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A method and apparatus for measuring a predetermined parameter having a known relation to the transit time of movement of an
energy wave through a medium by: transmitting from a first location (A) in the medium a cyclically-repeating energy wave (e.g., an
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(57) Abrege(suite)/Abstract(continued):

acoustical wave, or electromagnetic wave); recelving the wave at a second location (B) In the medium; detecting a predetermined
fiducial point in the wave recelved at the second location (B) continuously changing the frequency of transmission of the wave from
the first location (A) to the second location (B) in accordance with the detected fiducial point of each wave recelved at the second
location (B) such that the number of waves recelved at the second location (B) from the first location (A) Is a whole Iinteger, and
utilizing the change In frequency to produce a measurement of the predetermined parameter.
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A method and apparatus for measuring a
predetermined parameter having a known relation
to the transit time of movement of an energy wave
through a medium by: transmitting from a first
location (A) in the medium a cyclically-repeating
energy wave (e.g., an acoustical wave, or electro-
magnetic wave); recetving the wave at a second
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HIGH-PRECISION MEASURING METHOD AND APPARATUS

FIELD AND BACKGROUND OF THE INVENTION
The present invention relates to high precision
measuring methods and apparatus, and particularly to a
method and apparatus for measuring distance, temperature,
and any other parameter having a known relation to the
transit time of movement of an energy wave through a

med1um.

Many measuring techniques are known for measuring
distance, temperature, and other parameters, but such known
techniques generally increase in expense according to the
precision desired, and also generally have an upper limit as
to the precision practically attainable by the technique.
For example, to measure distances of meters or kilometers
with a precision of microns or fractions of microns 1s
extremely expensive if attainable at all. The same
limitations apply with respect to measuring temperature and
other conditions.

OBJECTS AND BRIEF SUMMARY OF THE INVENTION

An object of the present invention is to provide a
method and apparatus for measuring distances, temperatures,
and a number of other parameters, in a manner which can be
implemented with relatively low-cost equipment and with a
very high degree of precision.

According to one aspect of the present invention,
there 1is provided a method of measuring a predetermined
parameter having a known relation to the transit time of
movement of an energy wave through a medium, comprising:
transmitting from a Tfirst location 1in the medium a
cycltically-repeating enerqgy wave; receiving the
cyclically-repeating energy wave at a second location in the
medium; detecting a predetermined fiducial point in the
cyclically-repeating energy wave received at the second
location; continuously changing the frequency of
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transmission of the cyclically-repeating energy wave from
the first location to the second location in accordance with
the detected fiducial point of each cyclically-repeating
energy wave received at the second Tocation such that the
number of waves received at the second location from the
first location is a whole integer; and utilizing the change
in frequency to produce a measurement of the predetermined
parameter.

As will be described more particularly below, the
measurement may be the absolute value of the parameter, or
merely the changes in the parameter during the measurement
period. The description below sets forth a number of
examples of parameters that can be measured with a high
degree of precision, including distance, temperature,
pressure, gaseous flow velocity, gaseous composition, etc.,
but it will be appreciated that the invention could be used
in many other applications for measuring almost any
parameter having a known relation to the transit time of
movement of an energy wave through a medium, or for
controlling a system according to the measured parameter. A
number of applications of the invention, both in the medical
field as well as in the industrial field, are described
below for purposes of example.

In most of the applications described below, the
cyclically-repeating energy wave transmitted by the
transmitter is an acoustical (compressional) wave. However,
the invention could also be implemented with electromagnetic
waves, particularly n applications requiring the
measurement of relatively large distances with a high degree
of precision.

Further features and advantages of the 1invention
will be apparent from the description below.
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BRIEF DESCRIPTION OF THE DRAWINGS
The invention 1is herein described, by way of
example only, with reference to the accompanying drawings,
wherein:

Fig. 1 is a block diagram illustrating one form of
system constructed in accordance with the invention for

measuring distances;
Fig. 2 is a block diagram illustrating the system

of Fig. 1 but modified to receive the cyclically-repeating
energy wave directly, rather than the echoes thereof;

Fig. 3 is a block diagram illustratin the system
of Fig. 1 implemented in medical apparatus for detecting
and/or measuring diaphragm, chest or heart displacements of
a patient in a real-time manner;

Fig. 4 is a block diagram illustrating the system
of Fig. 1 for measuring temperature;

Fig. 5 is a block diagram illustrating the system
of Fig. 1 for measuring a parameter, such as the
temperature, pressure, or composition, of a gas within an
enclosure, e.g., a reaction chamber for processing
semiconductors; and

Fig. 6 is a block diagram illustrating the system
of Fig. 1 for detecting or measuring a parameter 1n a
flowing gas, such as the composition, velocity, or
temperature of the flowing gas.

DESCRIPTION OF PREFERRED EMBODIMENTS

Fig. 1 is a block diagram illustrating a system
for precisely measuring the distance to point T of a target
or other object. The illustrated system is an echo system,
and therefore the distance to target T 1is measured by
measuring the transit time taken by a cyclically-repeating
energy wave transmitted at point A towards the target T
until its echo is received at point B.

The system illustrated in Fig. 1 thus includes a
transmitter 2 at location A for transmitting the
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cyclically-repeating energy wave towards target T, and a
receiver 3 at location B for receiving the echo of the
cyclically-repeating energy wave after vreflection from
target T. Initially, the -energy wave 1is continuously
transmitted from an oscillator 4 under the control of a
switch 5 until the echoes are received by receiver 3; once
the echoes are received, switch 5 is opened so that the
received echo signals are then used for controlling the
frequency of transmission of the cyclically-repeating energy
wave by transmitter Z2.

As shown 1in Fig. 1, the signals received by
receiver 3 are fed to a comparator 6 via its input ©ba.
Comparator 6 1includes a second input 6b connected to a
predetermined bias so as to detect a predetermined fiducial
or reference point in the received signal. In the example
illustrated in Fig. 1, this predetermined fiducial point 1s
the "zero" cross-over point of the received signal, and
therefore input 6b is at a zero-bias. Other reference points
could be used as the fiducial point, such as the maximum or
minimum peak of the received signals.

The output of comparator 6 is fed to an amplifier
or monostable oscillator 7 which is triggered to produce an
output wave or signal for each fiducial point (zero
cross—-over point) in the signals received by the receiver 3.
The signals from amplifier 7 are fed via an OR-gate 8 to the
transmitter 2. OR-gate 8 also receives the output from
oscillator 4 when switch 5 is closed.

Switch 5 is opened when the transmitter 2 receives
a continuous stream of signals from amplifier /7 via OR—gate
8. When switch 5 is opened, transmitter 2 will thus transmit
at a frequency determined by the fiducial points 1in the
reflected signals received by receiver 3 and detected by
comparator 6 to control amplifier 7. Accordingly the
frequency of transmission by transmitter 2 will be such that
the number of waves of the cyclically-repeating energy wave
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transmitted from location A and received in location B will
be a whole 1nteger.

It will thus be seen that while the frequency of
the transmitter 2 will change with a change in the distance
to the target point T, the number of wavelength 1in the
signal transmitted from the transmitter 2 to the target T,
and refelected back to the receiver 3, will remain a whole
integer. This is because the transmitter 2 transmissions are
controlled by the fiducial points (zero cross-over points)
of the signals received by receiver 3. This change 1in
frequency by the transmitter 2, while maintaining the number
of waves between the transmitter and receiver to be a whole
integer, enables a precise determination to be made of the
distance to the target point T. Thus, as known:

F = C/2

Where: F and C are the frequency and velocity,
respectively, of the cyclically-repeating energy wave in the
respective medium; and 1] is the wavelength. For example, if
the energy wave is an acoustical wave, and the medium is air
under normal temperatures and pressures, (C=340,000 mm/sec.
Accordingly, if F=34 KHz, then 3=10 mm.

Assuming the initial transit path ATB (Fig. 1) 1s
100 mm, it will be seen that the number of wavelengths 1in
this transit path will be 10.

Now assuming that the transit distance AIB 1s
increased by 1 mm, i.e., from 100 mm to 101 mm. While this
transit distance is now increased from 100 mm to 101 mm, the
transit time ATB will also be increased. However, since the
frequency of transmitter 2 is controlled by the fiducial
point of the signals received by receiver 3, the transmitter
2 will still produce the same number of waves during this
increased transit time, and therefore the waves will be
slightly increased in length. Thus, the increased wavelength
will be 101/10=10.1 mm. The frequency of transmitter 2 will
therefore be changed from 34 KHz to 340,000/10.1=33,663KHz.
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The frequency will thus be decreased by 337 hz
when the distance is increased by 1 mm. Such a frequency
change can be easily measured. However, if the distance 1s
changed by 0.001 mm (rather than 1 mm), the frequency change
will be 0.337 Hz, which would be extremely difficult, if
possible at all, to measure in a practical manner. However,
such a small frequency change can be easily measured in the
system illustrated in Fig. 1 by including a summing circuit
which continuously sums the measured frequency changes over
a predetermined time, e.g., 100, 1000, 10,000, or more
cycles, and produces periodic read outs of the summed
changes.

Thus, the =zero cross-over points detected 1n
comparator 6, which are used for controlling the frequency
of the transmitter 2, are also fed to a counter 10 to be
counted "N" times, and the output is fed to another counter
11 controlled by a clock 12. Counter 11 to produces an
output to a microprocessor 13 which performs the
computations according to the parameter to be detected or
measured, and a display 14 which displays the output of the
microprocessor.

The following example will illustrate the high
precision capability of the described system.

Assuming that the initial transit distance AIB 1s
136 mm, and that the initial frequency (of source 4) 1is
500 KHz, the initial wavelength (2) will be 34,0000/50,0000,
or 0.68 mm; thus initially there will be 136/0.68, or 200
wavelengths in the transit path ATB.

If this transit distance ATB 1is increased by 1
micron, to 136.001 mm, the number of wavelengths will remain
the same (200) as described above. Therefore the wavelength
will be increased from 0.68 mm to 0.680005 mm (136.001/200);
and the frequency of transmission by transmitter 2 will be
decreased from 500 KHz to 499.9963236 KHz.
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Assuming that clock 12 is a 500 MHz clock, the
value outputted by counter 11 before the distance change
will be 500°10°/500°10%, or 1000.

After the distance change, the frequency of the
transmitter 2 will be changed from 500 KHz to 499.996 KHz
(340,000/0.680005).

The value of the counter for one clock period of
550 KHz will therefore be 1,000.0073 (500 MHz/499.996 KHz),
or 0.0073 Hz difference from the initial frequency. The
frequency difference of 0.0073Hz is practically not

measurable.
However, if the summation factor "N" of counter 10

is selected to be 1000, this difference of 0.0073 1s
multiplied by 1000, so that the difference now becomes
7.3Hz, which is measurable as a practical matter. If "N" of
counter 10 is selected to be 10,000, then this value of
0.0073 is multiplied by 10,000, so that the frequency
difference now becomes 73 Hz, which is even more precisely

measurable.

The summations factor "N" can be determined
according to the number of readouts/second required for any
particular application. For example, if 100 readouts/second
are required, (i.e., a readout every 10 ms), "N" of counter
10 could be selected to be 5000, whereupon the 0.0073Hz
frequency difference per run would be multiplied by 5000, so
as to be 36.5 Hz. It will thus be seen that the precision of
the measurement can be preset, almost without limitation, by
the selection of the appropriate clock rate for clock 12,
and summation factor "N" for counter 10.

The output from counter 11 is fed to a
microprocessor 13 which computes the desired parameter and
displays it in display 14. In the above-described system of
Fig. 1, the parameter computed is the change in the transit
distance ATB. If desired, the actual distance can easily be
computed, e.g., by multiplying the velocity of sound (C) by
the transit time.
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It will thus be seen that the system illustrated
in Fig. 1 may be used for precisely measuring not only
distance, but any other parameter, such as temperature or
pressure in a gaseous medium, having a known relation to the
transit time of movement of the energy wave through the
medium. It will also be seen that this measurement may be
merely the changes in the parameter during the measurement
period, or the absolute value of the parameter at any
instant during the measurement period.

Fig. 2 illustrates a modification in the system of
Fig. 1, wherein the acoustical transmitter 22 transmits
directly to the receiver 23, rather than by reflection, so
that the parameter measured by the control and measuring
system 24 will be the actual line-of-sight distance between
the transmitter and receiver.

Fig. 3 illustrates an application of the invention
for medical purposes, e.g., for heart and/or respiration
monitoring of a person 30 under examination. Thus, an
acoustical signal transmitter 32 is oriented to reflect the
acoustical wave from a selected point on the person's body
30 to the receiver 33, so that the control and measuring
system 34 will be able to detect, with a high degree of
precision, any changes in position of the selectea point on
the person's body 30. The system of Fig. 3 may be used, for
example, as a monitor for heart or respiration movements 1n
a real-time manner, e.g., as an apnea detector or during
surgery.

Fig. 4 illustrates the invention applied for
precisely measuring temperature. Thus, the system
illustrated in Fig. 4 includes an envelope 40 enclosing an
acoustical transmitter 42 and a receiver 43 spaced therefrom
by a gaseous medium, such as air at a known pressure. Since
there is a known relationship between the temperature and
the velocity of movement of an acoustical wave through a
gaseous medium, the transit time measuring system 44 1in
Fig. 4 would be able to compute the temperature of the
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gaseous medium within enclosure 40 with an extremely
high degree of precision.

Fig. 5 1illustrates the 1nvention 1implemented
in a system for measuring the temperature within other
types of enclosures, such as a reaction chamber 50 for
processing semiconductors 51. The acoustical signal
transmitter 52 1s at one side of the chamber, and the
receiver 53 1s at the opposite side, so that the
control and measuring system 54 would be capable of
measuring the temperature, temperature changes, or any
other parameter within the reaction chamber 50
affecting the transit time of movement of the
acoustical wave from the transmitter 52 to the receiver

53.

Fig. 6 1illustrates the invention embodied 1in
a system for measuring various parameters of a gaseous
medium flowing within a conduit or other form of
passageway 60. Thus, the acoustical signal transmitter
62 is at one side of the passageway, and the recelver
63 1is located at a downstream point, preferably aligned
with the transmitter 62 along a line which 1s oblique
to the flow path of the gas through passageway 60.
Such a device may thus be used for measuring: flow
velocity, e.g., 1in accordance with the technique
described 1n US Patents 4,425,805 or 4,914,959; molar
mass or the composition of the gaseous mixture, e.g.,
as described in US Patent 5,645,071; metabolism, e.g.,
as described in US Patent 5,178,155; cardiac output of
a subject, e.g., as described 1in US Patent 5,836,300.

May other applications of the invention can
be made. Thus, because of the capability of measuring
temperature in an extremely ©precise manner, the
invention could be incorporated 1n a finger probe to
measure cardiac output by first subjecting the finger
to extreme cold, (e.g., by an 1i1ice pack), and then
measuring the rate at which the body restores the
finger to its normal body temperature, which rate
provides an indication of the body cardiac output.
Another possible application 1s 1n an instrument for
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producing extremely-precise thermal scanning of industrial
objects (e.g., vehicle engines), 1living beings, or body
parts, (e.g., in a mammograph for detecting cancer). Other
medical applications include pregnant womn monitoring, heart
and respiration monitoring etc. Further possible
applications include measuring angular positions of a
movable body, such as by measuring the angle of the lTiquid
level with respect to a reference point on a container for
the liquid. Other possible applications include geophones
for detecting ground vibrations.

It will also be appreciated that the
cyclically-repeating energy wave could be an electromagnetic
wave, rather than an acoustical wave. Such applications
would be particularly useful for measuring with high
nrecision, large distances or movements of bodies at large
distances from the measuring site.

Many other variations, modifications and
applications of the invention will be apparent.
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WHAT IS CLAIMED IS:

1. A method of measuring a predetermined
parameter having a known relation to the transit time of

movement of an energy wave through a medium, comprising:

transmitting from a first location 1in said
medium a cyclically-repeatilng energy wave;

receiving saild cyclically-repeating energy wave
at a second location in said medium;

detecting a predetermined fiducial point 1n the

cyclically-repeating energy wave recelving at said second
location;

continuously changing the frequency of
transmission of the cyclically-repeating energy wave from
sald first location to said second location 1n accordance
with the detected fiducial point of each cyclically-
repeating energy wave recelved at sald second location
such that the number of waves received at said second
location from said first location 1s a whole 1nteger;

and utilizing the change 1n frequency ¢to
produce a measurement of sald predetermined parameter.

2. The method according to Claim 1, herein
the fregquency of transmission of the cyclically-repeating
energy wave from said first location 1s continuously
changed in accordance with said detected fiducilal points

by utilizing each said detected fiducilial point to trigger
the transmission of said energy wave.

3. The method according to Claim 1, whereiln
sald predetermined fiducial poilint 1s the zero cross-over
point of the cyclically-repeating energy wave.

q . The method according to Claim 3, whereiln

sald cyclically-repeating energy wave 1s a sinusoidal
wave.

5. The method according to Claim 1, wherein
sald changes 1n the frequency of said cyclically-

repeating energy wave are measured by summing the changes
1in frequency over a
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large predetermined number of cycles to increase the
precision of said measurement.

6 . The method according to Claim 5, wherein
the changes 1n frequency are summed over a large
predetermined number of cycles by measuring the changes
1n wave lengths of the cyclically-repeating energy wave
in each cycle, and summing said changes in wave length
over sald large predetermined number of cycles.

7. The method according to Claim 6, wherein
the frequency of said cyclically-repeating energy wave
1s at least in the KHz range, and said changes in
wavelength are summed over at least 100 cycles.

8 . The method according to Claim 6, wherein
the frequency of said cyclically-repeating energy wave
1s at least 1in the hundreds of KHz range, and said
changes 1n wavelength are summed over at least 1000
cycles.

9. The method according to Claim 1, wherein
the echo of said c¢yclically-repeating energy wave,
after reflection from an object, 1is received at gaid
second location.

10. The method according to Claim 1, wherein
the cyclically-repeating energy wave 1is directly
received at said second location.

11. The method according to Claim 11, wherein
said cyclically-repeating energy wave 1in an acoustical
wave transmitted through said medium.

12. The method according to Claim 11, wherein
sald predetermined parameter is the distance between
salid first and second locations.

13. The method according to Claim 11, wherein
sald predetermined parameter is the temperature of the
medium between said first and second locations.

14. The method according to Claim 11, wherein
sald medium is flowing gas.
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15. The method according to Claim 14, wherein said
predetermined parameter is the temperature of said flowing
gas.

16. The method according to Claim 14, wherein said
predetermined parameter is the flow velocity of said flowing
gas.

17. The method according to Claim 14, wherein said
predetermined parameter is the composition of said flowing
gas.

18. The method according to Claim 11, wherein said
medium is a gaseous medium, and said predetermined parameter
is the pressure of said gaseous medium.

19. The method according to Claim 1, wherein said
cyclically-repeating energy wave 1is an electromagnetic
wave.

20. The method according to Ciaim 19, wherein said
nredetermined parameter is the distance between said first
and second locations.

21. Apparatus for measuring a predetermined
parameter having a known relation to the transit time of
movement of an energy wave through a medium, comprising:

a transmitter at a first location in said medium
for transmitting a cyclically-repeating energy wave;

a receiver at a second location in said medium for
receiving said cyclically-repeating energy wave;

and a processor for:

detecting a predetermined fiducial point in the
cyclically-repeating energy wave received at said second
location;

continuously changing the frequency of
transmission of the cyclically-repeating energy wave from
said first location to said second location 1in accordance
with the detected fiducial point of each
cyclically-repeating energy wave received at said second
location such that the number of waves received at said
second Tocation from said transmitter is a whole integer;
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and utilizing the change in frequency to produce a
measurement of said predetermined parameter.

22. The apparatus according to Claim 21, wherein
said processor utilizes each detected fiducial point to
trigger the transmitter such that the number of waves of the
cyclically-repeating energy wave transmitted from said first
location and received at said second Tlocation is a whole
integer.

23. The apparatus according to Claim 21, wherein
said processor detects the zero cross-over point of each
cyclically-repeating energy wave for continuously changing
the frequency of transmission of the cyclically-repeating
energy wave from said first location to said second
location.

24. The apparatus according to Claim 21, wherein
said cyclically-repeating energy wave is a sinusoidal wave.

25. The apparatus according to Claim 21, wherein
said processor includes a summing circuit for continuously
summing the changes in the measured parameter and for
producing periodic readouts of the summed changes.

26. The apparatus according to Claim 25, wherein
said summing circuit includes a counter which counts the
cyclically-repeating energy waves transmitted by the
transmitter, and periodically reads out the count after a
predetermined number of cycles.

27. The apparatus according to Claim 21, wherein
said receiver is located with respect to said transmitter so
as to receive the echo of said cyclically-repeating energy

wave after reflection from an object.
28. The apparatus according to Claim 21, wherein

said receiver is located with respect to said transmitter so
as to directly receive said cyclicaliy-repeating energy wave

transmitted thereby.
29. The apparatus according to Claim 21, wherein

sajid transmitter transmits a cyclically-repeating acoustical
wave.
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30. The apparatus according to Claim 29, wherein
said predetermined parameter measurement produced by said
processor 1is the distance between said first and secona
locations.

31. The apparatus according to Claim 29, wherein
said predetermined parameter measurement produced by said
processor is the temperature of said medium.

32. The apparatus according to Claim 29, wherein
said medium is a gaseous medium.

33. The apparatus according to Claim 32, wherein
said transmitter and receiver are enclosed within a common
envelope, and are spaced from each other by said gaseous
medium whose temperature is to be measured.

34. The apparatus according to Claim 32, wherein
said transmitter and receiver are located within a
nassageway through which the gaseous medium flows, and said
processor produces a measurement of a parameter of the
flowing gaseous medium.

35. The apparatus according to Cilaim 34, wherein
said parameter is the temperature of the flowing gaseous
medium.

36. The apparatus according to Claim 34, wherein
said parameter is the flow velocity of the flowing gaseous
medium.

37. The apparatus according to Claim 34, wherein
said parameter 1is the composition of said flowing gaseous
medium.

38. The apparatus according to Claim 21, wherein
saild transmitter transmits a cyclically-repeating
electromagnetic wave through said medium.

39. The apparatus according to Claim 38, wherein
said processor produces a measurement of the distance
between said first and second locations.
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