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Discussion of Time Delay
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Electrical Waves”*
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Summary—The time delay of an electrical signal through an
ultrasonic delay line may be uniquely expressed by either of the
two terms “‘phase delay” or ‘‘group delay.” There have been devised
numerous ways of determining both of these values for use in the
field of ultrasonics. Many of the measuring systems do not determine
these constants directly but arrive at a value by using what appears
to be, in certain instances, a close approximation to the mathematical
definition. The purpose of this paper is to discuss some of these
measuring systems as to the degree of the approximation involved.
In doing so, the measuring system itself is analyzed together with
the type of phase-vs-frequency curve for the delay line under
consideration.

INTRODUCTION

ITHIN THE past several years there have arisen
many new uses for ultrasonic delay lines whose

delays are specific functions of frequency. The
measurement of such ultrasonic lines presents problems
which were not met with lines of constant delay. There-
fore, with the introduction of new delay-measuring tech-
niques together with the re-evaluation of present tech-
niques, it was felt useful to review the concept of delay
itself.

The problem of defining the delay time of an ultra-
sonic device may be approached in one of two ways. The
first approach, and the one which has found most use up
to the present time, attempts to define delay time as the
interval between two related signals (input and output)
after an arbitrary criteria has been established defining
the time position of the two signals.' The precision ob-
tained in measurements based on this type of definition
can be made to correspond to the stability or repeatability
of a particular measuring system by first choosing the
equipment and then designing the definition to agree
with the results. If a given measuring system can be
relied on to determine the acceptability of a delay line for
a particular application, then stating precisions in ac-
cordance with the stability of the test gear is permissible
and exemplifies the use of such a definition. However,
in view of the fact that the number obtained is a function
of many aspects of the delay line, its precision is of no
general use or interest.

With the introduction of ultrasonic lines whose delays
vary considerably with frequency, the problems involved
in the definition of delay become more complex. There-
fore, a second definition of delay, based on linear analysis,
which is clear and explicit, is chosen as a more funda-
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mental property of an ultrasonic device. Delay time
defined in this manner is given the name “‘group delay,”
and pertains solely to the delay line and not to some
time relation between two signals. The measurement of
“group delay” has presented problems in the evaluation
of present delay-measuring techniques. In addition, new
or improved systems have been designed to cope with
the complex problems presented by delay dispersion. The
sole requirement of the analysis to be given here is that
the ultrasonic devices be considered linear circuit com-
ponents within their operating range.

DeFixiTIONS OF PHASE DELAY AxD GrRoUP DELAY

As a foundation on which this analysis is to be built,
several terms will be defined. At this point these are
pure mathematical concepts. The discussion will be re-
stricted to linear systems, not only because it allows
relatively simple analysis by use of the work of Laplace
and FFourier, but because it accurately describes a wide
variety of ultrasonie devices.

The phase shift of a delay line at a particular frequency
may be defined as the angle of the ‘“normal voltage
transfer function” evaluated at that frequency (Fig. 1).
Another voltage transfer function may be defined by an
insertion-type measurement, which in many cases is the
more useful of the two. When the input and output
impedances of the delay line together with the driving
and terminating impedances are equal, the transfer func-
tion defined from an insertion measurement is one half
that of the ‘“normal voltage transfer function.” ILach
delay line, then, has associated with it a characteristic
of phase vs frequency which will be determined, for the
purposes of this paper, by an insertion-type measurement.
This eliminates the necessity of calculating the effect
of any terminating networks which are associated with
the line and must be considered as part of the line for
impedance-matching purposes. If information is desired
on the phase characteristic of the line itself less transducers
and/or terminating networks, insertion-type measure-
ments may be made and the necessary caleulations
performed.

Now that the term ‘‘phase shift” has been established,
“phase delay’’ may be defined as

_ 2)

w

T, (1)
where & is the total phase shift in radians at angular
frequency o. Since no one cycle of a pure sine wave is
distinguishable from any other cycle by virtue of its
periodicity, the phase shift is ambiguous to any multiple
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Fig. 1—Definition of transfer function.

of 27 radians. Thus the phase delay itself contains a
factor of 2mn/w which is of no interest to the electrical
operation of the line. From the physical standpoint this
factor may be important and real, but it must be deter-
mined from other considerations.
The definition of “group delay’’ now follows as a simple
derivative with respect to angular frequency, t.e.,
T, = % (). @
The group delay evaluated at a particular frequency then
becomes the slope of the phase-vs-frequency charac-
teristic at this frequency. The derivative and its meaning
will be further discussed as it takes on physical significance
with the application of various signals to specific types
of delay lines.

TYPES AND CHARACTERISTICS OF LINES TO BE DISCUSSED

In order to discuss, in any analytical sense, specific
delay-measuring techniques, certain assumptions must
be made as to the phase and attenuation characteristics
of the delay lines under test. The lines will contain a
pass band, normally assumed flat with frequency, over
which it is desired to determine the phase and/or delay
characteristic. With lines possessing more than one
important mode of transmission, it may be desired to
measure the delay of each mode separately. In most
cases, however, the delay of the preferred or main mode
is all that is required as the device has been carefully
designed to suppress unwanted modes. Certain delay-
measuring systems will determine only the delay of the
main mode without the interfering effects of other modes
regardless of their intensity. Mention will be made of
these systems as they are discussed. For the present it
will be assumed that only one mode of transmission exists.

All delay lines will fall under one of the two headings
“‘dispersive’” or ‘“nondispersive.” Lines containing a linear
phase characteristic over some interval will be termed
‘“‘nondispersive’’ over that interval. By definition, then,
all other lines will be termed ‘'dispersive” regardless of
their phase relation with frequency. The only lines which
will be considered in detail are those which possess either
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a linear or quadratic phase characteristic over the band-
width of the signal applied.
NoxpispErRsIVE ULTRASONIC DELAY LINES
A nondispersive-type delay line may be characterized
by the following phase relation with frequency:

(I>(w) = Kw + Ko (3)

where K, and K, are constants. The general linear transfer
function of such a device then becomes

Flw) = Alwe'*

A(w)e—i[me+Ka]

(4)

Il

where

Alw) isreal.

“Phase delay” and ‘“group delay,” respectively, may be
evaluated directly from the phase characteristic accord-
ing to their definitions, <.e.,

K

r, =28 _ g & (3)
- 98 _ 4
T, = do = K,. (6)

Notice that phase delay and group delay are equal only
for the condition of K, = 0.

The presence of a reflected signal will cause the phase
characteristic to contain rapid fluctuations about the
average curve. In pulse-type applications where the main
signal is separated in time from the unwanted signals,
these fluctuations are not present. This is mentioned at
this point since these fluctuations are troublesome at
times in delay-measuring systems using continuous inpu
signals. :

P1-PoinT METHOD OF DELAY MEASUREMENT

The pi-point method is a convenient means of deter-
mining the phase-vs-frequency relationship of electrical
components which possess appreciable amounts of group
delay (Fig. 2). Frequencies at which the phase relation is
some multiple of pi radians are most easily measured and
consequently plotted, from which the system derives its
name. If the phase curve is known to be linear, then it
is necessary to determine only two points in order to
define the characteristic. In general, many pi-points are
plotted to confirm the assumption made, or, as in most
cases, to evaluate the nonlinearity. The slope of this
phase curve at any point, or over the entire band in the
case of linearity, is then the group delay of the line

nmr
Wy =— Wy

(7)

where 7 is the number of pi-points between the frequencies
wy and Wy,
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Fig. 2—Pi-point method of delay measurement.

The precision of this measurement depends upon the
precision with which the frequency of a single pi-point
may be determined, together with the number of pi-
points between a set of readings. The accuracy of the
measurement is a function of the linearity of the phase
characteristic including fluctuations due to reflections.

RF PuLskE Mzeraop Using CyYcLE-TO-CYCLE ALIGNMENT

This method has been used a great deal in the measure-
ment of nondispersive delay lines because of its high
degree of precision and the elimination of effects due to
reflected signals and unwanted modes. Its use in deter-
mining the total group delay of a line, as is being dis-
cussed here, is highly restricted and must be used with

caution. The essence of the system (Fig. 3) is as follows.

A burst of RF energy is applied to the delay line and an
attenuator simultaneously. The output pulse from the
line and the attenuator are applied to the vertical input
of- an oscilloscope whose horizontal axis is being swept
by a separate oscillator. The burst repetition rate is
locked to a submultiple of this frequency, which is then
carefully adjusted until the two pulses appearing on the
oscilloscope are superimposed, with a final adjustment
being made by examining the R¥ phase. The time delay
is then stated to be a particular multiple of the period
of the horizontal sweep oscillator.?

The lmitations imposed on this method, when measur-
ing group delay, may be shown by the following analysis
of the transmission of an RF burst or pulse. Consider a
burst of RF energy which may be represented by a carrier
which is amplitude modulated by a pulse. The carrier
and the pulse are given respectively as

fwet

e (complex)

®
and

s = o | T 8@ do = $78@) (real)  (9)

v

2 J. E. May, “Precise measurement of time delay,” 1958 TRE
NaTionaL CoNvENTION RECORD, pt. 2, pp. 134-142.
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Fig. 3—RF-pulse method of delay measurement.

where

2w, < bandwidth of delay line

and
W < ..

The Fourier transform representation will be used to
express the signal. For simplicity the amplitude of the
carrier has been taken as twice the positive frequency
content of the real signal cos w.!. The real part of the
complex output signal would be the signal obtained if
cos w,! had been used instead of e'“<*. The frequency
spectrum of the pulse has been limited in such a way
that the entire spectrum after modulation will be con-
tained within the pass band of the delay line. If this were
not the case, amplitude distortion would take place due
to bandlimiting caused by the delay line and a more
complicated analysis would be necessary. The conclusions
reached in regard to the limitations imposed on the system
under discussion are quite general and will not be affected
by the assumption made.

The input signal is obtained by multiplication in the
time domain of the carrier and the pulse envelope. Thus
the input signal becomes

e(t) = s(t)e’“’

1
2

(complex)

It

f " S(We T dy. (10)

~—m

A new variable is defined, w = w 4+ w., and substituting
this into (10) yields the input signal

Weot @m

S(w ~ w)e'™" dw.

2 (1

e(h) =
This signal is contained entirely within the pass band of
the delay line so the appropriate delay line transfer
function may be applied to (11) giving the output signal.
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The delay line transfer function may be written as
F(w = e—l'(wa+Ko),

(12)

and the output signal hecomes

ol) = 51; f Sw — w)e* TR dy (13)

Now in (13) make the inverse substitution v = w — w,,
yielding
o) = 5o [T S o, (1)
2r

—wm

The integral which represents the envelope is back at
base-band frequency and the signal may again be con-
sidered as a carrier modulated by a particular pulse
envelope.

There are two cases to consider depending on the value
of K,. In the first case for K, = 0 or 27n (n being any
positive or negative integer) the output signal is identical
to the input signal except for a new variable in time
indicating a time delay equal to K,, which in turn is the
group delay of the line. For all other values of K, the
second condition prevails. The carrier now has an ad-
ditional phase shift of K, radians relative to the envelope.
This means that any group-delay-measuring system
depending on the alignment of the carrier wave rather
than merely the envelope itself, is susceptible to an error
of r sec in the measurement of group delay, where

T L
e < T < —_—
c W,

DispErsIVE-TYPE ULTRASONIC DELAY LINES

Ultrasonic delay lines having a phase characteristic
which is not a linear function with frequency fall under
the general category of ‘‘dispersive’-type delay lines.
This dispersion, or nonconstant group delay, is often an
undesired effect which is present to some extent in lines
which are designed to be nondispersive. On the other
hand, many important applications have been found for
delay lines having very specific nonlinearities in their
phase characteristics. In most instances these applications
involve replacing a linear electrical network which could
in theory perform the same function, but from the practical
standpoint has serious disadvantages as compared to the
ultrasonic line. The problems involved in determining the
type and amount of nonlinearity can become quite com-
plex when stringent requirements are to be met. Some of
these problems will be discussed in the following para-
graphs referring to several specific measuring systems
which have been used.

P1-Point METHOD OF DELAY MEASUREMENT

One possible approach to the problem is merely to plot
the phase characteristic of the delay line and from this
information determine the average slope or group delay
over any region. The pi-point method, though it may

IRE TRANSACTIONS ON ULTRASONICS ENGINEERING

July

be used to determine group delay directly, is in essence
only a convenient way of plotting phase. To determine
group delay directly two pi-points are chosen at w, and
w, in such a way that they enclose the frequency of interest
w,, t.e.,

w < w, < ws.

The following argument is then performed:

-2 =T

w=we

p— (15)
for w, < wy < w, where m is the number of pi-points
between w, and w,. The necessity for a compromise in
the value of m chosen becomes at once evident. As the
frequency interval is widened, the precision in the evalua-
tion of A®/Aw increases. However, to offset this effect,
the uncertainty between the value of w, and that of «,
also increases. Thus, if the delay characteristic contains
rapid fluctuations which are to be detected in their proper
position and magnitude, it is necessary that Aw be much
less than the minimum period of these variations. For
delay characteristics which do not exhibit rapid fluctua-
tions, large frequency intervals may be taken since the
difference of w, and w, can be taken into account.

The pi-point method possesses several distinet dis-
advantages as compared with other delay-measuring
techniques when used on highly dispersive lines. This
method is relatively time consuming, not only because
of the point-by-point measurements, but also due to the
calculations which are required to arrive at group delay.
The next two disadvantages are a result of the close

‘frequency spacing required between consecutive readings

in order to plot a highly nonlinear phase curve. It becomes
difficult to establish a single pi-point with sufficient
precision in both angle and frequency so that an accurate
determination of the slope between two consecutive pi-
points may be made. The third disadvantage is common
to all systems using continuous input signals, as was
mentioned previously. A reflected signal causes ripples
in the phase characteristic of a delay line with a periodicity
in frequency given to a first approximation by 1/2T,.
In order to avoid this problem in the phase plot, one
would like to take phase readings with the same periodicity
as the ripples. At first glance this is seen to be accom-
plished by the pi-point method. However, the period of
the phase ripples does not correspond exactly to that of
the pi-points due to the location of the boundaries at
which reflections take place, thus allowing for the pos-
sibility of errors.

ExvevorE DELAY

The term “envelope delay” is frequently used syn-
onymously with the term “group delay.” For the purposes
of this paper it will be helpful to clarify the usage of this
term. Any real signal in the time domain z(f) may be
represented by a complex notation in terms of envelope
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and angle. A complex time function z(¢) corresponding
to the real time function z(!) may be defined by the
following equations where X(w), Y(w), and Z(w) are the
Fourier transforms of xz(f), y(f), and z(f), respectively:

Z(w) = X(w) + jY (@),
—iX(w) for w >0
+jX{w) for w < 0.

(16)

Y = (17)

It may be shown
exist:

that the following time relations will

2() = 2(8) + () = r()*”, (18)
) =10 @7
= }rfm -t%% dr [Hilbert Transform]. (19)

The envelope of z(t) is then defined as the magnitude of
the complex function z(¢),%**

(#) = [z + y(0°1'".

The reason for defining the envelope in this way is that
narrow-band waveforms (such as double- or single-side-
band AM) appear to be a sinusoidal function with a
slowly varying amplitude which conforms with this
definition. It is only under such conditions that the
envelope has any physical significance. The problem of
whether or not particular types of envelope detectors and
demodulators will give an output equivalent to the
mathematical envelope must be considered on the basis
of this definition.

It is entirely possible that the output envelope of a
given device will be a completely different time function
than the input envelope. A time reference must then be
arbitrarily chosen on the output as well as the input wave-
form if envelope delay is to be considered. Thus, while
group delay is unambiguously defined at each and every
frequency, envelope delay is not only arbitrary at times,
but also requires the presence of at least two frequencies.
In spite of the problems just mentioned, the envelope
of a real signal may be used in a variety of systems to
determine group delay quite accurately.

(20)

SINE WAVE MopurATION DELAY-MEASURING TECHNIQUE

The first system which would most logically fall under
the category of envelope-type measurements is one using
a cosine wave amplitude-modulated carrier of the form
shown below. The input signal is

'e(t) = E(1 + m, cos w,t) cos wf, (21)

3 M. F. Gardner and J. L. Barnes, ‘“Transients in Linear Sys-
tems,” John Wiley & Sons, Inc., New York, N. Y., vol, 1; 1957.
* E. Weber, “Linear Transient Analysis,” John Wiley & Sons,

Inc., New York, N. Y., vol. 1; 1954,
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where m, is the index of modulation, w, is the modulating
frequency and w, is the carrier frequency. For convenience
the following are defined:

E =1,
W = W, — W, the lower sideband, and
Wy = W, + W, the upper sideband.

The input signal is then

e(t) = cosw.t + Im, cosw;t + Im, cos w,i. (22)

This signal is composed of three distinct frequencies,
each of which will be altered in phase and amplitude as
defined by the transfer function of the delay line. Any
attenuation of the carrier relative to the sidebands may
be taken into account by a corresponding change in the
modulation index and thus will not be considered. The
result may be analyzed in three separate cases.

Case 1 (No Distortion): This condition is obtained
only with a nondispersive delay line that attenuates both
sidebands equally. The output signal, as derived in the
Appendix, is shown to be

v(t) = [1 4+ m, cos (w,,.t -+ ?2—?2‘&”

+ 08 (w,,t + ipl—%)

Notice that the phase delay of the envelope [— &,+ $, /2w,,]
is equal to the group delay 7,(w) for v, < w. < w,.
Thus the group delay in the vicinity of the carrier fre-
quency, and hence everywhere, may be evaluated directly
by measuring the phase delay of the envelope.

Case 2 (Phase Distortion): In essence this is the con-
dition which exists when a dispersive-type line is used.
It will be shown that in many cases what may be con-
sidered the phase delay of the envelope is a very good
approximation to the group delay at the carrier frequency,
thus justifying the usefulness of this method for dispersive
line measurements. The mathematical envelope has been
derived in the Appendix and is seen to have a distortion
factor dependent on the phase shift of the carrier relative
to the average phase shift of the sidebands (6®). The
envelope may be represented as

23

cos 8& + m, cos (w,,.t + 22——%-&) + jsin §@ ‘ (24)

where 6® is the relative phase shift just mentioned.
This distortion is of such a nature that the side-to-side
symmetry of the envelope wave shape is maintained. It
is possible then to define the time position of the output
envelope merely by neglecting this distortion term. Enve-
lope delay, as in Case 1, remains defined as —®, + &,/2u,,
which in turn is equal to 7',(w) for w;, < w < w,. Notice
that w is in general not equal to w,.
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Case 3 (Amplitude Distortion): In all measuremcnts
involving a signal with a finite bandwidth some amplitude
distortion is inevitably present. This effect is treated
briefly in the Appendix where the mathematical envelope
is derived showing the type and amount of distortion
involved. It turns out that the distortion is again of the
symmetrical type and may be treated similarly to that
caused by phase distortion. o

To sum up the conclusions which have been reached,
it may be said that with a nondispersive line the phase
delay of the envelope is the group delay of the line.
However, the real advantage of the sine wave modulation
system is in the measurement of dispersive lines. The
delay of the envelope now becomes the group delay
evaluated at a frequency which is confined somewhere
between the upper and lower sidebands. Another way to
state the result is to say that the phase delay of the
envelope is the average group delay over the frequency
interval w, to w,. This is seen by writing the average group
delay, 7.e.,

“¢2 + q’l_

20 (25)

ANALYsIS OF Purse DELAY IN A DISPERSIVE SYSTEM

The signal which will be used is a fairly general burst
of RF energy. Several qualifications will be put on the
waveform which are justified in practical systems and
which will simplify the analysis. The signal may be
considered as a carrier which is amplitude modulated by
a pulse. The carrier and the pulse are given respectively as

e'“*  (complex) (26)
and
() = 57 [S()]
= % f_ :‘” Sw)e'®* dw (real) @7
where
s(t) > Oforallt
and

W K w,.

The pulse is bandlimited in such a way that after linear
modulation the entire sighal will be in the positive fre-
quency domain. In most practical applications using pulse
techniques 2w, << total bandwidth of the delay line.
The pulse is further assumed to be a real function in time
symmetric about the point ¢t = 0.
For s(t) real:
+o

S@ = [ swe* at

- (28)

S(—w) = f t ()"t df = S*(w).

July
For s(t) symmetric about ¢ = 0: s(t) = s(—¢)

- L::m S(—w)e'* dw

[ T S de

—@m

f " 8=’ d,

~wm

Sw) = S(—w). (29)

Hence S(w) is also real and symmetrical about w = 0.
The input signal is the product of the carrier and the
pulse, z.e.,

s(f)e’o*

1
2r

e(t) =
(30)

|7 stetere o

—m

Since this signal is merely twice the positive frequency
content of the real signal formed by modulating cos w,it
rather than e¢’“*’, the envelope may be given as

| s(De’ ' | = s(f).

A new variable is defined, w = w + w,, and substituting
this in (30), yields the input

(31)

1 wWetwm it
o) = 5 f S - wde™ du. (32)
The transfer function of the delay line which will be
considered may be given as

F(w) — e-i[K.w=+K.w+K.l. (33)
The output signal is obtained by applying the transfer
function to the input function, i.e.,_

o) = 51; f T S — wel iR EwRD gy (34

Wewm

Making the inverse substitution w = w — «, in (34)

yields the output

+iwe(t~Kywe—Ky) —iKo

1
v(f) = 5 e
twm
) f S(w)e i Fretef e R KD g, (35

The output envelope according to the definition set forth
may be expressed as

s() = 51;

+wm
f S(w)e-iKaa'eiw(t-zK.wp—K;) des

Fum
= 2_1',r l f_“ S(w) cos (Kx)e'* " du
- j j-_ ) S(w) Sin (K2w2)€i“(‘_') dw t

= o lalt = ) = gyl = ) | (30)
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where RF
OSCILLATOR
7= 2K, + K, = T,(w,). U

Since S(w) cos (K,w®) is a real function symmetric SHAPER ISOLATION
about w = 0, it is implied that z(¢ — 7) is real and sym- MODGTXTOR NETWORKS
metric about ¢ — r = 0. The same argument will hold
for y(t — 7). Therefore, the output envelope though 1
changed in shape still contains symmetry about ¢ = MULT I
2K.w, + K, and the time delay between pulses may be VIBRATOR
measured taking advantage of this symmetry. 1
GrourP DELAY MEASUREMENTS BY NarRrow-Baxp RF A [:,l\JETE C_T—O—E]

Purse TECHNIQUES F’{‘,‘.’:S,‘,’ﬁ';‘,%* l

The particular envelope which has been found most NETWORK
advantageous for group delay measurements on dis-
persive delay lines using pulse techniques is the Gaussian —.| HOR  vERT
or Normal Distribution curve. This particular function C%ER'??R = oseidl e OOS CILLOSCORE
has the well-known property of possessing the same shape

in the frequency and time domains.” The Gaussian enve-
lope contour was chosen because it is mathematically
smooth and well confined in both domains. The band-
width possessed by the pulse may be taken as six times
the standard deviation in the frequency domain. Two
delay-measuring systems will be discussed which, accord-
ing to this definition, use pulses whose bandwidths range
from 4 per cent to 12 per cent of the total line bandwidth.
These systems were designed to plot the group delay
vs frequency characteristics of delay lines containing a
large amount of linear dispersion (quadratic phase) to-
gether with second-order effects of higher degree dis-
persion. The correlation in readings between the two
systems is in the range of 0.01 per cent or better of the
total delay at any frequency within the band.

The first technique measures insertion group delay
directly by determining the envelope delay of the line
when the signal is a Gaussian-shaped burst of RF fre-
quency (Fig. 4). The input signal is applied simultaneously
to the delay line and an attenuator through an isolation
network. The envelopes of the output signals from the
line and the attenuator are detected and applied to the
vertical axis of an oscilloscope. The horizontal axis is
swept by an audio oscillator whose frequency is then
adjusted for perfect envelope alignment. The period of
the audio oscillator is the group delay of the line at the
particular carrier frequency used. The pulse repetition
rate is locked to a submultiple of the audio frequency to
eliminate interference caused by reflected signals and
unwanted modes of transmission. As some pulse spreading
in the time domain will take place as a result of delay
dispersion, readings are made on the leading and trailing
portions of the envelope and then averaged. Because of
the visual limitations involved in aligning the envelopes,
it is only possible to repeat a single measurement to several

¢ A. A. Kharkevich, “Spectra and Analysis,”” Consultants
Bureau, New York, N. Y.; 1960.

Fig. 4—Group delay measurement by envelope alignment.
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Fig. 5—Group delay measurement by closed-loop pulse repetition
rate.

hundredths of a per cent. A group of readings is therefore
taken at each frequency and averaged to increase the
precision.

The second system using a narrow-band RF pulse was
adapted primarily for its speed and convenience com-
bined with a-high degree of precision in the comparison
of two similar delay lines (Fig. 5). The system uses a
regenerative-type closed loop, whereby the peak of the
output envelope is used as a time reference to generate a
subsequent pulse. The repetition rate within the closed
loop is measured to determine the total loop delay, of
which the delay line itself is the major portion. The remain-
ing delay may be associated with the regenerating and
amplifying equipment and is carefully designed to be
independent of as many variables as possible. The system
is best adapted to measuring the difference of delay be-
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Fig. 6—Phase-difference method of delay line comparison.

tween two similar lines. It is capable of repeating measure-
ments to 0.001 per cent or better. Under these conditions
the limiting factor in its accuracy appears to be pulse
distortion. The delay added by the system components
is sufficient to eliminate the effects of the major reflected
signal known as “third time around”.

Group DELAY MEASUREMENTS BY COMPARISON

In the process of manufacturing lines it becomes im-
portant to be able to accurately reproduce a given phase
or group delay characteristic. As was just mentioned,
the regenerative pulse system offers excellent precision
for comparison-type measurements. Another way of com-
paring lines is to plot the phase-difference curve (Fig. 6).
Using a continuous sine wave signal, the output of a
standard line is compared in phase to that of an unknown
line. For accuracy and convenience it is possible to
automatically record this phase-difference characteristic
as a function of frequency across the entire bandwidth
of the delay lines. The slope of the curve at any frequency
represents the difference in group delay of the two lines
at that point. This method offers a fairly simple and quick
measurement of the average delay difference between two
similar but highly dispersive lines.

CoXCLUSIONS

An ultrasonic delay line which fulfills the requirements
of a linear circuit element may be completely specified
by a transfer function. This function contains amplitude
and angle. The angle plotted as a function of frequency
is known as the phase characteristic of the line. When
this phase characteristic is differentiated with respect to
frequency a new function is formed having units of time
and given the name “group delay.”” It is this property
of a delay line which is most useful in electrical circuits.

Under certain conditions the group delay of a line
manifests itself in the form of what may be called an
envelope delay. The conditions for defining an envelope
have been discussed so that a clear correlation may be
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made between group delay and envelope delay. Several
systems have been mentioned which, by using envelope
methods, give accurate measurements of group delay for
nondispersive delay lines. One of the most serious problems
arising in the measurement of dispersive lines is the
distortion of the signal envelope, thus making it difficult
to determine time positions of the input and output wave
which will give results corresponding to group delay.
The combination of phase distortion due to dispersion
and attenuation distortion sets very definite limits on the
accuracy of any particular type of envelope measure-
ment. Some of the problems have been minimized by
selecting narrow-band mathematically smooth time func-
tions for the envelopes of the input signals. These methods
have proved quite successful as fairly rapid and accurate
means of plotting group delay vs frequency.

APPENDIX

Determination of the Mathematical Envelope of an Ampli-
tude-Modulated Signal in the Presence of Phase Distortion

Delay line input signal:

e(d) = (1 + m, cos w,f) cos w.t, m, < 1.
Delay line transfer function:
Flw) =¢* at o = w, — wn,
Fo) =¢e* at o,
Flw) =¢e* at w = w, + wn,

200 =20 — & — &,

By applying this transfer function to the input signal,
the output signal becomes B

o(l) = cos (m + "—”%ﬁ + aq:)
+ m, cos (wct + 2%—?1) cos (w,,.t + g_%g)

The envelope of the output signal is given by twice the
magnitude of the positive frequency components.

e:‘(w,l+[¢,+¢./2])ei3‘b

s(t) =

_+_ m, cos (w,,.t + (b2 ; QI)ei(wcl+[fb,+¢;/2l) ’

cos 6& + m, cos (w,,.t + &_g__‘&) + jsin 6@ ‘

Notice that the envelope is symmetric in time about the
point { = [—®, — &,]/2w, which represents the group
delay at some frequency « located between w, and w,.

For the condition of no distortion, merely let §& = 0.
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Then the output envelope, as given below, is identical
to the input envelope, except for a displacement of
[®; — @,]/2w, in time,

s{t) = 1 + m, cos (w,,,t + ?;_2-—@—)

]

Determination of the Mathematical Envelope of an Ampli-
tude-Modulated Signal in the Presence of Attenuation
Distortion
Delay line input signal:
e(t) = (1 + m, cos wnl) cos w.t, m, < 1.

Delay line transfer function:

1—-Ke*" at , =w, —w, for K<1
Flw) = e’ at .,

14+ Ke® at w =ow + wa,
29, = b, + 9,.

By applying this transfer function to the input signal,
the output signal becomes

Whate: The Depletion Layer Transducer

1+ K)

v(l) = cos (wt + &,) + 5 m, cos (wof + &,)

+ (1—;1—0— m, cos (w2 + &)

v(t) = [1 4+ m, cos <m,,,t + &%ﬁ)]

- CO8 <wct + ?Lg—£> — Km,
-sin (wct + %?—‘> sin (w,,,t + gi%)

The envelope of the output signal is given as

s(t) = |1+ m, cos (w,,.t + 2%%)

+ jKm, sin (m + &5—3) ‘
Notice that the envelope is symmetric in time about the
point ¢ = [-®, — &]/2w, which represents the group
delay at some frequency « located between «, and w,.

The undistorted envelope may be obtained by letting
K = 0.

The Depletion Layer Transducer”

DONALD L. WHITE{, MEMBER, IRE

Summary—The depletion layer transducer is an ultrasonic
transducer for use at UHF and microwave frequencies. Its potential
advantages are high efficiency, large bandwidth, and comparative
simplicity in fabrication. The region which generates or detects the
ultrasonic waves is a thin flat high-resistance depletion layer, such
as a p-n junction or a rectifying metal to semiconductor contact, in
an extrinsic piezoelectric semiconductor. When an ac voltage is
applied to the material, the depletion layer behaves in a manner
similar to an extremely thin piezoelectric crystal bonded to the con-
ducting substrate. Since the depletion layer ¢an be generated on the
surface of the semiconductor, the problems of handling extremely
thin piezoelectric plates are avoided. Depletion layer transducers
have worked at frequencies as high as 1000 Mc. It is anticipated
that improvements in circuit and fabrication techniques will greatly
extend their frequency range and efficiency.

I. INTRODUCTION

HE ULTRASONIC depletion layer transducer is
a new transducer for converting electrical energy
into ultrasonic energy and vice versa. Its frequency

* Received May 7, 1962. .
1 Bell Telephone Laboratories, Incorporated, Whippany, N. J.

range extends from near 300 Mc to perhaps higher than
10,000 Me.

The electromechanical coupling is due to the piezo-
electric effect in a material which is simultaneously an
extrinsic semiconductor. Examples of such materials are
gallium arsenide and cadmium sulfide. The novel feature
of this transducer is that the electromechanically active
portion is a high-resistance depletion layer such as a p-n
junction or rectifying metal-semiconductor contact instead
of the high resistance bulk material of ordinary piezo-
electric transducer material such as quartz. As will be
shown in the text, a flat depletion layer formed on the
surface of a low-resistivity piezoelectric semiconductor
behaves very similarly to a plate of high-resistivity
piezoelectric material bonded to a metal substrate.

The two unique advantages of a depletion layer used
as a piezoelectric transducer are:

1) Since the layer is so thin, it has its greatest efficiency
at very high frequencies;

2) The thickness of the layer, hence the ‘‘resonant”
frequency, can be controlled by a dc bias voltage.



