in parallel as shown in Figure 5 serve 

the purpose quite well. 

R2 

Vin 
c o i l 2 coil I 

oscillator 

-i-I in 

igure 5. Common base amplifier used for current divisinu 

The common base amplifier formed by T1 and T2 receives 

as its input oscillatory current from coil 1 of the oscillator tank 

lout 

mc 

J 

i 
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circuit. The output currents are then combined at node 1 and re- 

turned to the feedback amplifier. The resistors R2 and R3 

serve to heavily attenuate the input voltage. In the final circuit used, 

R2 3. KO 0 and R3 5012 

Now it is well known that the mutual conductance characteristic 

of an ordinary transistor is almost perfectly exponential. This means 

that for any fixed voltage between the bases of T1 and T2 there 

will be fixed a ratio in which any oscillatory current coming to the 

emitters is divided between them. Hence a signal at the input of not 

much more than ±1. 5 volts will serve to switch the current almost 

completely across between one transistor and the other. 

Consequently T2 serves as the current amplifier of variable 

gain which was needed and it is no handicap that the maximum value 

of current gain available is barely unity. 

The collector current of T2 is forced through a winding 

(coil 2) which has inductive coupling with the tank circuit inductor. 

This current causes the tank circuit inductance and thereby the fre- 

quency of oscillation to vary in accordance with Equations X -2 and 

IX -1. Since this current is regulated by input voltage, the corre- 

spondence is complete and very good modulation is thereby achieved. 

The details of the inductors are not at all critical. The actual 

inductor used was wound on a 1. 5 inch diameter coil former with 

approximately 200 turns of #24 AWG copper magnet wire for both 

= 
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primary and secondary. Windings were turned in alternate layers to 

provide more efficient coupling. 

The Complete Modulation Circuit 

The modulating circuit in its entirety is shown in Figure 6. 

Its parameter specifications are listed in Appendix I. 

coil 2 

116 )Jfi 

M 
coil I -lyf 

121ph 

f 

R9 R8 

o 
FM 

Figure 6. The mutual inductance modulator. 

7.5 V 

7.5 V- 
S- 

v 

OUT 
o 
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It is handily designed to make efficient use of the bias voltages needed 

for the common base amplifier so that no other sources are needed. 

Transistor T3 is connected in the common emitter mode. It 

receives its input from the base coupling to R1 and supplies a cur- 

rent gain by emitter follower action. The amplified signal is returned 

to the tuned circuit so that steady state oscillations are maintained 

while at the same time the oscillatory current is available at the col- 

lector of T3 and can be used to give an output across R7. 

The biasing resistors R8 and R9 were added to facilitate 

adjustment of the center frequency. It was found that greatest linear- 

ity of frequency variation exists on either side of a DC bias about 

midway between zero and that bias resulting in saturation of oscil- 

latory current through T2. The circuit was biased with this re- 

sistance combination to the desired DC operating point and the tank 

circuit capacitance adjusted until the base frequency returned to the 

desired value. 

There is only one condition which must be critically fulfilled 

in the modulating system. The value of R5 must be satisfied to 

within a range of ±2. 5 ohms. If R5 is made too large, distortion 

occurs from cutting off at the emitters of T1 and T2. If R5 

becomes too small, the feedback becomes insufficient to sustain 

oscillation. The correct value for R5 may be initially determined 

with a variable resistor. This condition was not found to be critical 
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enough to warrant the use of self stabilizing feedback. 

The intelligence transfer characteristic (frequency versus 

input voltage) is shown in Figure 7 where it is compared to the 

theoretical specified performance of an FM modulator possessing 

a transfer slope of 3. 8 KG/ volt. This is the approximate average 

slope of the actual modulator operating at a center frequency of 40 KC. 
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XI 

THE DEMODULATOR 

The demodulation scheme used in the system is of the capacative 

charge area counting type. The modulated carrier present at the re- 

ceiving transducer is first subjected to signal conditioning by a limit- 

ing amplifier. This process eliminates amplitude modulation caused 

by variations in transducer sensitivity and waveguide attentuation with 

frequency. The signal is then fed into a Schmitt trigger which may 

be adjusted to trigger at a level as small as 80 millivolts. These 

circuits are described in detail in Appendix I. 

The Schmitt flip -flop output pulses are fed into the detector 

where they are differentiated into capacitor charging spikes of a 5. 5 

microsecond time constant. Negative going spikes are then clipped 

by a diode while the positive ones are amplified and put through a low 

pass filter. Now the DG component of these spikes is proportional to 

the number of times per second that the capacitor is charged and hence 

to the frequency. This is the output which appears at the low pass 

filter termination. An outline of this circuit appears in Figure 8. 

The low pass filter was designed with a cutoff frequency of 

about five KC and is very successful in eliminating 40 KC carrier spikes 

from the desired DC or average value of the spikes. 

The output of this filter concludes system circuitry and under 



optimum operating conditions is, except for scale corrections, a 

very good replica of input voltage to the modulator. 

o 
waveguide 

limiting 
amplifier 

transducer 

amplifie r 

Schmitt 
trigger 

low pass filter 

differentiator 

o 
output 

Figure 8. The demodulation scheme. 
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XII 

SELECTION OF COMMERCIALLY AVAILABLE COMPONENTS 

The Transducers 

The availability of inexpensive electroacoustic transducers 

which will operate in the desired frequency range is very poor. De- 

mand for them is primarily in the field of underwater acoustics 

where they are used in depth finders, ultrasonic cleaning and similar 

applications. For the most part, transducers of this type are of 

piezoelectric construction which will not withstand operation in open 

air. They will shatter and disintegrate themselves upon excitation as 

they are designed to produce large forces at small displacements in 

liquids. The relatively low acoustic impedance of air permits exces- 

sive displacements which serves to fracture the crystal. 

Two types of transducers were finally obtained which are suit- 

able for use in the system. 

The first of these is a University T -50 high fidelity tweeter. 

These units have a sharp fall off in sensitivity in the vicinity of 50 KC 

but possess a useable magnitude of sensitivity, even though small, at 

40 KC. 

The second type of transducer is a piezoelectric diaphragm 

device, the TR -7, manufactured by the Massa Division of Dynamics 



43 

Corporation of America, Hingham, Massachusetts. It consists of a 

barium titanate disk 7/8 inch in diameter which is bonded to a metallic 

disk of the same diameter. Unfortunately the bandwidth of this unit is 

centered about the fundamental resonant frequency of the diaphragm 

which is 40 KC. By adding a tuning choke to the device, a bandwidth 

of 38 to 42 KC may be obtained. The inductance of this choke should 

be that value required to bring cable capacitance and internal piezo- 

electric capacitance into resonance at the same frequency for which 

the diaphragm is resonant. 

Waveguide Dimensions 

The following discussion describes the selection with regard 

to carrier frequency of critical diameters of the ordinary water pipe 

which composes system waveguides. Obviously, in pipes of too great 

an internal diameter, echoes will completely override the possibility 

of extracting useable intelligence from the waveguide in cases where 

attenuation is to be a main factor in echo reduction. Conversely in 

pipes of too small a diameter, the carrier signal may tend to be at- 

tenuated beyond the capabilities of the reception transducer. 

According to Equation VI -2, the attenuation of sound pressure 

waves by air filled circular waveguides of various diameters is plotted 

as a function of frequency in Figures 9 and 10. The attenuation in 

Figure 9 is plotted in decibels /foot of waveguide length while that of 
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Figure 9. Attenuation of sound in DB /foot versus frequency in 
airfilled circular waveguides of various diameters. 
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Figure 10. Attenuation of sound in nepers / meter versus fre- 
quency in airfilled circular waveguides of various 
diameters. 
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Figure 10 is plotted in nepers/meter. A vertical line is erected in 

Figure 9 corresponding to system carrier of 40 KC. At the inter- 

sections of this with waveguide attenuation lines are entered the 

sound pressure ratios AX /Ao at X = 5. 65 feet and 11. 3 feet, 

the distances required for a five and a ten millisecond delay respec- 

tively. Here A 
0 

is the sound pressure amplitude at the transmit - 

ting end. These ratios are the actual attenuation coefficients cor- 

responding to a rigid pipe. 

Referring to Figure 9, the sound pressure amplitude of a 40 KC 

wave by the time it has been twice reflected and returned to the re- 

ceiving end of a five millisecond time delay, 0.75 inch internal di- 

ameter waveguide will be approximately (. 255)3 times its initial 

amplitude, assuming unity reflection coefficients. As will be ex- 

plained in Chapter XIV, even this small amount of echo phenomena is 

sufficient to set an upper limit to the magnitude of time delay achiev- 

able without serious distortion. 

The attenuation due to plastic pipe of 0.75 inch internal diame- 

ter obtained for initial testing will not be accurately predicted by 

Equation VI -2 which pertains specifically to rigid pipes. Unfortunately, 

little has been in the field of acoustics with regard to predicting the 

acoustic properties of non -rigid pipes. 

If the plastic pipe to be used is rigid enough so that wall reso- 

nances may be avoided, correspondence should be relatively good. 
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Plastic pipe removes the handicap of spacing caused by rigid pipe as 

it may be used in the form of a coiled waveguide. Theoretically, 

plastic pipe will perform satisfactorily in the shape of a coil provided 

that circularity of walls is not lost by sharp bending. 
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XIII 

THE COMPLETE SYSTEM 

Now that all components of the system have been discussed to 

some length, we are ready to consider the system in its entirety. 

The complete schematic is shown in Figure 11. A circuit diagram 

of the entire system together with an explanation of individual circuit 

operations appears in Appendix I. Also appearing in this appendix 

are photographs illustrating transducer -waveguide connections and 

detection apparatus. 

modulator 
and 

driver 

o 
e. =e(t) in 

Tektronix 
565 

CRO 

waveguide 

transducers 

demodulator 

eout-e(t+ T) 

Tektronix 
FM 122 

preamplifier 

Figure 11. The complete waveguide system. 
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XV 

DISCUSSION OF RESULTS 

System Performance 

Due to limiting factors of system components which are ex- 

plained in the following sections, it was found that desired perform- 

ance could not be achieved for time delays as large as ten milli- 

seconds. In order to tolerate a frequence deviation of 300 cps over 

the complete signal bandwidth and simultaneously maintain output 

distortion at a negligible value, it became necessary to restrict the 

time delay to five milliseconds. For increases in delay time past 

this point, the maximum useable frequency deviation must be cor- 

respondingly lowered. This process serves to lower the signal to 

noise ratio at the output resulting in further undesired performance. 

For these reasons, primary system testing was conducted at an 

operating time delay of five milliseconds. Maximum signal band- 

width is, of course, limited to two KC by available ultrasonic trans- 

ducers. 

Reproduction of the delayed signal was found to be of good 

quality under optimum operating conditions. Oscillograms of various 

delayed signals appear in Figures 12 and 13. The top waveform of 

Figure 12a is a sinusoidally modulated carrier at the limiting ampli- 

fier output. Frequency deviation is noticeable at the right side of the 
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Figure 12a. Upper trace: Sinusoidally modulated carrier at 
limiting amplifier output, Lf = 300 cps. 
Sweep rate 45 µsec /cm. 

Lower trace: Simultaneous detector output, 65 cps. 
Sweep rate 5 msec/ cm. 

ARO11111111 

-11 

Figure 12b. Upper trace: Triangular input to modulator, 
F = 55 cps, tf = 250 cps. 

Lower trace: Simultaneous detector output with 
time delay visible. 

Sweep rate 5 msec/ cm. 

e Nor 7A. 
--4- 
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HEIM Ì 

III 

Figure 13a. Upper trace: Square wave modulator input 
F = 65 cps, M = 125 cps. 

Lower trace: Simultaneous detector output with 
time delay visible. Sweep rate 5 msec/ cm. 
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Figure 13b. Multiple exposure showing system step response 
at 100, 400, 1000 and 2000 cps. 
Sweep rate 2 msec/ cm. 
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oscillogram but not at the left due to a single level of sweep triggering. 

Immediately below, at a slower sweep rate, appears the simultaneous 

detector output which is a very good quality sinusoid. 

Figure 12b is another single exposure which displays a triangu- 

lar modulator input and below it the corresponding demodulator output 

or delayed signal. A similar technique is used to display system re- 

sponse to a square wave in Figure 13a. The sweep rate in both cases 

is five milliseconds; centimeter and the five millisecond time delay is 

evident in these illustrations. Irregularities in the step response will 

be explained in a following section. 

Figure 13b depicts system step response as a function of in- 

creasing frequency. The frequencies of the four waveforms from top 

to bottom are respectively 100, 400, 1000 and 2000 cps at a constant 

sweep rate of two milliseconds /centimeter. For the 400 cps wave, 

no harmonics beyond the fifth obtain passage through the system, 

while only the fundamentals of the following waves are passed. 

System Limitations 

The oscillograms of Figures 12 and 13 were photographed under 

optimum conditions of system operation. By this phrase is meant 

operation below certain limits of the system, the exceeding of which 

will result in distortion at the demodulated output. This distortion 

is caused by factors which bring about minute variations in time 
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delay with changes in carrier frequency. This variation may arise 

from one or both of two factors and is described in detail by Fagot 

and Magne (1960). 

For ease of consideration, let us here recall the correspond- 

ence of an acoustic waveguide to a transmission line. As the fre- 

quency, and therefore angular velocity, of the source feeding a line 

is increased, the phase of the receiving and signal increases in lag 

with respect to the input. Under ideal conditions this is a linear re- 

lationship. The actual time delay, or time of propagation through the 

system, is given by the derivative, with its sign changed, of this 

phase shift with respect to angular velocity. Any deviation of the 

phase curve from a straight line will thereby serve to alter the time 

delay of the transmission line with frequency. It may be mathemat- 

ically shown (Fagot and Magne, 1960) that these variations in time 

delay are directly responsible for the appearance of harmonic dis- 

tortion in the case of frequency modulation. 

This problem was encountered in system testing and was traced 

to mistuning of the Massa transducers. For a cable capacitance of 

220 pf and a transducer capacitance of 860 pf, their tuning inductance 

as described in Chapter XII is not extremely critical but must be 

satisfied to within 14. 8 ± 0. 5 millihenries to insure that their phase 

characteristics are linear. This effect is illustrated in Figure 14a 

where the top waveform is a 650 cps sinusoid at the demodulator 
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output for a receiving transducer tuning inductance of 14. 8 milli - 

henries. The lower waveform is the resultant output for a shunt 

tuning inductance of 13. 2 millihenries under the same sinusoidal 

modulator input. For this case, the distortion is primarily composed 

of second harmonic and corresponds to a phase enhancement one side 

of the carrier and phase cancellation on the other. As the frequency 

detector is also sensitive to phase shifts in the carrier, this phase 

distortion is present in its output in the form of amplitude distortion. 

This type of distortion was also encountered under adverse conditions 

of reception transducer positioning with respect to the waveguide 

opening and is discussed under the category of echo distortion in the 

following paragraphs. 

The most serious and utmost limitation of the system lies in 

the presence of echoes at the waveguide output. This second factor 

contributing to variations in time delay with carrier frequency is not 

so easily remedied. 

Reflection coefficients of the Massa transducers when fastened 

directly to the ends of the waveguide were found to be approximately 

O. 92, while a value on the order of 0. 56 was associated with the 

University tweeters. Even when coupled with very large waveguide 

attenuation, these values are sufficient to result in the appearance 

of echo harmonic distortion upon the modulation. 

This effect has a simple explanation. Assume the magnitude of 
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second order echoes to be negligible since they will have had to trav- 

erse the waveguide a total of five times, subjecting themselves to 

severe attenuation. Now consider the transmitted sound pressure at 

the waveguide output as being the superpositional sum of transmitted 

incident waves and first order echo waves. 

An expression for the transmitted incident waves may be written 

as: 

where To 

Atl = D sin w(t -To) 

is the system time delay. The sound pressure of trans- 

mitted echoes may be expressed as At2 = J sin w(t -3To) since they 

have undergone three times the amount of incident delay while trav- 

ersing the waveguide. The phase difference between these travelling 

waves is 2wT 
0 

= 4TrfT 
0 

. Its derivative with respect to frequency is 

4TrT , which leads to the conclusion that a change in carrier fre- 
o 

quency of only cps is required for a complete reversal from 1 

4T 
o 

phase enhancement to phase cancellation. This phenomenon leads to 

a time delay which varies periodically with frequency about the 

average value T 
0 

and the total time delay may be written in the 

T= To[l+ Bsin2T] form where B is a system constant. 
o 

It may be shown (Fagot and Magne, 1960) that the harmonic 

content relative to the fundamental of the demodulated output under 

these conditions is: 

0 

0 
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(XIV-1) 

where subscript i refers to the order of the harmonic, F is the 

signal frequency, /If is the frequency deviation and ß is the echo 

content relative to incident waves at the waveguide output. This rela- 

tionship is valid, however, only under the assumption of "slow" con- 

ditions, or that F GGT For the case at present when a five 
o 

millisecond delay is used, we find that the equation is not valid when 

F is no longer exceedingly smaller than 200 cps. 

Above this limit, no easy means of predicting harmonic distor- 

tion exist but system measurements indicated that harmonic content 

does tend to increase with its order exponent of (TrTo ) as T 
o 

is 

increased. 

Pictorial evidence of these distortion phenomena at the demodu- 

lated output is given in Figures 14b and 15. The technique used in 

photographing these triple exposure waveforms consisted in holding 

two of the three variables, F, Mf and To, constant and varying 

the remaining one from lower useable values to larger ones, resulting 

in distortion. Figure 14b shows an increase in F from 100 through 

400 to 1000 cps at a constant of of 600 cps and To, 5 milli - 

seconds. In Figure 15a T 
0 

is again held at five milliseconds, F 

is maintained to 350 cps while bf is varied from 200 through 520 

To 
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Figure 14a. Sinusoidal demodulator output, f = 650 cps. 
Upper trace: reception transducer tuning 

inductance = 14. 8 mh. 
Lower trace: Same input conditions, tuning 

inductance = 13. 2 mh. 
Sweep rate, 0.2 msec/cm. 

gamium 

Figure 14b. System distortion as frequency is varied from 
100 through 400 to 1000 cps. Mf = 600 cps, 
T 

0 
= 5 msec, sweep rate, 2 msec /cm. 
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Figure 15a. System distortion as Of is varied from 200 
through 520 to 900 cps. F = 350 cps, 
T 

0 
= 5 msec, sweep rate 1 msec/ cm. "rim 
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Figure 15b. System distortion as T is varied from 5 

through 6. 55 to 7. 9 msec. M = 400 cps, 
F = 65 cps, sweep rate, 5 msec/ cm. 
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to 900 cps. Figure 15b is the same system output under conditions of 

increasing time delay in which of = 400 cps, F = 65 cps and 

T 
o 

is varied from 5 through 6. 55 to 7. 9 milliseconds. In all of 

these photographs the coefficient ß was adjusted to its minimal 

value through manipulations which will be described in the following 

section. 

In order to determine more closely the upper limits which the 

variables of Equation XIV -1 may assume, waveform analysis was 

performed upon the demodulated output under varying conditions of 

these variables. From these investigations, the curves of Figure 

16 were constructed. 

These curves indicate the frequency deviation which will pro- 

duce approximately five percent second harmonic at the system 

output for the given frequency of a sinusoidal modulating voltage. 

They represent the highest upper limits that may be achieved in the 

system through optimal lowering of the echo coefficient. 

Reduction of Distortion 

The diminishing of harmonic distortion lies, of course, in re- 

ducing the echo coefficient ß. This term is the product of reflec- 

tion coefficients at each end of the waveguide and the square of the 

waveguide attenuation ratio and may therefore be lowered through 

reductions in these three constants. 
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Figure 16. Curves of approximately five percent second har- 
monic relative to the fundamental at the demodula- 
ted output for varying conditions of F, Lif and 
To. Sinusoidal modulating voltage and minimum 
echo conditions. 
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A reduction in reflection coefficient at the receiving end was 

accomplished by separating the Massa transducer from the waveguide 

opening on the order of an inch and then adjusting the angle of trans- 

ducer incidence with respect to the waveguide axis to about 75 de- 

grees as illustrated in Appendix I. Under these conditions, much of 

the reflected energy completely misses the waveguide opening while 

that which does achieve entrance is subjected to some amount cf dis- 

sipation as it is reflected back and forth between walls of the wave - 

guide. Further decreases in this incidence angle tended to present 

the sides of the transducer as another type of reflecting barrier, 

again lessening the quality of the output signal. For a 60 degree angle 

of incidence, distortion upon a sinusoidal modulating voltage produced 

waveforms similar to the lower trace of Figure 14a. 

The echo coefficient was additionally lowered by packing the 

receiving end of the waveguide with several tufts of cotton. However, 

the cotton absorbs much of the sound energy, thereby reducing the 

amount available to excite the reception transducer. This problem 

also arose when using waveguides of a smaller diameter to increase 

attenuation. These procedures could only be carried out to a limited 

extent due to poor demodulator performance upon reduction of trans- 

ducer output voltage. This fact sets a lower limit on the amount of 

optimizing that may be done when attempting to lower distortion in 

this manner. 
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For small transducer output voltage, excessive noise problems 

arose in the demodulator. The high gain limiting amplifier is ex- 

tremely succeptible to noise in the absence of a strong signal. The 

phase fluctuations of this interference are readily transferred through 

to the detector output. It was found that a transducer voltage of ten 

my peak to peak resulted in approximately unity signalto noise ratio 

(O DB) in the system output for a frequency deviation of 300 cps. 

Fortunately, due to the capture effect of frequency modulation, an 

increase of transducer voltage to 40 millivolts was sufficient to very 

effectively alleviate this problem. 

A most effective reduction of reflection coefficient at the trans- 

mitting end was found to lie in the use of a University tweeter rather 

than a Massa transducer. This process was not helpful at the re- 

ceiving end due to poor response of the tweeters under this mode of 

energy conversion. 

By combining the previously discussed methods of echo reduc- 

tion and yet maintaining a reception transducer output voltage of 40 

millivolts peak to peak, the minimum echo coefficient that could be 

achieved was on the order of 0. 0060 at a five millisecond delay. As 

compared to an uncompensated system coefficient of 0. 076 this is a 

very significant reduction. However, when attempting time delays of 

several milliseconds, this coefficient is still large enough to exhibit 

great influence upon system performance. This factor is by far the 
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greatest limitation upon ultrasonic waveguide systems. 

The data for Figure 16 was accumulated under these optimal 

echo conditions and represents the best performance that may be 

obtained with available system components. 

The lower useable limit of frequency deviation is determined 

by the value of signal to noise ratio one wishes to maintain in the 

demodulated output. 

Peak to peak noise level in the output was measured to be 

0. 066 millivolts under optimum operating conditions in the absence 

of a time varying signal. To maintain a signal to noise ratio of 25DB, 

the signal must be kept above 1. 16 my P -P. The system amplitude 

transfer constant, output voltage input voltage, is 1. 94 x 10 -2, 

and from Figure 7 the modulator transfer slope is given as 3.8 KC /volt. 

From this information we find that a frequency deviation of 115 cps 

or greater is required to insure a minimum signal to noise ratio of 

25 DB. 

These figures are in agreement with the display of Figure 13a 

where noise fluctuations occur along the time stationary square wave 

peaks of the lower trace. This oscillogram was acquired at a fre- 

quency deviation of 125 cps and its signal to noise ratio is approxi- 

mately 26 DB. 

Some irregularities may be seen in the step response of Figures 

13a and 13b. These are caused by several system properties, the 
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first of these being the fact that a finite bandwidth system may not be 

expected to successfully pass all components of highly complex wave- 

forms. Secondly, the TR -7 transducer is designed primarily for oral 

communication through frequency modulation where a certain amount 

of distortion may be tolerated without discernment by the eardrum. 

In an electro- mechanical system where several different reso- 

nant frequencies exist, it is also possible that the output frequency of 

such a transducer may remain in transient state for some time after a 

step function of frequency is applied to the excitation. The ringing 

phenomenon remained at a minimum under optimum reception trans- 

ducer tuning and worsened with detuning in either direction. This 

fact could be attributed to increases in separation between resonant 

frequencies of the reception transducer and its tuning network which 

force the transient frequency to attempt a selection between the reso- 

nant frequencies and the driving or steady state frequency. This de - 

tuning will, of course, enter carrier phase distortion into the prob- 

lem as has been previously discussed. 

No irregularities whatsoever were observed in the step response 

when the waveguide and transducers were replaced by a resistive 

attenuating network. The waveforms of Figure 13 represent, however, 

the best response that may be obtained at the system output for square 

wave modulating signals. 

These discussions will serve then, to establish the nature of 
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limitations to be encountered in the performance of ultrasonic wave - 

guide systems. 

Bandwidth 

The system output transfer ratio, output voltage frequency 

deviation, is plotted against modulating frequency in Figure 17 and is 

essentially constant over the frequency range 0 -2 KC. The low fre- 

quency response may be extended to direct current by using direct 

coupled amplification at all stages beyond pulse differentiation in the 

detector. The minimum low frequency three DB point of the Tektronix 

FM 122 preamplifier is 0.2 cps. By providing very large coupling 

time constants in the transistor amplification stages, the system 

three DB point was brought to six cps. 

Evidence of high frequency system response is shown in Figure 

13b where the highest frequency square wave applied to the input is two 

KC. Its fundamental component still lies within the system band- 

width while all other components are outside. 

The high frequency rolloff is due to a rapid decrease in trans- 

ducer sensitivity as the carrier frequency exceeds the ± 2 KC band- 

width limitations. For a two KC modulating signal and a frequency 

deviation of 300 cps, the modulation spectrum is composed of only a 

carrier and the first order sidebands spaced two KC on either side of 

the carrier while all other sidebands are negligible. 
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Further increases in signal frequency push these sidebands out- 

side the useable transducer bandwidth, rapidly decreasing their amp- 

litude at the electrical output. Now for values of Mf less than O. 5, 

the Bessel function defining the amplitude of these first order side - 

bands decreases almost linearly with decreasing Mf. Due to the 

sharp fall off of transducer sensitivity outside its passband, the amp- 

litude of these sidebands at the electrical output is attenuated much 

more heavily than predicted by the Bessel relationship with increasing 

frequency and consequent lowering of modulation index. 

To the demodulator, this added reduction in magnitude of side - 

band spectrum lines is equivalent to a reduction of t.f. An actual 

reduction of Of is attained by decreasing modulating signal amplitude 

and this is the effect present in the demodulated output, thereby ex- 

plaining the high frequency rolloff. 

When the triggering level of the Schmidt trigger was not adjusted 

to its lowest possible value, a small peak in the demodulator transfer 

ratio was noticed to occur just before starting the rolloff at two KC. 

This is accounted for by a large increase in the TR -7 transducer's 

sensitivity just before its ± 2 KC limits are reached. Coupled with 

poor discriminator response, this property can then cause deviation 

of the transfer ratio from a constant over this frequency interval as 

shown in Figure 17. 
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Verification of Some Predicted Results 

The attenuation of sound in plastic pipe was found to obey the 

rigid pipe criterion of Equation VI -2 very closely. Averaging the 

results of tests made on plastic pipes of various diameters yields the 

fact that their attenuation properties are on the order of seven percent 

less in terms of DB per foot than that predicted for rigid pipe. 

Although very little data exists on the acoustic properties of 

soft rubber tubes such as garden hoses, etc. , it is very likely that 

their attenuation would be of much larger magnitude. Thermal and 

viscous losses at the walls of such tubes are in general much greater 

than those of a rigid pipe. 

It was found that any pronounced deviation from circularity of 

waveguide walls significantly enlarged the quantity of echoes at the 

output. The wavefronts are forced to simultaneously converge and 

diverge upon entering a noncircular section and even additional re- 

flections are set up if the noncircularity is caused by a sharp bend 

in the pipe. Rigid pipe in general resulted in a small enhancement 

in the quality of system performances. 
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XV 

CONCLUSIONS AND RECOMMENDATIONS 

Feasibility of Various Operational Aspects 

Construction of a system capable of multi -channel operation at 

the same carrier frequency will, of course, require adequate steps to 

eliminate crosstalk between channels. If, due to reflection problems, 

the reception transducer of each channel must be separated a short 

distance from the waveguide opening, it will be necessary to enclose 

both waveguide termination and transducers in an insulation volume. 

With driving transducers secured to waveguides by masking tape or 

any similar connections, crosstalk problems should be virtually 

eliminated. 

Provided that wideband transducers are avialable, it would be 

possible to transmit each channel on an individual carrier frequency. 

This could be done with or without the use of waveguides; however, 

free space attenuation of sound (Olson, 1947) is large compared to 

waveguides as the sound energy undergoes heavy dispersion and much 

of it is lost due to molecular vibrational interactions and conversion 

to heat energy. In addition, very precise bandpass filters would be 

required so that phase shift introduced by them on the carrier is 

constant over the passband. 
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It is doubtful that the use of gaseous transmission media other 

than air would greatly improve existing system conditions other than 

for allowing shorter propagation distances. This practice would neces- 

sitate special consideration to waveguide construction in order that 

the gas does not escape. A bellows type diaphragm could serve to 

maintain pressure equilibrium between the contained gas and external 

atmosphere in partial alleviation of this problem. 

Electroacoustic Considerations 

Some experimenting was done with exponential connectors in 

attempts to further reduce reflection problems. No success was 

realized through these efforts due to the limitations of ultrasonic 

impedance matching as discussed in the last section of Chapter V and 

also due to unsuitability of available connectors. For impedance 

matching with exponential horns, one must determine the acoustic 

impedance of the transducer to be coupled with a waveguide. An 

exponential horn must then be designed so that its throat impedance 

matches that of the transducer and its mouth impedance matches that 

of the waveguide. The design and construction of this horn is an 

arduous task in itself but the finished product could most certainly 

be of aid in reducing the system echo coefficient. 

The foremost technique available to effect reductions in the 

echo coefficient after minimum reflection coefficients have been 
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attained consists of simultaneously increasing the waveguide's attenua- 

tion and its excitation power. The driving power must be increased 

to maintain the desired carrier voltage level at the reception trans- 

ducer output. However, the attenuation of echoes has taken a cubic 

increase for each linear increase of incident wave attenuation. This 

process was limited for the individual system due to constraints on 

driving power. Maximum input power for the TR -7 is rated at one - 

half watt steady state while approximately 1. 3 watts could be supplied 

to a University tweeter with the best transformer available coupling 

it to the 3 watt General Radio Unit Amplifier. 

The use of a tweeter for waveguide excitation resulted in superi- 

or performance due to its lower reflection coefficient. Only by ex- 

ceeding power limitations on the TR -7 was it possible to match and 

surpass this performance through increases in waveguide attenuation. 

The TR -7 possesses a much higher degree of sensitivity than the T -50 

tweeters in the 40 KC range and thereby requires much less driving 

power for comparable quantities of sound pressure output. Only its 

high reflection coefficient renders it inferior to the tweeter as a wave - 

guide driving unit. Were proper acoustic impedance matching com- 

ponents available, this class of peizoelectric transducer could be 

combined with them into a very superlative type of waveguide exciting 

device. In general, attempting to use an electrodynamic high fidelity 

tweeter as a reception transducer will result in inferior performance. 
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It is very difficult to couple sound power sufficient to excite a large 

diaphragm into the speaker at these high frequencies. Due to low 

sensitivity when operating in this mode at 40 KC, extremely large 

voltage gain is necessary to extract a useable signal from the tweeter. 

In addition, any audio frequency noise generated by power amplifica- 

tion stages preceding the driving speaker will readily be picked up by 

a reception tweeter and may completely override the carrier signal. 

The previously described transducer spacing technique used 

at the receiving end of the waveguide is of no value at the transmitting 

end as excessive sound power is lost into surrounding air. 

It is very probable that the exponential connector problems as 

discussed in Chapter V also hindered performance of the tweeter. 

As may be seen in Figure I -2a, the transmitting orifice of these units 

is of much smaller diameter than their body and diaphragm. It 

therefore can be expected that distances between throat opening and 

different elements of the diaphragm differ by more than a quarter 

wavelength of 40 KC sound. Additionally, a considerable volume of 

air is contained between the diaphragm and transmitting orifice of 

these units. The acoustic reactance of this air volume very likely 

plays a great part in reducing the device's sensitivity with increasing 

frequency. As to how great a performance impediment these proper- 

ties may be is difficult to establish. Attempts to improve future sys- 

tems should by all means take these facts into consideration. 
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A very significant path to improved performance of ultrasonic 

waveguide systems may be found in the use of a higher carrier fre- 

quency. The present system was initially designed to operate at a 

center frequency of 80 KC but with the unavailability of ultrasonic 

transducers operable in this band, alterations to accommodate the 

40 KC carrier were necessitated. With a higher carrier frequency, 

one no longer has to depend heavily upon obstructing materials such 

as cotton for increases in waveguide attenuation as a wide variety of 

pipe diameters in this range is more readily obtained. From Figure 

9 it may be seen that a 1.25 inch internal diameter pipe produces 

approximately the same attenuation at 100 KC as does the 0.75 inch 

pipe used in the system to 40 KC sound. There are several more pipe 

sizes available to increase attenuation from that of the 1.25 inch di- 

ameter pipe than those existing which are of smaller diameter than 

0.75 inches. In addition, the bandwidth of higher frequency trans- 

ducers will as a rule be greater than the present system's four KC's 

permitting consequent increases in signal bandwidth. Care would 

still have to be exercised, however, to maintain small values of 

modulation index at high signal frequencies so that all intelligence 

is contained in the carrier and first order sidebands. 

Electronic Considerations 

Further increases in system performance could be achieved 
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through the use of a higher -gain low -noise amplifier at the detector 

output, thereby reducing the lower limit of useable frequency devia- 

tion and increasing its overall range. Due to the lack of low -noise 

transistors, this approach was not rigorously investigated. Stringent 

precautions were taken to reduce noise in the system output by avail- 

able means as is explained in Appendix I. 

To attain the low values of frequency deviation required for suitable 

transmission of signals in the upper range of system bandwidth, it may 

be necessaryto further attenuate the modulator input. This is readily 

accomplished by increasing the magnitude of resistor R2. To accommo- 

date signal generators used in system testing, 100 KO was added in series 

with this resistor. Ironically, a modulator capable of large frequency 

deviations is not in demand for this individual system but with proper 

components, a system could be constructed to tolerate much larger 

frequency diviations, thereby requiring a wide -band modulator. 

Were the amplitude response of the TR -7 flat over its bandwidth, 

it is likely that the system bandwidth could have been extended to four 

KC through the use of single sideband amplitude modulation and either 

a 38 or 42 KC carrier. For such small bandwidths, the frequency 

dependence of waveguide attenuation is no longer a serious problem. 

However, the presence of echoes is most damaging to AMperformance 

as amplitude of the sideband would alternately be increased and de- 

creased with changes in signal frequency unless the echo coefficient 



75 

was reduced to absolute zero. 

Summary of Improvement Techniques 

With the availability of proper components and a combination 

of the previously described techniques, it may be concluded that a 

system capable of meeting the original objectives of this endeavor 

could readily be constructed. To summarize, system improvements 

would result primarily from transducers of higher center frequency 

and larger bandwidth, and which possess higher sensitivity with lower 

values of reflection coefficient. Provided that it is possible to obtain 

a measure of the acoustic impedance presented by such transducers, 

the design and use of exponential matching connectors with these units 

would result in a greatly improved time delay system. Essential to 

this improvement, though, are adequate steps to alleviate the expo- 

nential connection problems discussed in Chapter V. 

There are several higher priced electroacoustic transducers 

on the commercial market at present which meet some of the above 

requirements. B and K Instruments Inc. of North Hollywood, 

California manufactures a condenser microphone whose amplitude 

response is flat from 30 cps to 100 KC. Conversely, its sensitivity 

is 20 DB less than that of the TR -7, its phase characteristic devi- 

ates greatly from a constant with increasing frequency and additional 

expense is incurred by a required precision cathode follower. The 
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Massa Division of Dynamics Corporation of America is also known 

to manufacture an electrostatic high -fidelity tweeter which, although 

rather expensive, possesses a flat response to 100 KC. This same 

company is willing to design transducers similar to the TR -7 to 

specific requirements provided the customer is willing to invest 

several thousand dollars for engineering development. 

Temperature Compensation 

For applications requiring a calibrated amount of time delay, 

periodic adjustment of propagation distance will be necessary to 

compensate for changes in room temperature. The actual time delay 

of a given transducer positioning may readily be obtained by observing 

the Lissajous pattern of waveguide input and output with varying car- 

rier frequency. The change in radians of phase shift between the two 

signals over the frequency adjustment divided by the actual change in 

angular velocity of the carrier yields system time delay to a very 

accurate degree. 

In situations of this critical nature, a temperature sensitive 

control system could be constructed to compensate for temperature 

changes by axial movement of a transducer. Regulation could like- 

wise be achieved by electronic sampling of time delay at specified 

intervals. A sampling period could be established in the frequency 

domain from switching by means of two high Q circuits tuned to 



77 

resonance at slightly different frequencies. Any circuit which could 

then yield a measure of phase shift change between waveguide input 

and output as the carrier passed between these two switching fre- 

quencies could be calibrated to directly read existing system time 

delay. 
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XVI 

SPECIAL APPLICATIONS 

Ultrasonic waveguide systems are not limited to service in 

oscilloscope viewing of randomly distributed signals such as those 

which initiated development of the present system. 

They are very well suited for bit storage purposes since this 

application does not require a waveform preserving system. Informa- 

tion in the form of pulses could be passed through the system with 

little concern about the actual shape of the pulse after it is demodu- 

lated. After demodulation, the pulses could be conditioned back to a 

desirable shape by clipping and reamplifying or by allowing them to 

switch a Schmitt trigger. Upper limits on system time delay would 

be much higher in this application as pulses are still distinguished 

under a large amount of distortion. Information rates could not be 

of extreme magnitudes, however, as distorted pulses will tend towards 

indistinguishability as they become crowded together. 

Ultrasonic waveguide systems could likewise be introduced into 

the field of correlation function generators. For detailed analysis 

of correlation function principles, the reader is referred to Winder 

and Loda (1963). 

The correlation function of a signal fl(t) may be obtained by 
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manual calculation, digital computation and analog computation. 

Manual calculation is extremely time consuming due to the great 

number of steps that must be performed. The manual process may 

be speeded up considerably with a high speed digital computer. Even 

so, the computer must perform every single operation required by 

the manual method. 

Since multiplication and integration may be performed in real 

time, analog computation is the most rapid method of computing cor- 

relation functions. It is in these applications that ultrasonic wave - 

guide delay lines would be very beneficial to the purpose. A proposed 

analog computation scheme is shown in Figure 18. 

f1(t) o 

time delay 
fl(t+T) 

a) Auto correlation 

multiplier 
unit 

f2(t) time delay 
f2(t+ T) 

b) Cross correlation 

Figure 18. Analog implementation of correlation function generators. 
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None of these computational schemes strictly satisfy the math- 

ematical definition of the correlation function since a finite averaging 

interval 4 is chosen and a finite number of shifts (T 's) is 

selected. The end result is more of a correlation pattern rather 

than the exact functions. 

The time delay system is responsible for determining the num- 

ber of shifts and the waveguide delay line lends itself readily to the 

design of a variable T system. In the absence of echo problems, 

simultaneous generation of time delays may be achieved by spacing 

a number of receiving transducers throughout the waveguide at 

various intervals. Each transducer would, of course, require its 

own FM demodulator. 

With sensitive transducers, this sampling could be done by 

inserting a narrow tube through waveguide walls at desired intervals 

of length and allowing sound pressure sufficient to excite a transducer 

to escape through the tube. Proper construction of the tube -waveguide 
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junction could result in acceptable levels of echo content. 

This scheme becomes rather complicated if a large number of 

time shifts are required. A method for partially remedying this 

situation involves the use of a vernier technique which exploits the 

existence of time shifts between individual receiving transducers. 

According to Kaplan (1958), the optimum number of delays 

possible with a magnetic drum delay system of this vernier nature 

H2 is No 
4 

where H is the number of playback heads. As- 

suming this statement to hold, the number of time shifts possible 
2 

with a waveguide system is 4 where T is the number of re- 

ceiving transducers. 

Provided that the signal f1(t) is continuous and that real 

time operations are not desired, correlation functions could be gen- 

erated from a single channel of delayed output. If a receiving trans- 

ducer were mounted on a ratchet assembly which would move it in- 

crementally away from the input transducer with increasing time, 

the system could be made capable of generating correlation patterns 

fairly rapidly. Such a scheme is shown in Figure 19. 

At present, magnetic tape delays are used almost exclusively 

in the generation of time shifts for correlation function generators. 

Foremost in consideration for magnetic recording is the fact that a 

signal may be recorded on to the drum for a full revolution after 

which the recording apparatus may be turned off and correlogram data 

= 
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taken for as long a period as desired. This practice generates much 

more perfect correlation functions simply because the interval O- 4i 

is longer. 

The most noteworthy advantage of the waveguide system is that 

it required no rotating parts in most cases and fewer if not as many 

electronic components. 

Ultrasonic waveguide time delay systems could find many uses 

as analog simulators. One such application would be the simulation 

of room acoustics phenomena for computation purposes. 

o 

fl(t) 

analog 
computer 

f (t+ 
1 

T) 

C 
transducers 

activator 

timer 

Figure 19. Ratchet assembly for a single transducer pair 
correlation function generator. 
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APPENDIX I 

SYSTEM CIRCUIT DIAGRAMS AND ILLUSTRATIONS 

A complete circuit diagram of the waveguide system is shown 

in Figure I- 1 . 

The inductance modulator has been subjected to considerable 

discussion in Chapter X. The driver stage was designed to supply 

adequate carrier signal power to a TR -7 input transducer and is 

capable of delivering 112 milliwatts. 

Alternately, a General Radio power amplifier coupled to a U. T. 

C. step down transformer was used to supply power to tweeters 

when this mode of ultrasonic radiation was desired. 

Transducer turning chokes, whose critical values are described 

in Chapter XII, are connected as specified by TR -7 manufacturer 

recommendations. 

Field effect transistor T serves to extract signal voltage from 

the transducer network with high input impedance so as to draw little 

power. Common emitter stages T6, T7, and T8 compose a lim- 

iting amplifier whose unlimited voltage gain is approximately 30, 000. 

Diode clipping is performed after stages T7 and T8. Attempts to 

clip by means of transistor saturation were unsuccessful due to long 

storage time. 
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The minimum transducer output with a five millisecond delay 

was maintained at 40 millivolts peak to peak. Upon reaching the 

limiting amplifier output this same signal is converted to a sharply 

rising sinusoid clipped to ± 1. 5 volts. 

The limiting amplifier was found to be extremely sensitive to 

electromagnetic radiation being propagated from modulator and driver 

circuits. Grounded shielding of all circuits served to alleviate this 

problem. A separate collector source was required for T8 to avoid 

parasitic oscillations in the amplifier. The frequency of these oscil- 

lations was coincidentally very close to that of the 40 KC carrier, 

leading to a certain amount of initial confusion. 

The Schmitt Trigger formed by transistors Tq and T10 fur- 

ther eliminates the influence of carrier amplitude variations upon the 

detected output as its triggering level of concern may be adjusted as 

low as 80 millivolts. Transistor T9 provides high input impedance 

to avoid loading of the amplifier output. The 2N 2609 was selected 

over other available FET's for its comparatively large value of trans - 

conductance which allows it to provide snap switching action in the 

flip -flop. 

Diode D5 presents a low resistance path to negative going 

spikes from the differentiator, yet allowing positive ones to pass 

on to the averaging circuit. These spikes are decoupled through the 

long time constant of transistor T11's large input impedance, given 
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a voltage gain of two by the same transistor, and fed into a low pass 

filter by emitter follower T12. 

The constant -k low pass filter, whose cutoff frequency is five 

KC, subjects the spikes to an L -C smoothing operation and its out- 

put is their DC or average value. This quantity is directly propor- 

tional to carrier frequency and was calibrated as described in Chapter 

XI V. 

This filter output is multiplied by a voltage gain of 100 in the 

FM 122 preamplifier after which it is readily observable by oscil- 

loscope. 

Appearing in Figure I -2a is a close up illustrating both types 

of transducer -waveguide connections. At the lower left is a University 

tweeter secured by masking tape to a 5.65 foot section of 0.75 inch 

internal diameter plastic pipe. A TR -7 reception transducer may be 

seen at the lower right suspended by a ring stand clamp about its input 

plug. It is positioned one inch from the waveguide opening at an inci- 

dence angle of 75 degrees. The figure also illustrates rather sharp 

waveguide curvature, which, for this individual type of plastic pipe, 

is just beyond the limit of reflectionless guide performance. 

Figure I -2b is a photograph of the complete demodulation scheme. 

The limiting amplifier and detector are contained in the two grounded 

chassies at center, while clipping voltage sources appear at the left. 

Shielding of the latter was also necessary for otherwise the dry cells 
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and leads were very effective as antennae, introducing noise into the 

circuitry. 

At the lower right is a bank of eight Fm -122 preamplifiers, 

only one of which was used extensively. Demodulated signals were 

finally observable on the 565 oscilloscope at the upper right. 
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Figure I -2a. Transducer -waveguide connections. 

Figure I -2b. Demodulation circuitry. 
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