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1571 ABsTRAcr 
A measuring apparatus uses a fixed frequency oscillator 
to measure small changes in the phase velocity ultra- 
sonic sound when a sample is exposed to environmental 
changes such as changes in pressure, temperature, etc. 
The invention automatically balances electrical phase 
shifts against the acoustical phase shifts in order to ob- 
tain an accurate measurement of electrical phase shifts. 

7 Claims, 6 Drawing Sheets 
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source. A second pulse phase locked loop including 
CONSTAhT FREQUENCY PULSED another phase detector forces the tone burst signals 

PHASE-LOCKED L o o p  MEASURING DEVICE delayed by the first path into phase quadrature with the 
phase shifted periodic signal source. 

ORIGIN OF THE INVENTION Some of the problems associated with the known 
m e  invention described herein was jointly made in techniques which measure phase velocity, such as the 

the performance of work under a NASA contract and pulse-echo overlap method, is that it cannot be auto- 
by employees of the United States Government and is mated easily. Also, the pulse-superposition can cause 
subject to the provisions of Section 305 of the National high amplitudes of drive signal in order to obtain a 
Aeronapics and Space Act of 1958, as amended, Public lo measurement. In the pulseecho overlap method, it is 
Law 85-568 (72 Stat. 435; 42 U.S.C. 2457). necessary for an operator to estimate the overlap condi- 

tion, while in the pulse-superposition method, the super- 
posed pulses must be estimated by amplitude variation, 

1. Field of the Invention and amplitude variations are not as sensitive to small 
 his invention relates generally to measuring and 15 changes as is phase comparison. 

The Blume technique and the puised-phase-lock loop 
use phase comparison techniques, but change phase by 

2. Description of the Related Art changing frequency in order to obtain quadrature be- 
A need exists to characterize states of metals and tween the acoustic signal and the drive This other materials and systems, for e x m p k  by measuring 2o leads to a problem in that the consequences of changing 

pressure derivatives of ultrasound phase velocities to frequency prevents one from measuring changes in true determine combinations of third-order elastic constants, phase velocity and .makes the measurement also sensi- or by measuring stress derivatives in materials, or other tive to changes in transducer and bond characteristics. quantities which undergo changes in ultrasonic phase 

or variables. tacting capacitive drive techniques incompatible with 
The pulsed superposition technique and the pulse their OFra t ion .  

echo overlap technique are generally known and used. SUMMARY OF THE INVENTION 
Both measure true phase velocity by accurately measur- 
ing the time interval necessary for a tone burst to travel 30 An object of the Present invention is to Provide an 
round-trip in the sample being measured. instrument having sensitivity to small changes in phase 

Another system, known as the Blume technique, mea- velocities. 
sures changes in frequency to maintain a "quadrature" Another object of the present invention is to provide 
condition as some thermodynamic variable changes, an instrument which can be easily automated. 
and is somewhat similar to a pulsed phase-locked loop. 35 These and other objects of the invention are met by 
Two examples of a pulsed phase-locked loop are de- providing an apparatus for measuring phase shifts in a 
scribed in U.S. Pat. Nos. 4,363,242 and 4,624,142, both sample including a logic and timing circuit, a buffer 
issued to Heyman and assigned to the National Aero- amplifier-phase shift circuit controlled by voltage, a 
nautics and Space Administration (NASA). tone burst formation gate, a fured frequency oscillator 

In US. Pat. No. 4,363,242, the radio frequency Out- 40 coupled to and sending a constant frequency output to 
the logic and timing circuit a clock signa], the buffer 
amplifier-phase shift circuit as a reference signal, and 

the tone burst formation gate and being acoustically 

5 

BACKGROUND OF THE INVENTION 

testing, and more specifically, to a constant frequency 
pulsed phase-locked loop measuring apparatus. 

velocities as a function of Some thermodynamic variable 25 Moreover* the frequency change makes non-con- 

put Of a VOltaEe controlled OSCillatOr WcO) is periodi- 
Cdly gated to a transducer which produces acoustic 

to electrical signals by the ~ ~ a ~ s d u c e r  and gated 
waves in a bolt. The reflected acoustic waves are con- to 

to a mixer. The mixer also receives the output from the 45 coupled to the sample, the logic and ti-g circuit oper- 
vco and produces an Output which is by a low ating the tone burst gate to send an electrical tone burst 
pass filter. The output of the low pass filter is a DC to the transducer which generates an echo in the 
signal proportional to the phase difference change from ple, the echo being an electrical signal in accordance a fixed phase difference between the two input signals with the echo, a mixer receiving and phase 
to the mixer' The DC signal is then at an in- 50 of the echo generated electrical signal and the reference 
stance and held by a circuit in response to a " P  signal signal, and outputting an error signal voltage when the (from a sample hold). The output of the circuit is inte- 
grated and then applied to the VCO to change the fre- phase Of the and the 

the tone burst formation gate, a transducer 

generated 
quency of the VCO such that the phase difference be- 
tween the two inputs to the mixer remains at the fixed 55 
phased difference. The frequency of the VCO is thus a 

reference signal not in quadrature* and a and 
and Pass- 

to the phase Shift circuit 
circuit receiving the signal 

ing the 
measure of the change in strain of the bolt. through an integrator circuit, thereby adjusting the 

In U.S. Pat. No. 4,624,142, a double reference pulse phase Of the reference to match the phase Of the 
phase locked loop measures the phase between the echo Signid, wherein a Change in an acoustic parameter 
burst signals initially derived from the same pefi&ic 60 of the sample results in a change in the quadrature con- 

source, which is &, a v c o ,  and delayed by dition by an alteration in the error Signal Voltage Sup- 
different amounts because of two different paths. A first Plied to the Phw-shift circuit, and wherein the alter- 
path is from a transducer to a front surface ofthe sample ation in voltage is quantified and calibrated to indicate a 
and back, and a second path is from the transducer to condition of the sample. 
the rear surface of the sample and back. A first pulse 65 These and other features and advantages of the mea- 
phase locked loop including a phase detector and phase suring apparatus of the present invention will become 
shifter forces the tone burst signals delayed by the sec- more apparent with reference to the following detailed 
ond path in phase quadrature with the periodic signal description and drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a block diagram of a first preferred embodi- 

FIG. 2 is a block diagram, showing a variation of the 5 

FIG. 3 is a block diagram of a second, preferred 

FIG. 4 is a schematic view of a test facility employing 
the present invention; 10 

FIG. 5 is a schematic view of the test facility of FIG. 
4, coupled to the constant frequency pulsed phase 
locked loop of the present invention; and 

FIG. 6 is a graph showing measured phase angle. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Referring now to FIG. 1, a constant frequency pulsed 
phase-locked loop is generally referred to by the nu- 
meral 10, and includes a fixed frequency oscillator 12, 20 
such as a phase-stable synthesizer. The fved frequency 
oscillator 12 sends its constant frequency output to 
three different blocks: the logic and timing circuit 14, a 
buffer amplifier-phase shift circuit 16, and a tone-burst 
formation gate 18. The logic and timing circuit 14 uses 25 
this signal as a clock and counts down to determine the 
timing on its outputs. One output is Tx gate to form the 
electrical tone burst. The logic and timing circuit 14 
also contains a setting so that the operator can’set the 
gate for as many cycles as is desired. 

The electrical tone burst is amplified by amplifier 20 
and delivered to a transducer -22. The transducer 22 
responds to the electrical tone-burst by launching a? 
acoustical tone burst in the sample 24. The acoustical 
tone burst travels down the sample 24 and is reflected 35 
from the opposite end and thus travels back through the 
sample, where it is again reflected by the transducer. 
This process continues back and forth until the acoustic 
energy has dissipated, or is otherwise rendered unusable 
because of phase cancellation, etc. Each acoustic signal 40 
round trip, referred to as an “echo”, expends some of its 
energy in transducer excitation, which causes an electri- 
cal “echo” from each passage. It is important to note at 
this time that one could connect another transducer to 
the opposite end of the sample 24 and connect the re- 45 

ment of the present invention; 

FIG. 1 embodiment; 

embodiment of the present invention. 

15 

30 

ceive- gate 26 to this second (not shown) transducer. 
This arrangement involving two transducers is called 
the “pitch-catch” mode. 

A desired echo is selected by adjustments to the logic 
and timing circuit, which causes the received signal to 
be passed to a preamplifier 28 through gate 26 by means 
of Rx gate signal. The signal then proceeds to a mixer 30 
where the received signal is phase-compared to the 
reference signal provided from the fixed frequency 
oscillator. Unless these two signals are at quadrature, a 
voltage level, which constitutes an error signal, is gen- 
erated by the.mixer 30 and passed through a low-pass 
filter 32 to a sample and hold, which is activated by the 
logic and timing circuit 14. The sample and hold 34 
holds the level of voltage until the next pulse-echo cycle 
(P-Ec). Thus, the sample and hold output is updated at 
each P-Ec. This output voltage is fed to an integrator 
circuit 36 whose voltage output is delivered to the 
phase shift circuit 16 after passing through an adder 
circuit 38. The adder circuit 38 also receives a voltage 
adjustment from an initial phase adjustment 40, which 
may be manually operated by turning a dial. During 
initial set up the operator thus changes the voltage out- 

50 

55 

60 

65 

4 
pit of the mixer 30 by using the phase adjustor and 
adder circuit until the sample and hold voltage output is 
zero, which occurs at quadrature of the echo and the 
signal from the main frequency oscillator. 

Any change in the acoustic parameters in the sample 
can result in a change in the quadrature condition by an 
alteration in the voltage to the phase shift circuit. One 
way to quantify a phase change in the sample is to ob- 
serve the voltage applied to the phase shifter 16. There 
are a variety of ways in which to quantify the phase 
shift, however. In order to measure changes in velocity, 
the results must be measured in terms of the phase shift 
caused by changes in the traversal of the acoustical 
signal in the sample. This is affected by change in phase 
in either the electrical or acoustical parameters. One can 
use this fact to calibrate by either calibrating the phase 
shift circuit against input voltage and reading the input 
voltage changes, or inserting a known, adjustable phase 
shifter, such as a calibrated line stretcher 42, as shown in 
FIG. 2, and adjusting until the same input voltage to the 
phase shifter is obtained. Alternatively, calibration may 
be achieved by adjusting for quadrature with the line 
stretcher, then changing the acousting parameter in the 
sample and readjusting the line stretcher for quadrature 
to compare the difference. 

For absolute velocity calibration, there are numerous 
alternatives. First, one could set the phase shift circuit 
input voltage to zero volts. Using cable lines or other 
such means for adjusting shifts, it is possible to make 
sure that the two line paths, one. from the oscillator to 
the mixer and the other from the oscillator to sample to 
gate to preamp to mixer have the same amount of phase 
shift in the two paths. Then, by counting from the oscil- 
lator, each count is equivalent to a phase shift of 2 ?T 

radian in the acoustic system. The total phase is then 
calculated by 4=277 (count)+?~/2 or 4 = 2 a  
(count) + 3 ~ / 2 ,  depending on quadrature state. 

An alternative embodiment of the invention is illus- 
trated in FIG. 3, where substantial portions of the cir- 
cuit are repeated. In the FIG. 3 embodiment, however, 
the initial phase is set by a first phase shifter 16a, and the 
measurement is made by a second, separate phase shifter 
166. The first phase shifter 16a is provided to give a 
reference, and the second phase shifter 166 measures the 
shift between the first signal and the other signal of 
interest. For example, the first signal can be the first 
return echo and the second can be one of the other 
echoes. An alternative is that the first can be the first 
reflection from an object immersed in a fluid (the sur- 
face-water interface), and the second can be the second 
reflection (signal reflected from the back phase of the 
object). 

According to the present invention, there are no 
frequency changes to cause phase shifts that would 
cause erroneous readings due to bonds, transducer 
plates, or electronic devices. Since the drive frequency 
remains fixed, all possible phase shifts, except those 
caused by changes in acoustic parameters, remain fved., 
This means that the measuring system can monitor true 
changes in the acoustical system. Moreover, bond cor- 
rections and phase-adjust mechanisms make it possible 
to use the instrument of the present invention to deter- 
mine the true phase velocity and its changes as a func- 
tion of changes in thermodynamic parameters, with an 
enhanced sensitivity that one does not have with prior 
techniques. 

Thus, the present invention combines the sensitivity 
of phase measurement with the inherent accuracy of 
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constant frequency techniques, in a system that can be measured. However, the phase detector responds to the 
easily automated for measurements in ways that the difference in phase between the two paths. 
echo-overlap systems cannot. Another advantage to the There are many phase contributions in this measuring 
present invention is that the drive amplitudes associated system. For the sake of simplicity constant circuit tem- 
therewith can be much lower than the pulse-superposi- 5 perature can be assumed and the phase contributions 
tion technique. This means that nonlinear effects such as can be grouped into three main areas: electronic (other 
might be encountered in the pulse-superposition than the phase detector), acoustic, and the phase detec- 
method will not be a problem with the present inven- tor. The electronic contributions, ye, come from elec- 
tion. Additionally, the present invention will not be tronic circuit phase differences between the two paths. 
effected by frequency-dependent phase changes which 10 The acoustic contributions come from the sample being 
have been associated with the Blume or Blume-related measured, expressed by Eq. (7), the reflector contribu- 
techniques. tion y,, and the transducer phase contribution yr. The 

The constant frequency pulsed phase-locked loop phase detector contribution depends upon its design and 
system of the present invention can be used to measure its application. For the case treated here, the output 
ultrasonic velocity or velocity changes in both liquids stabilizes when the phase detector detects a quadrature 
and solids. yg  (nominally a contribution of 77/2 or 3 ~ / 2 ) .  It should 

For example, a travelling continuous sinusoidal plane be noted that except under certain conditions and for 
wave propagating in the x-direction in a fluid has a certain cases each of the phase terms possesses a fre- 
wave motion given by the equation quency dependence. For example, the transducer has a 

2o complex electrical impedance ZXf) but its phase contri- 
bution to ye is also altered by the cable configuration, 
frequency of operation, electrical impedances, and ter- 
minations. solving ~ q .  (7) for 

Ap=Apo rin (kx--ot) (I)  

where Ap is the excess pressure, Apo is the amplitude of 
the excess pressure, k is the propagation constant, x is 

time. At a later time, t+At, so that the wave is de- 
scribed by 

the distance, w is the angular frequency, and t is the 25 6 = 2 , , ~ ~ + y , + y , + y , + y q  (8) 

wherein @ is the total phase shift of the system. 
Substituting the total path traveled and combining all 

of the specific phase terms into a single total phase term 

phase shift of 

Ap= Apo sin (k(x+ Ax) -oft+ At)) (2)  

The phase velocity of the wave is determined by con- 
sidering the fact that the arguments in Eqs. (1) and (2) 

. 30 y(f), which is a function of frequency, gives a total 

are equal. Hence, 6 =4al/A + y(f) (9) 

(3) 35 where 1 is the distance between the reflector and the 
transducer. Since the system operates in pulse-echo 
mode, Ax=21. 

The measurements taken with the present invention 
make use of Eq. (9), since the system is sensitive to (4) 

k(x + Ax) - o(t+ At)= kx - or, 

and 

A x / A f =  o / k  = c, 

where c is the speed of propagation of the wave. Using 4o phase between the received signa1 and the 
phase reference signal. The distance 1 is varied and the 

0=2rrj; k = 2 a / A  ( 5 )  corresponding change in phase measured. Since the 
frequency is held constant, the wavelength and phase 
term Y ( f )  is constant and A@=A@. I-Ience where f is the frequency in hertz, and A is the wave- 

length, one can obtain from Eq. (4) the familiar expres- 45 
sion Af=A/4aA@ (10) 

f i = c  (6) By plotting length change A1 versus corresponding 
phase change A+ one can experimentally determine the 

It is to be noted that the phase of the argument of the 50 Slope m and, COnSeqUentlY, the Wavelength- with the 
sine wave, (kx-of), at a fued t changes by 277 as the synthesizer frequency fknown to high accuracy we use 
distance, x, is changed by A. The phase shift, 4, associ- b. (6) to determine the speed of sound which is given 
ated with a change in path length comes from periodic- by 
ity condition expression, 

55 c=4xmJ (1 1) 

To demonstrate the present invention and referring to 
where Ax is the change in path length. FIG. 4, a specially constructed tank 100 built from 

Whenever phase comparision measurements are an- lucite was cleaned twice with a laboratory cleaning 
ticipated, one must select a phase reference point 60 agent. It was rinsed with commercially prepared dis- 
against which signals in the rest of the system can be tilled water after each cleaning procedure and air dried. 
referred. For example, the reference point may be Specially prepared pure water (High Performance Liq- 
chosen to be the synthesizer output, since it is at this uid Chromatography Grade, Mallenckrodt ChromAR 
point that all circuit signals originate, and hence are at HPLC) was transferred to the tank. During the transfer 
the same phase. The signal propagates along two paths. 65 process and throughout the measurements the tank and 
The comparison of phase between these paths is made at water were kept in an argon atmosphere. 
the phase detector. The phase response of the acoustic A specially machined translation assembly 102 de- 
system inserted in the first path'is that which is to be signed to fit on the tank and consisting of a camer 104 

+/2x=Arh (7) 
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attached to a system of two rails 106 and a screw drive ues and the measured values are listed in the columns 
is lowered into position and anchored to the top edge of labeled “Difference”. 
the tank. Attached to the carrier is a transducer holder The value of the magnitude of the sound velocity in 
108 constructed of stainless steel onto which a 5 MHz pure water as a function of temperature are in excellent 
transducer 110 is attached. The transducer 110 is a corn- 5 agreement with the results quoted from the accepted 
pressional wave transducer made from a Lithium Nio- values. Without application of diffraction corrections 
bate plate, 36” Y-cut, overtone polished and mounted in the agreement is within 0.18%. The uncertainty associ- 
an air tight lucite holder to assure air backing. ated with the temperature measurement is estimated to 

A reflector holder 112 is suspended from the rails contribute no more than 2 5 5  cm/sec, while the uncer- 
assembly onto which the reflectors 114 are attached and 10 tainty in length measurement is estimated to be no more 
positioned as needed. The reflectors 114 are positioned than f 190 cm/sec. The reason for this large estimated 
as far from the transducer as the mounting equipment uncertainty is due to the fact that the stage on the drive 
allows and aligned perpendicular to the propagation had some wobble. Uncertainties associated with phase 
vector of the sound field. measurements are insignificant in these calculations, but 

Attached to the top of the carrier system is a dial 15 the system is estimated to be sensitive to better than 
gauge 116 with a range of 50 mm (Starrett 655-2081J) P m  in lo7. No attempt is made to account for any 
which is used to precisely determine the movement of error associated with the interpolation fit employed 
the carrier relative to the end of the translation assem- with the literature values for velocity Of sound in water 
b]y. The dial gauge 116 has a total range of 50 - with at different temperatures. The velocity measured here 
dial graduations of 10 pm. The scales are read with 2o in ultrapure water establishes that the present invention 
s tha t ion  to better than 3 p m  for these measurements. provides a reliable, accurate way to measure velocities, 

A precision thermometer (not shown), such as a as Well as for monitoring small changes in velocitY 
B ~ ~ ~ M ~ ~  Thermometer model 50 F., is used to record without the sensitivity to frequency-dependent phase 
the temperature of the water before and after data col- 25 shifts 
lection. The temperature reported here is the average of TABLE 1 
the two measurements. The temperature variation is no Oper- Magnitude 
more than 20.01 C. The thermometer’s accuracy is of Velocity 
better than f O . l l  C. Frequen- Water Slope 

to other measurement systems. 

ating 

FIG. 5 schematically shows the setup for the system 3o Eec- T:c;, (L-; Ggce)d 2::;- used in these measurements. The oscilloscope 118 is 
adjusted to display the Transducer Output, the Phase 1” 
Comparison Output, and the Control Point Monitor $2 Output so that the timing pulses can properly be set for GISS 4.7495 25.61 2.5153 1.5012 1.4988 ,0024 
that portion of the phase signal to be measured. After 35 slide 
alignment of transducer and reflector the phase of the 
first received echo is selected in all of these measure- 
ments. To assure that the phase value is stable a location 
well past midpoint of the echo toneburst phase display 
is chosen. 

Data are taken by measuring and recording the phase the true spirit and scope of the invention. 
changes and gauge reading changes as the carrier on the What is claimed is: 
translation assembly is slowly advanced. For the phase 1. A method of measuring phase &,ift in a sample, 
measurements the Phase Shift Control Switch is set to 
the “Lock” position. The control voltage is measured 45 supplying a fixed frequency electrical output to a 
with a voltmeter (Hewlett-Packard HP-3478A) and transducer coupled to the sample, thereby generat- 
recorded. ing an acoustical tone burst in the sample which is 

The portion of the first echo chosen for phase com- received by the transducer which outputs a corre- 
parison was well after reception of multiple reflections sponding electrical echo signal; and 
from the reflector. Under this condition the phase shift 50 measuring a counterbalancing phase shift required to 
from the reflector depends on the thickness of the re- bring about quadrature between the electrical echo 
flector. FIG. 6 shows a typical plot of the gauge reading signal and the fixed frequency electrical output. 
versus phase change for these conditions. After correct- 2. A method according to cl& 1, wherein the mea- 
hg the gauge reading for a slight wobble in the transla- suring includes comparing the phase of the fixed fie- 
tion apparatus a least squares fit of the data was used to 55 quency electrical output and the electrical echo signal 
calculate the slope. to provide an error voltage signal in accordance with a 

Data for the above are given in Table 1 and include difference between the fued frequency electrical output 
the reflector used, the operating frequency of the syn- and the electrical echo signal, passing the error voltage 
thesizer, the water temperature, and the slope from the signal to an integrator, adding a phase adjustment volt- 
least squares fit of the data. The magnitude of the veloc- 60 age to the integrator in an adder, and applying the 
ity is calculated using Eq. (1 1) (without diffraction cor- added voltage to a phase shifter until a quadrature be- 
rection) and given in the column labelled “Measured”. tween the electrical echo signal and the fued frequency 
Literature values for velocity of sound in water at tem- electrical output is achieved. 
peratures 0, 10,20,30, and 40 C. were used for compari- 3. An apparatus for measuring phase shifts in a sam- 
son with the present results. A three degree polynomial 65 ple, comprising: 
fit was used for the interpolated values taken from the a logic and timing circuit; 
literature and are presented in the column labelled “Cal- a buffer amplifier-phase shift circuit controlled by 
culated”. The difference between the interpolated val- 

5.oooO 21.84 2.3646 1.4857 1.4883 -.W26 

N~~~~~~~ modifications and adaptations of the pres- 
ent invention will be apparent to those so skilled in the 
art and thus, it is intended by the following claims 

40 cover all such modifications and adaptations which fall 

comprising: 

voltage; 
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a ;one burst formation gate; means for adjusting the phase of the reference signal 
a fixed frequency oscillator coupled to and sending a 

constant frequency output to the logic and timing 4. An apparatus according to claim 3, wherein the 
circuit as a clock signal, the buffer amplifier-phase adjusting means comprises an adder circuit receiving 
shift circuit as a reference signal, and the tone burst 5 the voltage output of the integrator, and a phase adjus- 
formation gate; tor having a variable voltage output received by the 

a transducer coupled to the tone burst formation gate adder, the adder outputting an added voltage to the 
and being acoustically coupled to the sample, so phase shift circuit to thereby adjust the phase of the 
that an electrical tone burst is sent to the transducer reference signal. 
which generates an echo in the sample, the echo 10 5. An apparatus according to claim 4, further com- 
being received by the transducer which then gen- prising a calibrated line stretcher through which the 
erates an electrical signal which varies in accor- - constant frequency output of the fixed frequency oscil- 
dance with the echo; lator is delivered to the phase shift circuit, and being 

a mixer receiving and comparing phase of the echo adjustable until the input voltage of the line stretcher 
generated electrical signal and the reference signal, 15 matches the input voltage of the phase shift circuit. 
and outputting an error signal voltage when the 6. An apparatus according to claim 5, wherein the 
phase of the echo generated electrical signal and phase shift circuit is calibrated by setting the phase shift 
the reference signal are not in quadrature; circuit input voltage to zero volts. 

a sample and hold circuit receiving the error signal 7. An apparatus according to claim 6, wherein the 
voltage and passing the error signal voltage to the 20 phase shift circuit includes first and second phase shift- 
phase shifter circuit through an integrator circuit; 
and 

to match the phase of the echo signal. 

ers for comparing two different echo signals. * * * * *  
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