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Field of the Invention The present invention relates to a

devi ce for wWOadesg the flow speed of a 5 noving fluid BCTdAUSSI08653 Ut i | | zes
ultrasonics and digital speed determ natijon.
Description of the Related Art The neasurenent of the

difference in propagation tinme for the upstream and downstream travel
of an ultrasonic si gnHFGmbSREEDrBEIFBP&WA#I% BN ULIRASQNIGet hod
used to neasure the rate of fl o¥WLOWIMEASUREMENTSe ul trasonic signal used

for such 10 pur poses typically i . wave packet of sinusoidal
shape with peaks of differing %éailﬁrrﬁﬂlfeu@g%&wgﬁ exanpl e of such a wave

packet is depi ct edliienPresest inyenjinncrelatarolnca device for rasaguringothe flaw ypaedcefiaed
ul trasoni ¢ smgwing fHAd andwhiph elfli2s uRiasdice Ahd Bigltyl speddaderrminagod.he tine

of arrival of such a signal is I ogsi.cer to involve two specific
cfiteria, The firs[ﬁ%E e&utﬁf Ei e?i e%tification of a

particul ar part of Then@egsureatopeaf Seglifferencs in propagafion ne, fofethe ypstream and i ni ng
ref erence. THewmaeimusivel bfyar bidasonid sigeal [i0lanhovibg WRdCE an establisied Gi&thed Of

e e PSR HEBO0g Sl ornSCnGR! S WA, SHABSRRA for |
r ef er encd®t oPYIREses typically cAnsisiief HWayeracket of sippsaidal shaps with neaks ofdiffexing)
signal 40. Tamnglit@éshoAn easmple'of sddh a wave phckétiic depicted in Fige 3fwhith shewd fint t he
oo 1 obESRERAI Skl e 00 W b, Pyl kSRR RS "
exanpl e, if HMECLIBH °#§“ﬁh§dl§8@r‘§g@§§3@é{ cpRpisierad; ta Jyofvs dwpispecifif @itit.s such
as PVDF are PDEenfirst sethle uhigee Riemtificafiod bfca patikuldrlpatof thb aagived)sighal act or
of 30 as,Lhegphyly 9?:1 64RRE3E YWikining refefeld) gﬁfebéamg&aﬁpcﬁo%ﬁ R U el e wHRAP "
more mport agrtlel X)’rcle %E’ tl?e &lg'\\r/eecggsccs %Ee slngnna? agcilsj, 462’, a .po?called "zero crossing”. The
identification of a particular zero crossing is conventionally done with reference to the
magnitude of the largest peak 41 in the received signal 40. This method has several
difficulties. The first is that the size of the largest peak 41 can vary considerably, and
20 is dependent on the conditions under which the signal is being transmitted. For
example, if ultrasonic transducers based upon piezoelectric materials such as PVDF are
being used, the size of the peak 41 can change by a factor of 30 as the fluid temperature
changes from +60 to -20°C. Even more importantly, for a wave packet in a tube, the
particular cycle of the received signal 40 where the largest peak 41 occurs often
25 changes, and is dependent on conditions such as temperature and frequency. This is
ldrgely because the maximum of such a signal often, but not always, occurs where
secondary acoustic modes make up a major part of the received signal 40. Generally
depicted at 43 in Fig 3 is an example of the influence of secondary and other high order
acoustic modes These secondary modes are much more affected by temperature and
e frequency than is the plane wave (primary mode). The condition where two peaks
within the wavepacket are identical in magnitude is one which the zero-crossing method
finds particularly difficult to accommodate.
The second criterion is the identification of the arrival time of the identified
zero-crossing, which is generally the zero-crossing 44 immediately after the largest
35 peak 41, at the signal detector with respect to the time scale being used. The accuracy
of the timing of the arrival of the wave is usually limited to one clock pulse, this time
interval therefore becoming the uncertainty of the measurement.
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an ultrasonic signal and the timing of the arrxval of that part o the signal at a detector,

15 In accordance with a first aspect of the present invention there is disclosed a
method of detecting the arrival time at a transducer of an acoustic wave packet
transmitted at a first frequency, the method comprising the steps of:

(a) converting, at a sampling frequency, an analogue signal output from
‘the transducer into digital signal data;

20 ) determining a measurement portion of the digital signal data, the
measurement portion corresponding to a response of the transducer to the acoustic wave
packet;

() determining from the measurement portion a plurality of slopes (S))
for a corresponding plurality (/) of measurement segments of the response, each of the

25  segments being about a signal ievel value (V); and

(d) determining from at least selected ones of the slopes (S;), the arrival
time (7) of the acoustic wave packet.

Generally, the method comprises the further step, between steps (c) and (d) of:

(ca) determining, for selected ones of the segments, a corresponding

3o  measurement time (4;) indicative of a time at which the response intercepts the signal
level value (V); wherein step (d) comprises determining the asrival time (f) from the
corresponding measurement times (4;).

Preferably, a further step is provided, between steps (c) and (ca) of:
(caa) matching the slopes (§;) with a corresponding reference set of slopes

35 (Pj) to determine a measurement position of each of the segments in the measurement
portion; wherein step {ca) comprises determining the corresponding measurement times
(Ap from the corresponding one of the measurement positions.
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a si gnal Wevel val irogeadvanipgeous arrangement, eack glppe (Pxefi the referiencs set ofislopes| east
sel ec: ed oness @isotiled Swith @ Spécific podition pﬁmlaéxr '(r}[)adlarkinF thé ipBEitioA bof &f sikh
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further st ep%omtﬁmg?ne&lm(nc)theaﬁva‘%ﬁgk%:%e.p af%eﬁ as)%frsga%‘)’{“hlgg to Ele

det er m ni ng, ThEbes Of halfovavenpesiods hefyeees ctherdiegipning ¢fothecWpven drekgt 3od the
measur enent tpaititulafbighdl lpblaridirasitione of a time at which the response

dotor mi i Bg 1t he ar M Betrred b EmeBHUE st o) MBS KByl ESIRL, 02
times (Alerr]).  (da)  assigning o weighting factor, (Wertorrach of dhe measyremant diges

bet ween st eps4)) Gpsednigod d)conrbsponding position paramefet 44)) mat chi ng the sl opes

ot orm he . peasuy Sigor RELHE O e nEuR el iR as those SoBikld nifle
portion; mheldéﬁeﬁ“%‘é‘t?‘(fégﬁa%ﬁ'ﬁﬂ%@!i determning the corresponding
neasurenmezet times (dc) (ddfeemiding & mean hiiéwave perigdoudiron tme imérvalh detween
measur ement  R@ghdnk 8R& of the (m) selected measurement times (4;);

{dd) determining, for each of the (m) selected measurement times (4;), of
an estimated arrival time of the wave packet at the transducer, using the expression
4= A,‘ -n.T; and

25 {de) determining a sum, over the (m) measurement times (4;), of a product
of the weighting factor (W;) assigned to each measurement time and the corresponding
estimated arrival time (¢;);

(df) determining the arrival time (f) of the acoustic wave packet by
dividing the sum from step (de) by a sum of the () weighting factors (W,).

30 Generally, each weighting factor (W), is proportional to the slope (S;). of the
corresponding one of the segments. Typically, m can take a value from 2 to 20. A
preferred value of m is 6.

Advantageously, step (db) comprises selecting the measurement times (4;)

dependent upon at least one of the precision of determination of the measurement time,
as  the closeness of match to the reference set of slopes (}:,-), and the freedom from
interference of the measurement portion from high-order acoustic modes.
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Generally, step (c) conprises allocating a set of (k) points of the digital
si gnal data to each neasurenment segnment (i), each neasurenent segnent
(i) being CEAOFEAI36 around two adjacent points whose VvEFTAYS006S3
either side of the signal level value (V}4- fitting a straight line to
each set of points, and then determning the slope (S[err]) of each 5
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wei ght i ng1fact or ( err] eact] oPeraRxéga Y sfﬁ?ewrrent tr & (Alerr])
based upon the cor ABspon ?Yl“ﬁﬁadéﬂné‘ﬁﬁ’ig &(" th”teps of: (db)

sel ecting (n) of the neagfay eenergisitg ops ofA{metrm]ls)im tchomputt thebzotigizdwave t he
determ nation of thg:ak i & Akst rbdienéy lower than the predetermined frequency, and
(fo) maintaining the clock as a timing reference for subsequent
15 detection of an arrival of the wave packet at the other of the transducers:

{2 detecting the arrival time of the wave packet using the method of the
first aspect, wherein the sampling frequency is the predetermined frequency and is
provided by the clock, and the digital signal data including the measurement portion is
‘stored in 2 memory whose address determination for consecutive samples of the digital

20  signal data is altered by the clock such that each address in the memory corresponds to
an identifiable time after generation of the acoustic wave packet.

Generally, a plurality of the acoustic wave packets are transmitted and,
excepting the first transmission, the transmission of all subsequent acoustic wave
packets are synchronised to the reception of the immediately preceding acoustic wave

2s  packet. Typically, upon transmission of a particular acoustic wave packet a delay time
i$ counted and the transmission of the next acoustic wave packet is instituted after the
delay time has elapsed and when the measurement portion corresponding to the
particular acoustic wave packet next crosses the signal level value.

In an alternative configuration an acoustic wave packet is transmitted

30 simultaneously from each of the transducers for reception by the other of the
transducers and the propagation time of each of the acoustic wave packets is thus
determined. Typically, in such an arrangement step (a) further comprises compensating
for phase differences between the digital signal data converted from analogue signals
output from respective ones of the transducers.

a5 In accordance with a third aspect of the present invention there is disclosed a
system for measuring the speed of a moving fluid, the system comprising:

a measurement tube through which passes the fluid whose speed is to be
measured;
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In the preferred eptaseispiomeansconnestadin the geckivingumeany forgietesminingothg speedatfe t he
acoustic WﬁVQh@ﬁ@ih?ihe?%be&b?ﬁﬁixﬁfébﬁxpﬁﬁﬁngi rst frequency is a sub-nmultiple
of the sampling fr CRE h&ans for determining a measurement portion of the digital signal

data, the measurement portion corresponding to a response of the other transducer to

the acoustic wave packet;

15 second means for determining from the measurement portion a
plurality of slopes (S;) for a corresponding plurality (f) of measurement segments of the
response, each of the segments being about a signal level value (V);

third means for determining from at least selected ones of the slopes
°(S)), the arrival time {¢) of the acoustic wave packet.

20 Typically, the system further comprises fourth means for determining, for
selected ones of the segments, a corresponding measurement time (4;) indicative of a
time at which the response intercepts the signal level value, wherein the third means
determines the arrival time (f) from the corresponding measurement times (4;).

Preferably, the system further comprises a (second) memory means connected

25 to the processor means for storing a reference signal, the processor means including
fifth means arranged to match parts of the reference signal with the measurement
portion to determine a measurement position of each of the segments in the
measurement portion, wherein the measurement times (4;) are determined using a
corresponding one of the measurement positions.

3 Advantageously, the system further comprises means for adjusting the
magnitude of the analogue signal from at least the other transducer so that it falls
between certain limits, those limits preferably being equally displaced either side of the
signal level value, the signal level value preferably being an average of an output of the
other transducer before the measurement portion.

35 Typically, in any of the aspects, the sampling frequency is between 500kHz
and 10GHz. Preferably the sampling frequency is 10MHz.

Generally, in any of the aspects, the first frequency is between 20kHz and
SMHz. Most preferably the first frequency is 125kHz.




Generally the signal |evel value is derived fromaveraging that digital
signal 5 data received in advance of the neasurenent portion. Also, step
(a) typically conprises the continuous conversion of the signal.

In accordance with a second aspect of the present invention there is
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corresponding to t R a )sses t he
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transducers. Fig. 9 is a schematic block diagram of a second embodiment which utilizes the
so-called "ring-around" method;
Figs. 10A and 10B illustrate the firing sequence for the transducers in the
26  embodiment of Fig. 9;
Figs. 11A and 11B illustrate the timing of that firing sequence of Figs. 10A
and 10B for the two transducer drivers in the embodiment of Fig. 9;
Fig. 12 is a schematic block diagram representation of a third embodiment in
which the two ultrasonic transducers transmit simultaneously; and
30 Fig. 13 is a schematic representation of part of the microprocessor used in the
described embodiment.
Best and Other Modes for Performing the Invention
Fig. 1 shows two ultrasonic transducers, T1 and T2, each of which can act as
either a transmitter or a receiver, disposed facing each other along the axis of a
as  cylindrical measurement chamber C through which a fluid F, whose flow velocity v is
to be measured, is flowing. The measurement chamber C is part of an overall
measurement circuit 30 represented schematically in Fig. 2.



35 In accordance with a third aspect of the present invention there
~-s—ei-setesed—a- sys{—emfm‘-—freasnﬂ—rrg—rmme‘d of a noving tfluid, the
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two ultrasonic transducers disposed in the tube and configured for
transmtting ul trasoni c signals between each ot her;
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e AR o RS g S U RABFOHASE 18 o it
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35 is provxded to transfer the flow rate and other data to a suitable data acquisition

system (not illustrated) but known in the art, for example from the aforementioned

International Publication No. WO 93/005689.

The value for the fluid flow velocity from the measured time of flight of an
15 uitrasonic signal with, and against, the fluid flow, can be derived using the expression:
vp = 0.5L(1/T; - 1Ty

where: v = Velocity of fluid in the measurement tube,
L = Length of measurement tube,
Tgq = Time-of-flight of acoustic pulse downstream, and
20 Ty = Time-of-flight of acoustic pulse upstream.

Accurate measurement of the time-of-flight (or propagation) is therefore the
central task in determining fluid velocity by the preferred embodiment. In the preferred
embodiment, a short acoustic pulse train is transmitted from an ultrasonic transducer at
one end of the measurement tube, which is detected (received) by a similar transducer

25 at the other end. After passing through a variable-gain amplification chain, the
réceived signal is digitised at a rate of 10 MHz by an A/D converter to give receive
data. The receive data is then input into 4 Kbyte of fast random-access-memory
(RAM). To achieve the required accuracy, the time of arrival of the acoustic signal
must be determined to within about Ins, ie. 1% of the time between digitisation

so samples. It is therefore desirable to interpolate between points on the digitised signal.
This is done by performing linear regressions on the receive data in a band around the
quiescent signal level, and using the intercepts obtained thereby, together with
knowledge of the received signal frequency, to make a number of separate calculations
of the time of arrival. A weighted average of these results forms the final estimate of

35  acoustic transit time. To reduce the uncertainty of the measurement, in the preferred
embodiments a number of specific features are included.

Firstly, the A/D converter used is an 8-bit device which only operates over a
window covering approximately the middle one-third of the received signal, so that the
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15 or under-estimate of 0.35% will occur over the eatire flow range. The resonmant
frequency of many ultrasomc transducers .changes noticeably with temperature, so in
calculating the arrival time of the beginning of the received signal, the period of
oscillation is not assumed to be equal to the transmitted frequency, but rather is derived
-~from the received waveform data.
20 One specific embodiment which realises the advantages of this method in
measuring the flow velocity of a gas, integrating this to measure the volumetric flow
and displaying that result, is depicted in Figure 7.
In Fig. 7, a measurement system 60 is shown which includes a pipe section 61
adapted for the measurement of fluid flow, two transducers 62 and 63 positioned within
25 the section 61 and separated by a predetermined distance for transmitting and receiving
ultrasonic signals, a battery unit 64 (not illustrated for the purposes of clarity, but
whese connection would be well understood in the art), a microprocessor 65, a liquid
crystal display (LCD) 66, a serial communications interface 67, measurement
electronics 68 for driving and receiving from the transducers and timing the ultrasonic
3o flight time, and a probe 10! for measuring the temperature within the pipe 61.

The microprocessor 65 is preferably a 16-bit device constructed using a “von-
Neumann" architecture and which includes 4 Kbytes of read-only memory (ROM) and
256 bytes internal RAM. Also contained in the microprocessor 65 is a universal
asynchronous receiver-transmitter (UART), an analogue-to-digital converter
(bereinafter pADC) with a current source, a timer with interrupt useable as an event
counter and a watchdog timer crystal oscillator which is a time-of-day device providing
a 32.768 kHz signal. The latter is used as a real time clock and, when multiplied up by
frequency-locked-loop techniques, is used as a clock for the microprocessor 65.

3
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pulse sequence generator 81. The transmit frequency can be varied under control of the
microprocessor 65 by changing the number of high-frequency clock cycles comprising
-each transmit clock pulse.

20 The transmit pulse sequence generator 81 is formed by a shift register that
holds a bit pattern which, when clocked out, forms the transmit pulse sequence, The
bit pattern is initialised by the microprocessor 65 via the bus 79 to which the sequence
generator 81 also connects. More complex waveforms can be generated by having
more bits in the shift register and clocking at a higher rate. The edges of the outgoing

25 signal are synchronised by the high-frequency clock. A quantisation error is avoided at
the start of the transmit by having the transmit sequence clocked out by the same clock
that controls the flash ADC 85.

The transmit pulse sequence is supplied to four tri-state drivers 94-97, arranged
in two pairs 94 and 95, and, 96 and 97, each pair being connected to a different one of

so  the transducers 62 and 63. The driver pair (eg. 94,95) connected to the transducer (62)
which is going to transmit the ultrasonic signal, is enabled while the other pair (96,97)
is placed in a high impedance state, allowing the transducer (63) connected to it to act
as a receiver. The two outputs of a driver pair (94,95) are driven in anti-phase such
that when one goes high the other goes low. This effectively applies twice the drive

35 signal to the transducer (62).

Each of the ultrasonic transducers 62, 63 when receiving an acoustic signal
appear to the remainder of the circuit as a differential current source.




which the two ultrasonic transducers transmt sinultaneously; and 30
Fig. 13 is a schematic representation of part of the m croprocessor used in
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interface The gain of the preamplifiers 90,91 is high enough to ensure that the only
significant noise source is in the front end amplifier thereof. The signal is low-pass

16 filtered while in the preamplifier stage to reduce the amptirude of the poise. It is
advantageous to maintain one pole at about 65kHz.

A differential amplifier 89 sums the outputs of preamplifiers 90 and 91, and
provides dn input to a variable gain amplifier 83. The variable gain amplifier 83 is
‘controlled by a gain control signal 82 output from the microprocessor 65 so as to give a

20 signal amplification range of 0 dB to 60 dB. Such a range is required because the
amplitude of the received signal varies with the direction of the ultrasonic signal, with
respect to the flow velocity, the amount of flow, and the temperature.

The received signal output from the amplifier 83 is then filtered by a band pass
filter 84 operating between 80 kHz and 170 kHz. The output of the filter 84 has a DC

25 level centred about a reference voltage, which is generally about half the supply voltage
provided by the battery unit 64.

The bandpass filter 84 outputs to the flash ADC 85 which preferably has an 8-
bit resolution. The flash ADC 85 converts the received signal to a digital signal at a
sampling rate equal to the high-frequency clock generated by the oscillator 70 (ie.

3o 10MHz). Operation of the flash ADC 85 is depicted with respect to the waveform in
Figure 5. If the received signal lies between signal levels designated as Top Ref (ie. a
Top Reference} and Bottom Ref (ie. a Bottom Reference), then the digital value is a
measure of this position. If the signal exceeds Top Ref then the output is FF (Hex) and
if it is less than Bottom Ref its output is 00 (Hex).

35 The Top Reference is a DC level generated by a circuit 87 which provides the
upper reference voltage for the flash ADC 85. The Bottom Reference is a DC level
generated by a circuit 88 which provides the lower reference voltage for the flash ADC
85. The distance between Top Reference and Bottom Reference is preferably set to




35 is provided to transfer the flow rate and other data to a suitable data
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from tthe af orenenti oned I nternational Publication No. WO 93/ 00569.
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Firstly, theloglicD converter used is an 8-bit device which only operates over

a o W ndow covefid\gBRRE bl B e Al ADEES § REd btk RighlspbdimER6R) Ve
g ’ 77 under control of the address counter 76 and memory read/write control logic 75.

20 The memory 77 has two modes of operation.

In a "Measurement mode”, data is transferred from the flash ADC 85 to the
static memory 77 in real-time. One byte is transferred for every cycle of the high-
frequency clock, corresponding to a data transfer rate of 10 Mbytes per second. The
address counter 76 provides the address to the memory 77. In this mode, the address

25 counter 76 is automatically incremented for each transaction. This means that the
address has a one-to-one correspondence to the time the waveform is sampled after the
transmission of the ultrasonic sigpal.

In a "Processing mode", retrieval and processing of data by the microprocessor
65 is performed. Data can be transferred from or to the microprocessor 65 from a

30  selected address simply by loading the address counter 76 with the required address.
The address counter 76 is incremented on each read or write of the high-speed memory
77 by the microprocessor 65. Data from a series of addresses can, therefore, be read or
written to another address by loading the address counters 76 with the first address,
then reading out or writing the bytes in sequence. Data transfer between the memory

ss 77 and the microprocessor 65 is via the buffer latck-73. The microprocessor 65 reads
from or writes to the latch 73 rather than directly to from or to the memory 77. This
allows the memory 77 to remain in a low-power mode most of the time while the
slower microprocessor 65 is reading or writing data.
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102, such that:
Lsource = (0.25 . V1) / Ry
“The input from the resistive temperature sensor 101 is, thus, referenced back to the
20  supply voltage in the same manoer as the current source 69;
Vin = (0.25 . V) o (Regns / Rpiy ), (1)
where Rg,,; is the sensor 101, a temperature varying resistive element.
The nADC 103 output is 2 linear function of the supply voltage:
Vouac=(a+ KN).Vy 2)
2s  where a and K are known constants and N is the multiplier of the DAC 106.
The comparator 104 compares the ovtput of the DAC 106 with the voltage
from the sensor 101. This determines the N value for which Vg, = V},.
The measured value N can then be output via the buffer 107 for temperature
compensation calculations, The measurement of Ry, is ratiometric. Combining
3o  equations (1) and (2) above removes the supply voltage from the calculation, to give:
(0.25 . Vdd) - (R;W/Rm) = (a+ K.N) . Vdd
Rons = (a+ KN) . 4.8,
Also, the buffer 107 can be used for automatic gain control whereby the
microprocessor 65 determines the appropriate value, which is then input to the DAC
as 106 via the buffer 107. The DAC 106 then performs a direct conversion-to provide the
gain control voltage 82. A switch 109 is provided to isolate gain control functions from
temperature functions. In view of temperature being relatively stable over more than



adapted for the nmeasurenent of fluid flow, two transducers 62 and 63

positioned within 25 —the-secti och—64+—eant—separated by a predererm ned

di stance for transmtting and receiving ultrasonic signals, a battery
unit 64 (not illustrated for the purposes of clarity, but whose
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The LCD 66 i ncor poifabecaideessiconnter 764 inftialiseiao aonlue otier thantzewm, thenrthpeagessor
65 in a knowg Hpdh %Bunter 60an be used as 4 Walk- ihfe?ﬁb?&:lthé(nﬁ%tﬁﬁ%%%% bl e
read-only onnect %‘é us

control | ed b?"?‘ﬁ@ Fﬁsé‘?‘ SR ap& wrgs pn a °E"éﬂ“I?Fa°t°P§)‘ﬁ“‘3 of

i nformati on peamplifierseWsir, ethﬁubmza]rmﬁ&o 89, vanable gain amplifier 83, bandpass
filter 84, enables the memory 77 and the flash ADC 85. The microprocessor 65 then

15 returns o a low power mode while the data is being collected.

Having described the structure of the measurement system 60, the
measurement of the time of flight will now be described in detail with reference to
Figure 4, which depicts schematically the flow of information and a number of method
Steps resulting from the embodiment of Fig. 7.

20 At Point (1), the 10 MHz clock signal, generated by the oscillator 70, provides
timing reference information. At Point (2), to cause the start of a measurement, the 10
MHz clock is used, by the counter 80 and generator 81 to gencrate a train of three
square-wave pulses of nominally equal mark/space duration, which are fed to the
transmitting transducer in the measurement tube 61 for generation of the ultrasonic

25  signal. In the present example, the ultrasonic signal preferably has a frequency of
approximately 125 kHz, so each cycle of the ultrasonic signal has a duration of 80
cycles of the 10 MHz clock. Use of the 10 MHz clock to generate the transmitted
signal ensures that the timing of the transmitted waveform is accurately known, At
Point (3), starting on the same clock transition as the transmitted signal, the address

3o counter 76 is enabled. Thus, a synchronous counter is used to generate sequential
addresses for the memory 77 at the rate of one address per 100ns.

As indicated at Point (7) in Fig. 4 and as discussed above, the output of the
receive transducer, which includes the desired analogue waveform, is passed to the
flash ADC 85 in which the conversions to digital form are triggered by transitions of

a5 the 10 MHz clock. The memory 77 thus receives its address control information from
the address counter 76 and its data from the flash ADC 85, at the rate of one byte every
100 ns. The static memory 77 can therefore store 409.6 us of digitised waveform.
Some time after the transmit is initiated, and while the acoustic wave packet is still



The serial interface 67 enables the system 60 to be coupled to external

devi ces t hrough ei'ther an optical |ink, or some proprietary
comuni cati ons bus such as M bus. The battery unit preferably
conprises a single 3.5 Volt D-size lithiumcell. A
control | abl WOSHI4B8| oscillator 70 and crystal 71 provi de PCVARIM8B35ck bus
99, 10 a high-frequency clock, at a prefesred frequency of 10MHz, to a

hi gh- speed (fl ash- type) anal ogue-to-digital converter 85 (hereinafter

flash ADC) a [ ont.r ol , i ¢ 74 comr.y,Si addr ess count er
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to a flow nea¥erceaiied anchtheaincaming detaiminitiallyse DO levelVbegins to be written émoithieed i t
i s shut down émicciaeeryVva. power. 15 A transmt clock generator
(transmt counter) 80 n to the buses 7 nd . 99 and divides the
hi gh-f requency cl oc ?Oé‘g%'p%\% I3 §e é’f%‘é’ﬁmﬁséﬂaq% @%n?'o?"’t‘é{atf r‘g‘hg?ﬁwt memory
pul se sequienc%7 yetilcshartlyr begare tim, expecied antival fimsoefethe peauatic isignalar Ifembnditidey
ﬁpn}] r?I of t higave change'dcsx?prtmeﬁg&@r @%M,Chﬁnﬁiemréxﬁwﬁwﬁﬁéal té&‘[(withl more
i gh-frequenc C rising. . each transm t clock pul se.
The transmit %OLII)F ésrg&isslgcf%@wgg ;%%g'f'sﬁt%? g@f'rleg pf“gr‘#e[be s Cé HY?"FF"F@g}ss‘PB‘Fh t hat
hol ds a bit pHdorter thaptdQ9:6 Hshdhe siroevesdfobe addressneountee 16 amd thet sphsbquent
tSﬁqugnce.? T[leox\r:hrwriﬁég;[ﬁftﬁaﬁﬁﬁéﬁlchﬁryjW&é%ticﬁﬁﬁn@%aﬁﬁlvﬁixﬁé@prOCGSSOR/D 65 via
e bus o whic uence ener at or al sg..connect s, r
conpl ex WZ?/ef or ns El:a{)r? c‘gﬁ%%n@?aq Rackst gﬁ‘é‘iﬁ‘ﬁ@t“y the 1%5’?’&’5?5( drap “F‘Tfe“%?ﬁ?ﬂ‘t
regi ster and ¥pwgthefacasurenent ybopl aad.cafteriabous §GGs Gn atmenswringgtube gf 2éngth
signal are S%’mlﬁirﬂh(sedpééﬁofb@nbiiﬂha{ufﬁw_ Eib&é&ioﬁ%ﬁmﬁs v b S50udsE, R OF
is avoi ded a . AR ran . avin e _trans
sequence cl ocked" eéiul%ygl;?st%%é‘; %é%%ﬁsgﬁ%:ék&a{&g {nh%'t %ﬁ?‘?%‘ﬁé‘@?@%‘%\ﬁc 85.
The transnit Hal showgeiu&ige3. Being mymmue dram dieo teceiving - tanaduserir | Thds sighdl &7,
arr angedd 15 azh;ﬂ_if]sddﬂn RAkUntbed 4f ks Iuchiling; oRGradiable 3din sepe N amAine Trbﬁixm_a
connected to %E»‘%h h&ES t X N r.ver
pair (eg. 94, connec gtﬁxg%?%%?ta r@ﬁ?ﬁu%@%?gg&im%’fgm %@g‘l&% gﬁ?g to
transmt the YAFRRHOR Grsivatiop Jp described bglomt o Thaupgeived rsovstin svavgnackqigs thus)
is placed in conkerted bynthe GlasicADEI 85t amd sedrédind tixgstititemémi@p Fducer (63) connect ed
to it to act - e AnicRipPock&br 63 Uopd MR BHLRUA 3r Blta 3l ¥ ShridiHidq bediban®®)
such tﬁ e Qes hig tthe odher

are driven in_ anti-phase t n one \ goes
| ow. Thi s2®f f &8¢ i°f/étrey"°8]5$1°i Wave RAFkeL- tﬁls %M%%‘egépdﬁélﬁ ofoskip gtoppedand cer
(62). the 10 MHachookftotthee flasht ABCO8H, ovHichaslsel fimetions G2 ,a Wiltevdumbe nteclss vi ng

an acoustic siigfdhmemory 77, is stopped. If the wave packet is missed then the measurement is
repeated using a larger delay. The largest possible delay will correspond to the greatest
possible retardation of the acoustic wave packet due to maximum fluid flow in a fluid
25 of the highest density at the lowest temperature. The address counter 76 must be left
rupning during the entire period from the initiation of the acoustic signal, to the time at
which the microprocessor 65 disables the static memory 77, otherwise the position of a

data byte in static memory 77, will not correspond to its time of arrival.
With a digitised representation of the received signal in the static memory 77,
3o the microprocessor 65 and its associated software can then extract an estimate of the
time of arrival of the acoustic signal. This is done by resetting the address counter 76,
and switching its input from the 10 MHz clock to an output line of the microprocessor
65. A starting address is loaded into the address counter 76 and, by toggling the
aforementioned microprocessor output line, the software can access subsequent bytes of
as  the static memory 77 in sequence. The starting address is also loaded into a memory
location in the microprocessor 65, and this "shadow" address value is incremented
every time a data value is fetched from the static memory 77. To establish a quiescent
signal level 45 (see Fig. 3), which precedes the arrival of the acoustic wave packet and



appear to the remainder of the circuit as a differential current source.
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To enabl e reception of the acoustic signal, each of the transducers 62, 63
S CORpgeimAeet 0 two anal og nul tiplexers 92 and 93, WOTAUSMESLIr N
connect to corresponding current intggrating preanplifiers 90 and 91
respectively. A schematic representarion of the anal ogue nultipl exers
92 and 93 is given in Fig. 8 The 5 nultiplexers 92,93 switch to select
one of two diviiely a0t asd referensa iagainsy whichsadl other Sneasutements arg gampered, 2 nemberhe

i nput of t Lhe dF 9 REPlypicaBy aYower oﬁiisuaih% B39 61CI8ES ai‘erElreh@%dirpﬁlE"sltq‘ifc%ﬁnorg g
recei ve the r ive signa - . ach _preanpl ifier an
0 ampl i 116s VnauanEs a?ﬁeﬂ%a?‘ts%%%@é Thes i, P fos e St E5iHRer 76 Bharte
from the cor ne¥saaeEnty allos iy his deteppination ef3the Tuiescers sigual devel #H drond dawf f ect
of dany i ntserfredemel Qrithite hh@@zﬁ'}i{ﬁsfs .aﬁdibiﬁﬁédﬁgo ariiiaﬂltﬁf&he Edouﬁﬁd\ﬁghdl.i %&q&?ie&&mmt ) n
nmode Si pre ifier , al so _suppl. ias 'faqr e
anal ogue nul %m;"é’;@% 1 ﬁg‘g,@%",es vFWtﬁrW‘W@?#@é%gﬁﬁe t‘ﬁaﬂ’§ducer
62, 63. measurementheysigai 60.0fAlsocthp reazliess| dnticipated 90 vall of shehacplustineigodl t o
ensure t haz htraeesenisme comms:kzlsmjbﬁti f&nheﬁ%ﬁexgw@witﬁe it&'\)e\g hlstiﬂ‘a_r Sl QB
anplifier i gnal i ass i) tere e in-the
preanplifier %g é531{:1ies %g&?%%’g ‘{f@ aé%%% 'E}&gajloqutqu&gloh:ofhgglxanls s ndicating a
advant age®us respoRi oftthe Hamsduces de dheaacoussi wave Paeket. The measurement portion can
differential eafEnd fdr eoutSD BRIRytIBEoOHE Patkivedsigil @anpl i fiers 90 and 91, and
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i cr opr ocess&ircwar duflers ist estahlighed by the microprocessor 65, having a length preferably
corresponding to about 10 to 15% of one cycle of the acoustic signal. In the present
1§ example, where approximately 80 signal level samples are taken per cycle, a circular
buffer size of 9 or preferably 10 bytes is suitable. The circular buffer technique permits
data to be updated without a need to physically shift each entry along one place every
time a new data item is entered. A buffer pointer, initially zero, points to the position
“in the circular buffer where the next entry is to be made. The pointer is incremented
20  after each new entry is made, and when the value of the pointer exceeds the length of
the circular buffer, the pointer is reset to zero. Thus, the pointer therefore "circulates”
around the circular buffer, and once the circular buffer is filled, the pointer position at

any time denotes the earliest entry in the circular buffer.
As each byte is read from static memory 77, and prior to being placed in the
25  circular buffer, it is compared with the quiescent signal level 45 previousiy obtained,
and the sign of the difference is compared with the value obtained from the previous
byte. If the sign is the same as that calculated from the previous byte, the received
signal has not crossed the quiescent signal level 45 and the current sign is stored for a
future comparison. If the current sign differs from the previous sign, the received
a0  signal has crossed the quiescent signal level 45 and a limit is set that is equivalent 1o the
current value of the aforementioned "shadow™ address value, plus half the circular
buffer size. Bytes are then read from the static memory 77 and put into the circular
buffer until the shadow address value reaches the abovementioned limit, at which time
the circular buffer contains a set of data points approximately equally disposed about
35  the quiescent signal level 45. This represents a measurement segment individually

manipulable for timing calculations.

At this stage, the contents of the circular buffer are used to perform a linear
regression, indicated at Point (9) in Fig. 4, using the shadow address values




20 signal anplification range of 0 dB to 60 dB. Such a range is required
because the anmptitide of the received signal varies with the direction
of the ultrasonic signal, with respect to the flow velocity, the
amount of flow, and the tenperature. The recelvq&m%mgg

out put fronwoied14mel ifier 83 is then filtered by a band p ilter
operating between 80 kHz and 170 kHz. Thejgutput of the filter 84 has a DC
25 level centred about a reference voltage, which is generally about half
the supply volta

PLOY vi ded.by the batter un'
bandpass filt & %50”8 9L dime; 33is é’§ ‘%B@dg@.‘y B?‘H@r% }‘eﬁééné‘h" 8-
bit resol uti oﬁrcﬂaﬂdmﬂleash theDiepesiesiovariables Theclimear mgrssﬁomcgmphs@cﬂtangl itlgel t al

signal at a data paitdT®! Vel é%@uﬁﬁ%'a&t& @m@"uﬁh farl‘éEHtL ﬁggenm@ted
l ash. Al

by the oscillator .70 85 1s
depi cted wit h"FES tﬂifgc u&/ﬁb@?’ﬁ% H o &nggﬁpg ‘gkemes‘WE 35 4t @psien
signal |ies béreugbrihsgyessent|sipnal lveddsi andaaisod twe Tioercepfvalveadt that point tidiep

Ref er ence) andhﬁﬂtafmﬁﬁﬁneﬁlfsr eagh Eﬁhg‘@éﬁ,f dneted f[ﬁﬁh_ce) t heg t he di g:c tal val lﬁe
is a measure o ion.,1f t ceeds . Top .Re hen t he
output is FF l(‘Hexl) y gOlhts(l%?%?tth @e stopp Q'%"{ btf ﬁgfpl?cfg 153t 598eres 00
(Hex). 35 irst-In-FirshQuiTGf FR buffeminghe mtqnai)@mmlof ghenmicxomrdedssor 365 iforc ui t
?ﬁewggtctlo%r g\e/iagé??ﬁ% herhe co gg&a&san?q&ﬁm&en\g@i;?gﬁﬁé %ruéebefoé hﬁss &}ﬁ
provi des the {’ }‘éﬁg?’g;?&‘é“s%/& fésgrgla%?lgfwfer, Iaﬁ‘gﬁ %fﬁia&d g’”ﬁf@“"’&
di stance bet whefagop ttReienianbufesnd Bott om Reference is preferably set to
WO 97/14936 Because, as seen in Fig. 3, the received waveform begins imperceptibly and
PCT/ ARG/ 0065§u11ds up in amplitude over several cycles, it is not possible to directly determine its
starting point. The start point must be inferred by locating a later position on the
15 waveform (this position being used as a timing marker) and subtracting a time period
corresponding to a koown number of waveform cycles (which period in turn
corresponds to the time elapsed from the start point of the wave packet) from that time.
Typically, the position in the received signal 40 used as a timing marker in the timing
“of the tramsit of the wave packet along the tube 61 is a particular position on the
20 waveform when the waveform ﬁasses through the quiescent signal level 45.
The intercepts determined from the linear regression at Point (9) thus serve as
the timing markers if their absolute position can be determined within the waveform as
a whole. To do this, the successive slope values within the FIFO buffer are compared
with a stored set of slopes, referred to herein as a “template” and indicated at Point
25 (13). This stored template is representative of the early part of the waveform, the shape
of which may vary depending on the fluid flow rate, the properties of the fluid, and the
temperature. A convenient size for this template is two to four elements, ejther of
successive siope magnitudes of alternating sign, or alternate slope magnitudes of the
same sign. Once the FIFO buffer of slopes has been filled, as each new slope value
30 (including magnitude and sign) is inserted, selected elements are compared at Point (14)
with the template to obtain a sum-of-squares of differences. This measure passes
through a minimum when the template best matches the selected elements of the FIFO
slopes buffer, and the process stops the matching process when the newly calculated
sum-of-squares exceeds the previous value. At this stage, the intercepts have been
35 correctly located within the waveform as a whole, based on the known template, with
each intercept being nominally an integral number of half-periods from the start of the
received signal. Thus, the matching of the slopes determines a measurement position




0.375 of the maxi mum hei ght that the anplified received signal can attain

_wthout signi fi capt- di st 9H+eﬁ—-'H1-e—1msrﬁ—cm of theS'é“v—T't‘?ig_e?“rmst be
such that when the si gnal is at the maxi mum height it is centred, so
that the anplifiers 83, 87, 90 and 91 do not clip or distort the peaks
of the wavgfpiiigedet IS inMportant to avoid any clipping ofecriawssdéstayef or m
by the anplifiers 83, 87, 90 and 91 because it will introduce a DC of fset
into t he processed received signal S17- A signal reference 86
is a DC | evel generated from Top Ref and Bottom Ref signal levels and

lies mdway ketesetesiopdrevithintthe receivedgaveferus lwhichle eelated fithe cOfm@ieatifent of 86

Is used as t ap&i e out put of the bandpass filter 84 as
di scussed abt@% sgh%vzﬂﬁckw The data _sanpl es_taken by the flash ADC 85

are output on a si@hdndicated; preyiousiy, the frequencyhpf I‘P%WP'@{PF‘ HFuelgrm may diohenor y
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si gnal . fraction is, fdr'ex8mple! @qeil%nnﬁtefﬂi@er enhSﬁsr ﬂa@‘fﬁ&vu&n%e QGPRSLVEr O
data by the %r ofpr ocea%gg h 95? eg %ﬁ % ?] l,ansf er, ed
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Any intercept value in the FIFO buffer can be used to estimate the arrival time
of the start of the waveform, by subtracting the appropriate number of waveform half-
periods. To improve accuracy, more than one intercept can be used and the results can
then be averaged. It is preferable to use a weighted average, where the weighting
25 factors, indicated at Point (17), are derived from the slope corresponding to each
intercept. The earlier intercepts are from a low-amplitude part of the received signal
and are therefore relatively more affected by noise. Since the maximum slope of a
sinusoid is proportional to its amplitude, the weighting factors are made proportional to
the absolute slope at each intercept, averaged over temperature and fluid type. The
3o weighted-average estimate of the waveform start, indicated at Point (18), is calculated
by the microprocessor 65 in terms of sample number and fractions thereof since the last
turnover of the address counter 76. In the present instance, the address counter 76
would have "turned over® at 409.6 us, so that the total time-of-flight of the acoustic
signal, indicated at Point (19) is:
35 Ty = (409.6 + (weighted-average estimate of waveform starr) / 10) ps.
At Point (6), a2 new gain estimate referred to above, is calculated from the
maximum slope, derived at Point (11), encountered in the FIFO buffer of slopes. The
value of the maximum slope allows the amplitude of the peak 41 to be estimated and




77 by the mcroprocessor 65. Data froma series of addresses can,
therefore, be read or witten to another address by | oading the
address counters 76 with the first address, t hen readi ng out or
witing the bytes in sequence. Data transfer between the nenory 35 77 and
the micropr oW@EFM3E6S is via the buffer latch- 73. The nmi FINETEEEEYr 65

r eads fromor wites to the latch 73.ggather than directly to fromor
to the menory 77. This allows the nmenory 77 to remain in a | ow power
node nost of the ti hil e the : | ower .y c ocessor, 65 i s reading or
writing data. Henc%, gya%%gtg?ytlogég%gam of the ampl%‘er %?,pfror (t:he amplitude of the peak 4lg
PCT/ AU96/ 00653ta be held constant, or at least substantially constant within narrow limits 1 Those kimits
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sensor 101. s Thanthihgreforeda impkcurate lenatingoft those intercepts.c ¥ 68 gam of thevaibRegaly an
external resish@plifi@on -Eﬁge Ef&uéwfi 9§).§1 héagug %'irﬁét'y;’ﬁm b A %g{esgﬁgl)llts@dﬁ%f t he

101 can then be (eference ack to the suj vol't'age, provi
battery unit 62((,’1%35’ é‘ﬁe?alga??éesﬂﬁ‘ﬁﬁé’” 06%‘8%%?’?‘ °‘g'8ft’f?‘£e 69, thereby
As

al l owi ng a ratiometric neasgy effbgiTangettManSipheik(S,)

menti oned above, the m croprocessonhgfp:i n%ui%-éstihﬁferd irkd 3altfli Ch i s
formed froma conparator 104, which recei VE} tpe anal g a’successive

I ut,
10 approxXfmation register 105, and a di geal TTESOHHEM g’rﬁ}’élrter ( DAC)
106, a configuration well known in thé&, arMostAedentinmdmiimoshage. buf f er 107

pernits coupling of Howeveﬁ,%yssﬁdi.giom& QesiH, Ghd FsSINSEbLS BidSEM é&&npfm%@an
m croprocessor g@e b oxi or, t he tf:rgpe&aggnrl.el maasulrne&gntés tth
voltage is takBh-§iofSRPIRFmard Dy AL cxpanspyjal of polynomial curve. present case, a
cubic gives a satisfactory fit and, after linearisation, the gain prediction equation can be
15 expressed as:

G, = Gp +C; - Co{3,f(S;, = C3))
where C;, C; and C3 are constants to fit the particular DAC 106 and amplifier
combination, which in the present case are 59, 10.24 and 10 respectively. The resuit of
such gain control is that the maximum slope, encountered in any one received wave
20 packet, is maintained substantially constant for consecutively transmitted wave packets.

The re-estimated gain value G, indicated in Point (12) in Fig. 4, is a number
between 0 and 255, which is fed to a DAC 106 indicated at Point (20), to produce the
gain control voltage 82, indicated at Point (6) for the gain-control amplifier stage.

At start-up, there is no previous value of maximum slope from which to derive

25 the new gain. Therefore, a typical value is stored in memory as the initial estimate
from which to work.

There can be occasions when the required gain must change abruptly, for
example when the temperature of the fluid changes rapidly. A particularly difficult
condition occurs when the required gain falls very suddenly and the estimate derived

30 from the previous measurement is much too large. Fig. 6 shows seven examples of the
effect of increasing gain on the digitised waveform, where the gain increases by a factor
of 1.5 from one plot to the next. In Plot 1 the gain is too low, whereas in Plot 7 the
gain is too high. The target condition is similar to that shown in Plot 3 or Plot 4 with ¢
or preferably 10 data points falling between the upper and lower saturation values.

35 Such a-condition maximises the sensitivity of fit for the linear regression exercise
which follows the gain-setting process.

A consequence of this, and an advantageous feature of the preferred
embodiment, is that the procedure for gain-setting is extremely robust, being able to



101 and applied to an anal ogue input of the [err] ADC 103. The sensor 101 is

a resigstive 15 — tenperattre—semsor—supptTed Dy the current source 69. The

magni tude of the current source 69 is a function of the supply voltage
and is programmed by the external resistor 102, such that:
ITerr] = (Gv@9nasdd err]) / Rerr]. The input from t hePOTATIHP6E

tenperature sensor 101 is, thus, referencgd back to the 20 supply voltage
in the same manner as the current source 69:

Vlerr] = ( 0.25 .V[err]) ( Rerr]/ Rerr]), (1) wher e
Rlerr] is therespondowelll @d allzoft thaynonditionselikely yo bg metsimder veal edopditions. The

Vert] = (a +ipueul st & 8 odotdhally 1iikising Tustioh of & Rith,so B iCseting |
known const an‘frgbeg%&g W\Q L ?‘]HBStrwﬁ g3ip i 8Fh36fd§ffﬁngAng%félgl} ar 13 'Bleho corregt, o
conpar at or 10w4pidinfsarsiuation withtqxoessivelythigh g3imc 106 with the vol t age
fromthe sgnsor 10X oneliddfiodSt ShffoneRhiblh tudl BePAveRiel GY thabbCrerd/plin! | Becadet! 1] -

The measured yalue N ca hen be out vi.a the buffer 1 f.Oor tenperature
conpensat i on ﬁlaﬁlimnéﬁnlcd)&ée MgLPr %"g%rﬁsﬁf“’%?mﬁ[’ &Yy ?@QIZ&‘PO %.b"
Conbi ni ng 30 trentaiad ite Aeyo( Bycausedhg ayw ghig\estimaserds desived Eromuthp ipyevias tvalpe tyr om
tRFe c ?' fU:Q[at ' ﬁﬂltipliéh(tﬁh,\/ ?ingain-set{i/:;g process cannot recovdrOfrém a 2t ghih dituatibn.

err er = (,a N | err . . .
Rforr] = (o iigksgre e progpis Hetudfk 8okl check, whojeina notgerg vpli js spsstui fare
used for autohamex ggin if theoalcnisied \gain g is zas0. m croprocessor 65

determ nes the apprippiii B ?a%nuﬁomvm&ﬁﬁbvb%emsd Rl thae it i hoPpéeessary 10106
via the buffer 107..The Dﬁl 106 t hen perfor a di.rect ¢ '

rovi do the measuts:he Saxgmyig;or impitiin Raloes” of s ety ueal 2 Bencd i i pot
i sol at e gai n mesessary| tofhawe adcessgo thap part of thetwavptormt (Fids allovest the electromic \gaimy of
tenmperat ure bitRGe! R it hEpeaks bRt X aPfbim P hbVE RAd below the voltage range of the

15 flash ADC 85. By operating in such a state the middle part of the waveform can be
digitised with an enhanced amplitude resolution. This enhances the accuracy of the
entire process of determining when the signal has passed through the NRS state.

Also, as long as the absolute position of the timing markers in the waveform
“has been determined, it is possible to use any of the occasions when the signal passes

20 through the NRS state as timing markers. An average can be then taken of the
estimated time of arrival of the signal based on a number of those markers. The
average is advantageously weighted according to the slope of the waveform at that time,
since the accuracy of the estimation of the time when the signal passes through the NRS
state is better when the slope of the signal is highest. _

25 Using the method developed, it is possible to perform all the needed processing
of the data in a single scan of the data. This has the advantage of requiring less time
and less energy for its execution than for methods that need multiple passes of the data
through the processor.

The method also makes it possible to take account of the ageing of the

30  transducers, or other processes that may change the shape of the waveform, by slowly
updating the template against which the waveform is compared. This is possible
because there is a large degree of difference permitted whilst still obtaining a correct
determination of the absolute position in the waveform.

Further, by using a clocked shift register to provide the transmit pulses, the

35 edge jitter on the quartz clock pulses can be reduced and hence an increase in the
accuracy of timing can be obtained.

In a second embodiment of the invention, the method and arrangement
described above is combined with the so-called "ring-around” method described in the
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13 - one sanple,”wWhich requires gain control determ nation,
tenperature functions can be per formed when fl ow neasurenents are

i dle. In an alternative configuration, a parallel or serial
(eg. 12C) OWOPUE4S t he m croprocessor 65 can drive BEIAY5@P§F3| DAC
(not illustrated) which can directly s usuppl y the gain control voltage
82. Conservation of power |s I nportant for long battery life.
Current consunption is reduced by maintaining the electronics in a | ow
power nmode WHPRES anentiosed binernariopal  Patenty Riblisasion oot e WY 93166569be Unethet 0
hel |ot achi eve cﬁuﬂﬁlrﬁﬁﬁlﬁ%Vﬂédsﬁrﬂng frulel 280 Y4RINERCAS dRscribed §3/660968Y an

count er.

250 ; S cou ter 76 Isu‘?fniegéa sed to a val ue
ot her than zeql% P’ﬁe?r?sf:ﬁ%re@y?‘{/m enm? A% 3gEITRG, % 1 apin the reguireds a
wake- up mterﬂqvptlcwcvhéf misigisrese caesEing 6/8re the for this tivhing,0p clack SemiingSat

Wérilégs ijlpf ;’%2? &DMHZ%&@@eS‘rgﬂﬁégl PRhd s:fheC Sdciaby @ﬁlarﬁé)g;ésljugv;ehn?né)tnucﬁl ?I er
bandpass | Pouer Sansolipof b imbe, foR s e snaie o) dehai avinde e e

i cropr ocessdimess then 15 returns to a | ow power node while the data is

being collected. Insucha scheme higplemiéntétessing BE thabiiikys Tt rth%r@ie%t Q:ﬁrcﬁtﬂﬁ t!1e
now

measur ement sure nt _af, t.he tine i.ght W |

be descri bedsrgét“c?fg]t ‘g'q?e %é}’t ke rﬁéﬁ“@?‘g e o “'?5“5&?‘5 gos.wgl 8 ﬂ%eﬂ‘i“ﬁ"tcgm
schemat i ctl | pignaklevelodd on whwlommmmtaﬂm nexhpitve rAm ltnassoimblurst is sastpieds
resulting f er@Mﬂ a@ﬂh%ﬂﬁ&f&erﬁfne&lvﬂmﬂactsztg mhxbxt retransm:@éoﬂaﬁitﬂtthe(é-}walt&e 10

MHz cl ock SI at rovi t.imn
reference in o’rﬁ’rlrﬂal 8{0%&\%30 fb%? B‘(Q%&ﬁ% é‘h%a '@é tf%“ Pﬁr"tf%?ff ultrasonic hyr
the 10 \hen é@tgwnqumege@cuwbt Re tsbAmittiog 23Gquence gf nitrasanis b@stst aach
generate a trbaesd Affer tthe didst being &ﬁnb@m&ed/\@yﬁx Peckisin 6Ff thaOffiriedidily Qite@Uing

'he. moasuermiich ke APop i, fomkl rmuie o FEE R Dl B”"“Sd”cerl 0
the present eXessgef ﬂ?"n@"ﬁ?ﬂma@éﬁﬂi ée‘@\ 4nel the recpivedy litrpsanigspulser ondy, aﬁﬁc@llsof
delay has expired.
) This method has the advantage that the delay to the crossing of the quiescent
signal level 45 is determined with a single ultrasonic burst so that higher order acoustic
20 modes from previous transmissions are not present. Further, the method requires less
energy to run a slower counter and transmit the ultrasonic signal several times. The
identification of a specific crossing is better performed from a timed delay. Acoustic
modes remaining in the tube from previous transmissions will modulate the received
ultrasonic signal and cause its envelope to vary in shape. The retransmit crossing is
25 little affected by residual modes because the energy of the signal is relatively high at
this position.

A crossing of quiescent signal level 45 by the received ultrasonic burst is
selected as the "retransmit crossing”. This crossing should be one which arrives before
any significant secondary modes, but also arrive far enough into the waveform to be

30 little affected by noise. A suitable crossing for the measuring tube described here has
been found to occur two and one half cycles into the waveform.

A measurement system 120 which realises the advantages of such a
measurement scheme is depicted in Fig. 9, where components having like structure and
function to those in Fig. 7 are provided with corresponding reference numbers, some

as  other common components being omitted for thé purpose of clarity, which will be
understood by those skilled in the art.

During a scan, a transmit oscillator 127 is enabled on a crossing of quiescent
signal level 45 by the received signal 40. The oscillator 127 replaces the pulse



approximately 125 kHz, so each cycle of the ultrasonic signal has a

duration of 80 Gyetes of +he—t0—tz—ctroctk—Use of The 10 MHz clock to
generate the transmtted signal ensures that the timng of the
transmtted waveformis accurately known. At Point (3), starting on
the same cl@glyrhfeagisition as the transnmitted signal, the BCUACIHHOE)
counter 76 1s enabled. Thus, a synchronous counter is used to generate
sequenti al addr esses for the mam)ry‘2717“ at the rate of one address per
100ns. As indicated at Point (7) in Fig. 4 and as di scussed
above, the ougenetatof8lt b Fig. 7 andeisedsymhidnsins g an tibing lrotuned videls 125 eand

desired anal 0&@@@’&%‘&?%&'&&&%@7 to the flash ADC 85 in which the

conversions t Ital formare tri q?ered by transitions of 35 the 10 MHz
cl ock. The menory 7&%%& timipgs pouaer | dlack 12§ i pEoidad: ingd tRpE feRtradler fl2bm

the address cwhich eeplates dredransmit dadmerfof dhig.thand banpristOL 28%bit resettable coaiter of
one byte eyeryeq for é&%@themﬁmﬁﬁ@é lifde mrt%(keg fo 94919 ﬁhﬁ?{ ﬁgﬂr&}e%a%&ﬁmélog 6

[err]s of diglt wa time a
initiated, an® e Ut 22 ’SV\!'&% ab‘&& Raft qféhesff“ﬂ fransmitted pulse iy scan
97/ 14936 and countmg is disabled after reception of the last received pulse in a scan.
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propagating al | ong Fontrol logic. ll‘zl’? ~ P mgldegin the contrqlier 121,g infograte ¢ leanngP S ¢
menory 77 e&?%gné‘ﬁé?ﬂ‘@a"’é}?d the incoming data, initially a DC |evel,

begi ns toibe writt &fhei cuintrollérel2] also sichilesca Neagioreyistéy .122 which receives aTdelay

conserve po""eéﬂh‘ié‘ﬁ @tﬁé Hﬁﬁﬁﬁr%ée%ﬁr 6@5\;19%%5‘% 3t ¥ ee e ﬁ&&h' 'S‘&‘e"}r}f%’ 5

(7 Shor S Sl SRS el e e
is repeated wduntend22 is loaded cachstime therevie ars slirasongstranBaissiose t he required part
of the received wav@h® miBabiembtidlare specifically performed in the following stages:

15 1.  The transmission direction is selected using direction lines 982 and 98b.

2.  The receiver gain is adjusted, under the control of the microprocessor 635, until
the slope of the received ultrasonic bursts transitions are within an established
specification.

3.  The crossing detection delay is initialised. In this first stage, the waveform is

20 sampled digitally, and the time from the ultrasonic transmit to the arrival at the
detector of the crossing that has been selected to initiate a retransmit is
determined. A delay value less than this by half a period of the ultrasonic
burst, is loaded into the delay counter 123 by the microprocessor 65.

4.  In this stage of the measurement, the transit time of the ultrasonic pulses is

25 determined more accurately by transmitting a sequence of ultrasonic bursts,
each burst after the first being transmitted upon reception of the immediately
preceding burst. The generation, emission and detection of a single ultrasound
burst will henceforth be referred to as a "ringaround”, also sometimes known
as a "singaround”. A single scan of the fluid flow consists of two sets of a

10 predetermined number of ringarounds, first in one direction and then in the
other. A sequence can include any number of ringarounds, but advantageously
will involve 64.

The delay counter 123 and the timing counter 125 are started when the first
ultrasonic burst is sent. The leading edge of this first ultrasonic burst is synchronised to

35 the timing clock 70. The start of the second and subsequent ultrasonic bursts is

asynchronously triggered by the arrival at the detector end of the measuring tube 61 of
a specific crossing belonging to the preceding ultrasonic burst. The specific crossing
which triggers the retransmit command is the first crossing of the quiescent signal level



shorter than 409.6 [err]s, the turnover of the address counter 76 and the

subsequent overwiting of the static nenory 77 do not constitute a
di sadvant age. 10 The acoustic wave packet generated by the
transmtting transducer travels al ong the neasurenent tube 61 and,

af t er about WSDU[MP6] s (in a measuring tube of Iength PEFEALISU0GP o speed
of sound in natural gas reticulation systeps of about 350ns[err]), it is
recei ved by the receiving transducer resulting i n an anal ogue el ectri cal

si gnal , such utput fromthe receiving

0
transducer. ThI s°f§%‘°gﬁ§r"f?"sp°?§“y %ftﬁ"fz | %‘d“%ﬂ“&‘&?ﬂ'\% &t argive aftergie delpy, epupei ng
one vari abl e- g@Bhastimgé outafitie polerityceqiitedifer acrossing wiggnearhie ai refimaliitdbpaids

Poi nt (5), of

vari ation der |@at§?gﬁmltﬁf%5@%beg€g§el owh%b r ecel&?/% ls-&gous ‘g\%‘%‘\%‘ tﬁgﬁk t
s thus B 2b ifF ks RS FPIARESk D T Paseb derends §6and the Panchusor y
77. 5 ﬁltcr Sﬁe i ouppr oftrbs sompiStos t126 sorreats oo Heaednsit chtrolifdrat2afis er

the antici pat @fjggdr air¥alangfh céhiBodf the acoustic wave packet. The address
counter 10 MHz c pe MHz clock to the flash ADC
85, which al so funcﬁvlh rf’§?a¥s'g % m%f’& ‘E'Prgﬁéﬂle"éi Gonmter 123 atithg startypfgheynexy, | s
stopped. |f tHdtrasanie ipmstkend imgnediately cotmmenceshte comats UrThertithingScounter 128pigat ed
using a lar gerstdiﬁé@l‘)?r ti@%rﬂl% Q€ SHe Q&S&brbbieﬂ{ggi pBoifi %“c\%\ngilﬁgrﬂeﬁégﬁgg tt?tf ggk‘?

gr eat est 0ssi.b dat |P .t he
et mum {1181 o “FEBRAE put This pPeific'rossingui g Iy qonater &b s At
tenperat ure. Theerntidf eseriescafingaron@dsntbe vﬁae lixefhb hlgh speed nm:modmérngstxbe

entire period ganhe iR thicAdpka@ h GRdbalii

which the m Cr.oprLo rg;og}tﬁ xmcd| sab?sg?s(s% hgnﬁ | d (rsr%p%kmq}@S&QSl R%‘rgést@t
position of a® l?@?‘? TeAReRER TS |rﬁpﬁ?§‘§ua@’ef‘f’r CE\S‘F?'e\gﬂ ‘f‘l‘d‘"’?
its tine of arfﬁlr beth directions are used by \spfewarg inlithgi micepocesspr éimwlctulm thef fldvine

recei ved srsgn&htelf& ﬁxaecﬁ;i&ioa MBER{e thien 133% élﬁ‘zeﬂse% QR&M@éfn% tﬁ51d@d‘9y Its
associ at ed sof

C
arrival of th e%elr ?b‘srsﬁgrﬂ’sm“f‘ﬁ‘?g‘?eserﬂldﬁéﬁravefagge‘?‘t"gﬁ‘ﬂ‘% he address
counter 76, andL sipgareyridngpaiense | in penally r madet wre of @rovisy of| fouk firlgsminTisit put

| |d ge of the {nssqamseo@mmg& lsdeplctﬁ&nﬁi tlﬁMahﬂ‘!lOEddhe séquesice 0736\ ds kAHOWH he
aqaadress count- Y, or | essor
out put |ine, %Ed?r@e?@ges (g%{g ess sglostg'&uesn v%ﬁf‘;wﬁh pfgt{nﬁ%%g‘?gﬁ’

menory 77 4°n %&E’fence The startl ng address is also |oaded into a nenory

| ocat i on |3 the m crropreqsees;marﬁﬁrevaﬂdr dm%'@hgg%tf ardis iR poadritaf:chﬁxge

i ncrenment e t e [ Jrory
ﬁch‘?é(t%)ﬁg idﬁﬁgaan%%@e 611 thk %né? di? QE@L&M%{?E?

77. To establi
precedes the zﬁ“‘r F‘W’bha"ﬂﬂea diffseent ipe %ﬂrelfbaém Qirfﬂ“f ﬁnngs, the signal inverts
after the third and restores on the fourth firing.

25 A ringaround sequence consists of, typically, 64 acoustic transmissions in each
direction, all but the first being triggered by reception of the preceding transmission.
To assist in cancelling the buildup of coherent acoustic noise in the measurement tube
as the ringaround sequence proceeds, the polarity of the transmitted signal is reversed
on a regular basis throughout the sequence. The sequence is notionally made up of
3o groups of four transmissions, with the polarity of every fourth transmission reversed
with respect to the other three. Thus, if the two possible polarities are designated "A"
and "B", a sequence of 64 transmissions could have a polarity pattern of
"AAABAAABAAAB ...", the "AAAB" pattern being repeated 16 times overall. The
polarity of the crossing comparator 126 on the received signal is reversed just after a
3s  "B" polarity transmission and changed back again just after the first following "A”
polarity transmission to ensure that it matches the received signal polarity. Further, to
cancel errors which might be introduced due to offset on the comparator 126, the
overall polarity of the ringaround sequence is reversed for each complete gas velocity
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whi ch . acts as a reference against which all other neasurenents are
conpared, a nunber of bytes, typically a power of 2 such as 128 or
256, are r %7)(1599 the static nenory 77, summed anBCT/AB/08653r aged.
The startlﬁg’ pol n for the address counter 76 nust be | ow enough to

allow for this determ nation of the qui e®éent signal |evel 45 fromdata 5
received prior to the earliest anticipated arrival of the acoustic si gnal.

The qui escentmeasuremeﬁl gmabs kRvgdiarky km&b&swwwmest BBBYABBBABBBA .

no-recei ved- Sﬁ&%. b PrltR%gp:%}ﬁL:% r?Jcr#aﬂ fthe - oF the gna%méoumptuclglo 12&"03 0,

the earliest rrva epresents
t he comencerf¥fY B‘Ffﬂh“ﬁ@&ﬁﬁﬂ"@rrent portlon of the stored digital signal data

which is represent at kypicabftinging aigrog for sucinglmeastirgmént fsequentdés GeFioeduger

I ndi cati ng a ngo 11AMH3R9RsS e of the transducer to the acoustic wave packet.
The neasurenment portion can extend for about 10 to 20 cycles of the
recei ved signal 40A further embodiment of the &veRtion EAmpEisesn mepsyrRment systsm 480 has

been det erni rkenbmaaibalaouepic:w)n HigS Of2t Ml i which traGinfiesierabf el diGksonfe signal

cor r espondi ng el B3 17 DAY aidoions Ml B e BoHoR bF W again,|
the present % ike refsreniop| meFHE aEe Apad BK 1|’|‘i9t empopents, ihgniag lFl@v@lﬂc%QIHpIS@lsmare
t aken per1oCyCdoﬁ1poﬂenﬂslKmh@’mbeenomlhetffoethe%hzdaoﬂﬂarﬁyOr preferably 10 bytes

R - nae o SNSRI LR oS o8 e O o
Lime a new daiey mel.| Tranmissien ocqur fremgiotty HWE‘EWS 6hand 63 pt,the same t»m nts
to the positithén at a suitablet ﬁmeclatecu(adVantugédtﬂy whvat S00hgs riexatralt pas)i both 0 be
made. The pmt%?(fucéé ézn%ae BELe gsed as receivers for the signal transmitted by the other
15 transducer. Two separate sets of receive electronics are required, which correspond in
function to those of Figs. 7 and 9, but whose components are respectively identified
using the suffixes A and B.

It is extremely difficult to make the two sets of receive electronics sufficiently

‘identical in order to avoid introducing significantly different phase delays. These phase
20  delays vary with conditions such as temperature and gain.

To cancel out such an introduced phase difference, a filtered and attenuated
version of the transmit signal is connected to both receivers. This is achieved by
passing the outputs of the transmit pulse generator 81 firstly through a filter 141 and
then to a variable attenuator 142 controlled by a control signal 143 output from the

25 microprocessor 65. The variable attenuator 142 outputs to 2 fixed attenuator 144 which
supplies two analog multiplexers 92A and 93B, which are of similar construction to the
multiplexers 92 and 93 of the previous embodiments, excepting they are each of a
doubie-pole-double-throw construction, rather than a single-pole-double-throw
construction as used previously. This signal is processed by both sets of receive

3o  electronics and stored in the memory 77. Because of the need to store two sets of
received data, the memory 77 is modified to simultaneously store double bytes (16 bits)
of data and thus has a preferred total capacity of 64 Kbits, The signal is filtered so that
its transition time is greater than eight cycles of the high frequency clock. This allows
each flash ADC 85A, 85B to obtain sufficient samples for an interpolation. The

35 difference in phase delay can be calculated from this stored signal and used to calculate
the correct time difference for the upstream and downstream directions.

The actual measurement procedure for this embodiment can then follow the

following sequence:



20 after each new entry is made, and when the val ue of the pointer
exceeds the length of the circular buffer, the pointer is reset to
zero. -Thus, the pointer therefore "circul ates” around the circular
buffer, and once the circular buffer is filled, the pointer fosi Lon at

any tinme dewosmasishe earliest entry in the circul ar buf f iCT/AU96/00653

As each byte is read fromstatic nmenory 7%, and prior to being placed in

t he 25 circular buffer, it is conpared with the quiescent signal |evel 45
previ ously obtaj ned . and the sign of the difference is conpared with
the val ue obtai hed TRttt dsivessi®T © the up apd down transducess §2,63sare kaablaire as

that cal cul ated froBothhmcgiveyi AumdbBtfe coffcle80Bi & @@nsmit signal ¥R had e Ot
crossed the qui esceﬁ{Ie ' : :

\Y% t u skgn is stored for a
future conparison. | é;em?&lfalrmghgﬁqs? lﬁ%éjefafdﬂlsgeﬁf_é%ﬁ%‘ﬁgk 8\7F8f?§“%’?’@srﬁ'°t he
recei ved 30  si gnaf"ehicd apd 3 syt plack of thei raereqsn (77 45 leated) evel 45 and a linit
is set that is 2qui Vid address codnne 76 is enabledrane e sighl'Raittddeindbar GRRAbisONEd

"shadow' address va , LI r buffer .size. Bytes are
then read fromthe is)tg‘gt P@k%g’érg?’l;é%@ﬁ‘ﬁibpﬁw ?nf ) ctyﬁlgs’c#?%&c’g‘r sets of recgive o
until the shadow ad®lPEEaRics r¢,aoied 48 Keesfinsh blogh of Banemaery 3. | Thattdataaperwits ch
time the ci r cthe phadsudefag calcalntidn discussed eiovef data poi nts approxi mately

UL, 570 ol i i e ki i
.

a measurenent segrrenftthl ndi vi gp _
cal cul ati dfis. of the memory¢7 gy jelecteflq glhe muylaplexsrs R385 are [vhanged o tzat

buffer are used to themtfansduces hierveatected to thelre@hetec@onics, Ndi cat ed at Poi nt

(9) in Fig. 4 4151 nfo BhseNeApiRi AU Eikve" BbtfShics are disabled WRISILIHISE he

correspondi ng to thetrasonis pilses agdue fparriygependent vari abl e, and the data
items in the 5.  Both sets of receive electronics are enabled and data from both sets of receive

15 electronics are stored in the second block of the memory 77.

In such a scheme, during the transmit sequence a much reduced version of the
signal is coupled into the two preamplifiers. The amplitude of this signal is variable so
as to accommodate different gains in the receiving amplifiers. This transmit signal

“passes through the amplifier chain and the flash ADC's and is stored in the memory.

20 The multiplexers are then changed so as to receive the signal from the transducers and a
higher order, non-counting, memory address line is changed. The lower bits of the
address counter 76 continue to count. The receive electronics (preamplifier, variable
gain amplifier, filter, flash ADC's and memory) are all disabled until it is time to
receive the ultrasonic pulse.

25 The data in the first block of the memory 77 is used then to determine the
current phase delay in the manner described above. The same process is then applied to
the data in the second block of the memory 77. The phase difference for each direction
is then determined. The actual times of propagation are then determined using that data
from the second biock of the memory 77, and are adjusted where appropriate by the

so  calculated phase difference and then retained for averaging.

In each of the embodiments, once the microprocessor 65 determines the
average flow rate, that value can then be used to calculate the flow volume which can
be incrementally retained. The flow rate and incrememal volume over a period of time
can then be displayed by the LCD 66. Such information can also be communicated via

as  the serial interface 67 to a data acquisition system. Typically, flow rate calculations
can be enabled at periodic intervals, generally between 0.5 seconds and 60 seconds.
Preferably the interval is about 2 seconds.




circular buffer as the dependent variable. The |inear regression conprises

fitting the data pairs of—vettage—and—tiTEt0 a strarght l[ine using a

| east -squares techni que. The regression |ine technique allows an

esti rrate of the sl ope of the signal as it passes 5 t hrough the qui escent
si gnal V&l IRae3gNd al so a time intercept value at t hat POHAU6/0065 e,

whi ch are eterm ned for each neasurenent_segnent. At Poi nt
(10) both the slope and intercept esti net®s ar e pl aced in a software
First-In-First-Qut (FIFO buffer in the internal nenory of the

mi croprocessor 65, If o¥ill thus beadpphress romTihe feuEpingadmissiihénys tiess Shefgeharhient

FI FO buffer hij t rg., C ss
toit is rela &?—’dm;&r F‘ tr &g'g&lfgﬁ)ﬂ bP dﬁl &oéxt% on?eeﬂarr:lkeellf ?‘FP ® d&?&e
rate of the ci“f"tfﬁ’F‘ pn, Mﬁf‘&ﬁ" subsequent use of ‘hls nformg °‘§é§’ncq“PPaF’F‘§‘ with he
recei ved waveémrdmdodgmszemm of péledatd/ wawform featves, | babth tp uhiquelypbiestifgde over

several cygl eﬁmtuﬁcﬁ— ﬁ?rﬁgﬁlatp&%ﬁk Bt etv&v%ogﬁ be tfdo%‘ %er@th?ijo}zﬁation 2N I ng

poi nt. The star e In erre poOS] 201 On t he
16 wavef or m gent tﬁﬂfswnﬁé‘? 33 s%f&“‘%’ ?%W‘FPA‘P‘KJP’) thenarrivabef $het i ng
a tinme peri odreceived waverpaskmndi ng to a known nunber of waveform cycl es

(whi ch period in t%ﬂﬁ‘gﬁ a F‘éﬁ"r&?%&?féﬁén&ﬁo& Bfols! r&gﬁxﬁé%‘? L&E ons&ﬁ eS¢

poi nt of the wave pac |on |n

the recei ved $pgrsiem4p ‘Q}‘s%‘b‘feﬁé"’%‘ signal (YR¥hstwte to ibﬁ TegRr mTHlj is achieygd
transit ofiot heversgumy thadigitisediinn gpkeinbeforelihe fiivalofahendgdal.cul ar positi on on

the 20, vever or m wiglhr el AUALALHBAIAE bl BUYBpt B vl YofiafhDiveRl

| evel 45. eSS|on
at Point (9) #fupstionpf imgdo be detefrn'@eé PYRigchriguk of Sittng the data pas of dpgmz
posi tion can & tilnd ey astradght ling hmg thh deasvesqedrey tevimique. a whol e To do this,

t he successive sl Opﬂlev?dl\kheﬁfm ﬁﬁjﬁieslgﬂézglmf fera lﬁudéo@ﬂf’ ith a

stored set of slo erregt catl e
Point 2. % 1 5SSHmARAng Heneey by SRRS peibe SaDEE Sh ARPIAIET ffor “§‘f°p°ofrt of
t he -.wavef or m tht mecepled pignal to be béld whistant omwithinmgrroke tisitsi ng on the fluid flow

rate, the prOpe”'Q?sxﬁchTe EJHfﬁhs &E&u&l constanté e%%&fa? it £ ﬁ&@x’t&ﬁ%ent
size for this, te '&prstwo to f.ou el t success|i ve

sl ope magni (IR SNt PO 15 fhe Brvelir Ay SoaNE B8 HEEHAPS RUBEORR! ¢ e
same sign. Onteapiakes TﬁeFanMf\Iset asod nailllzpms'kham the timing ¢f] thel transit ofatbé: sigaal

sl ope val y¢ 3Gbwd uﬁqhy@l g paraiear dtdeorand sé)em)océasmwwéﬁ & wRkRR! Pakses
el enents are @r(ggﬁal?e Fg& ng nt (14) with the tenplate to obtain a
sum of - squar e Thi s measure passes t hrough a mni mum
when the tenpl ate wpteanttwe&att the vewefonm passes Wrgh sheoNRS Htate jsrdgtermined
from the function fitted to the data pairs mentioned above. This allows the timing
accuracy to be enhanced by effectively interpolating between clock pulses, thus
25  overcoming the quantisation that would otherwise be present.
The preferred implementation of the present invention confers certain
advantages in its use as an ultrasonic signal timing technique.
Firstly, the preferred method is less affected by temperature than other
methods because it uses the leading part of the wave packet. This leading part of the
a0 wave packet consists principally of the plane wave and this is much less affected by
temperature than are the higher order modes forming the latter part of the wave packet.
The preferred method also makes major use of a quantification of the slope of
the waveform as it makes a transition from a negative to a positive peak or vice versa.
An array of slopes is used to describe the waveform in a simple and concise way. This
as  also gives the user the ability to compare waveforms with a minimum of data. The
transition slape also confers the ability to identify the position of the transition within
the waveform and thus calculate the position of the beginning of the waveform. Each
transition slope can also be used to infer the amplitude of the accompanying peak and



sl opes buffer, and the process stops the matchi ng process when the newy
cal cul at ed sum of=squares exceeds the previous value. At this stage,
the intercepts have been 35 correctly located within the waveformas a
-whol e, based on the known tenplate, with each interc '

nom nal | y awoOi9m#d¢ al nunber of half-periods fromthe staF&%P%gﬂ
received signal. Thus, the matching of thegsl opes determ nes a neasurenent
position WO 97/ 14936
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for each sl op&aBiPE M5 35172 AMERRtIVERRrFMSIER 19rth Peakibeight, and éh“ét‘%"@’ti“mélope

comrencenent gfrovides a gsefnl paramstef forvibeymijysanéoe bf gain in the system. As i ndi cat ed
previously, the frew&ﬂ&y&fsezeheodsp@my%ome&fqm b the wayBRIrfn a1

of the drive gnal ani.ng that rive wayvef o erio not be
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parti cul arlsy gpweferred emmthemhen gicrpase of apcuracyt dvereSponding fto appshximzately it Stbits
rather than a %&u%v éﬁnn ﬁnél&ﬁxe—to—dx itht" @&ﬁ%e&v%r@?ﬁﬁ%vﬁ%ofé’rgu made
of a material such.as reso da é uencg@aﬁ t he cog’
transducer/ chaﬁﬁ’B@x}‘M‘E‘V Mﬁiﬁé’c“f’éﬂ‘?‘” @b thenseprived; or Fieofiat leserbing thed
signal, and t hrausitiesvaznthus morpusncusatelyn defined yandrtr is ebiéryfofel fossiblel f/havei bre
tenperature 1%&«5}% lh lﬂ&éﬂmﬂrngp@ﬂhssl 1‘§§osslﬂlé‘b&$ﬁb &neod}efeag@ maamafdfoacs& Efhe
alter the |ezoe§€Sn eh {: g)bﬁ%ﬁ%tles ans&gﬁé pro ﬁjl(élng
changes in'% gf e\/?‘fvﬁ g for & urement PPFF@&%@H
cater for thesgnwohirgesyd e tiReoransitipl Slopaosty ow novi ng aver age of t he
recei ved waveform p%b%'cfbﬁed(ﬁﬂﬁmﬁ %so%hféf&' @t LByt tBeacé&ﬁthEddi’é)W cihgdshin
recei ved si gnat{1 ]’ | S_aver aape can Eil conveniently ug tfed fro%ffer ences
in the ¢ ultrasonic signal’ which might accompany the ‘ageibg of, or any

transducer assembly, by slowly updating the template against which the waveform is

15 compared. This is possible because the method permits a large degree of difference in

the size and shape of the waveform while still obtaining a correct determination of the

absolute position of the timing marker within it.

In addition, by using 2 number of the transition slopes, the preferred method

“makes more use of a greater percentage of the infomation in the waveform, rendering
20 it more versatile and increasing the precision with which the timing measurement is
made.

Using a specific implementation, it is possible to process all of the data in a
single scan. This requires less time and energy, and thus results in greater unattended
battery life for any system using it, than methods which require the data to pass through

25 the processor more than once.
) The foregoing describes only a number of embodiments of the present
invention and modifications, obvious to those skilled in the art, can be made thereto

without departing from the scope of the present invention.



15 intercept values of the FIFO buffer. A fraction of {AHISISHEEF HASEBEEN
bet ween the freshly- . . cal cul at-ed—het-~pertrod—and the"O‘r_dm od

value js added to the old value. If the fraction i si—for—exampte—0t,
then after 20 repetitions the noving average will cover 88% of a step
change in Rp(?’;)la‘g-peri od. Using smaller fractions of theciiAUserEste W | |
result in correspondi ngly sl ower responses in the noving average.- This
novi ng average 20 is then used, at Poi m2 ('16) as t'he received si

hal f - peri od. Any intercept value in the “mm Eﬂ

used to estimgigamihe arrival tine of the start (““

subtracting the appropriate nunber of waveformhalf- "* ¢ péri ds To

i nprove accuracy, nore than one intercept can be used and the results can
then be averaded. |4 mesthqst of detegsing the afrivel Hmgedt ghirarpduses o ga acgsticewatee
wei ghting 25 pdcRéttinsmitieddt £ bifse treqientiQishitl nielhiod, cotipfisiflg thevsteps bF.om t he sl ope

corresponding to e r P a

| ow anpl i tude parta(g t hcon\’eh “?vgggtsa‘%‘n‘% 1s;‘gﬁ'd’“ucghahar e%e%‘%faﬁr gtppg?rgh vel y
nor e af f ect edsaif transrlacer intp digitaksignakdatd:num sl ope of a sinusoid is
proportional to itsbpnpl uéuadﬁnmgmamueéugéiﬁdnngoitmtafrmnﬁglmﬁgn@rders‘aidonal

i tyber SHERRnt pOREn o B0 U 4 R LA RS b o

i ndi cat ed at wayemacket8) i s cal cul at ed by the m croprocessor 65 in
terms of sanple nunper adeefdiigingifeois sixbeﬁeaﬁfremmcperﬁdnea bRgdlity of slopey (:sgver

f the add

woul dehzverefff%%ﬁ%ﬁéign&ﬁapiuﬁ%@?@{*@??% e Sp A pf Af2 AGHES TaBOW R 10
of the acoustmmentsbe@sghaltw&aaﬂe‘éﬁlédva{ parht (19) is: 35

T[err] (409.6 + ((dpi ghidedrmiving feum asleasvsélectsd onss of baid Flopesa(s))) the drbjval

[err]s. tiy%%o{ﬁéaﬁ ag)o%&gw{v@rggcl?etnew gain estimate referred to above,

i s cal cul ated maxi rmum sl ope, derived at Point (11).
encounterd® in the FIFO buffer of slopes. The val ue of the nmaxi num
sl ope all ows zhe amnimethodess efaimdicinmpdak 4 tompriding e tfenther swp Avegiween steps (c)

and (d} of:
(ca) determining, for selected ones of said segments, a corresponding
" measurement time (4;) indicative of a time at which said response integcepm said signal
20 level value (V);
wherein step (d) comprises determining said arrival time (£} from said
corresponding measurement times (4;).

3. A method as claimed in claim 2, comprising the further step, between steps (¢)
25 and (ca) of:
(caa) matching said slopes (§;) with a corresponding reference set of slopes
(7}) to determine a measurement position of each of said segments in said measurement
portion;
wherein step (ca) comprises determining said corresponding measurement times
30 (A;) from the corresponding one of said measurement positions.

4. A method as claimed in claim 1, wherein sep (c) comprises allocating a set of
(k) points of said digital signal data to each said measurement segment (i), each said
measurement segment (i) being centred around two adjacent points whose values lie on

35 either side of said signal level value {V), fitting a straight line to each set of points, and
then determining the slope (S)) of each said straight line.
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t he peak 41 to be held constant’ or at |east substant] Ilg}v&gsﬁstant
within narrW@%i#dés. Those linits are generally wit
preferably about [err]2.5% To allow the ggin to stray beyond t hose

limts can result in a msmtching of the tenplate to the measured sl opes,
5 and therefore an |nact§ rate locating of those intercepts. |f the gain of
the vari abl e-gai n ?ﬁo?ﬁ‘fiﬂé‘&f‘ |”6ﬁla§‘l ég\é‘h‘ii?‘édﬂéégﬂahtémgﬂ&ﬂ haeﬂqmmg said

di rectly propawbiadjaednt poinist S i nput contr ol vol tage, the gain
re-estimte can be obtained fromthe equation:

err] = er Target Max. Sl ope)/
Gert) = (g1 (g Mo SRl 1) e v of O el o
derr] = Prsewrmnsogﬁle rsamp\lﬁngefrmanty to the first frequency, and to the consequential spacing

Sn = Most r eC kiR lﬂfl msa:d measurem orfigyever, depending on its
desig[err], the response 0 Gﬂﬁ I n cont regfpstage can better be

appr oxi mat ed by an exponenti al or poI ynom al curve. In the present case, a
cubic gives a%ati sAamethod af ¢claimeddn claim &) 5 bi 6e@lieraiakiiDegual Wcong &ighth of the

prediction eqygkdy & expressed as:
[err] wher e (9:{[]°eréi, ET%’??’]C and C[err] are constants to fit the
particul ar'®»AC 106 and anplifier conbi nation, which in the present

case are 59, 1), 24 Ameth6d aedgpieet iiv elaim 7,TWhere dewalieof £ is 10. such gain
control is that the maxi mum sl ope, encountered in any one received wave 20
packet, is mai ntar ned s tantrall onstant for onsec iyely transmtted
wave packets. Am 3“’3 1 fhy (VERGTEd, PAF \f!ﬂpﬁ I §P4‘¥ refercarested
in Point (12) of rs!qﬁeg is aﬁsocmsdawmumspecrﬁc positivatpamarted (Bnuakidg, theiposition sf ded
to a DAC 1{ 6| Is lﬁx‘i't q}anglgbﬁ‘ﬂmtﬁﬁpgmd Wﬁ%&ﬁé{c Said Bﬁ'amcter (rgado?i' Bfng

| tage 82,
AL start-up, ”ﬁ%‘ﬁ@m B o bl bl B R OIS WPt Rak A e

derive 25 t hepartionlagaignal pblesitefransgiona t ypi cal value is stored in nmenory as

thei_nitial estimate _ fromwhich to work. There can be
occast ons WhenlOt. he rAeHxlé{hrog gls %Enn?edn}tjls aix% ,nxgl?erg lsjt[e;y li)cblc\étnp;isoers the following sub-

20 steps:

(da)  assigning a weighting factor (W;) to each of said measurement times
(A;) based upon the corresponding position parameter (n);

{db) selecting {m) of said measurement times (4;) as those to be used in the
determination of the arrival time (9);

25 (dc)  determining a mean half-wave period (¢} from time intervals between
adjacent ones of said {m) selected measurement times (4;);

(dd)  determining, for each of the (m) selected measurement times (4;), of
an estimated arrival time of said wave packet at the transducer, using the expression
4 =A;-nt;

30 (de) determining a sum, over the (m) measurement times (4;}, of a product
of the weighting factor (W) assigned to each said measurement time and the
corresponding estimated arrival time (z;); and

(df) determining the arrival time {f) of said acoustic wave packet by
dividing the sum from step (de} by a sum of the (m) weighting factors (W}).

35 -

11, A method as claimed in claim 10, wherein each said weighting factor (W), is
proportional to the slope (S;), of the corresponding one of said segments.
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exanpl e when the tenperature of the fluid changes rapidify. A %
di fficult condi tion-.oceuts whe galn a .
~and the estimate derived 30 fro ww surement i's much too
| arge. Fig. 6 shows seven exanpl s effect of increasing gain on
t he di g|t|WW gform where the gain increases by a fabEBAUNMESSHE 1, 5
fromone plo the next. In Plot 1 the gglnlstoolow whereas in Plot 7
t he gain is too high. The target condffion is simlar to that shown in
Plot 3 or Plot 4 with 9 or preferably 10 data points falling between

t he upper and Rower Asatthodas alaimed inielsim Bbor 11Swhbrean hastndilid foom 2n@XA0NT ses
the sensitivity of fit for the linear regression exerci se whi ch

foll ows the g i n-se n rocess consequence of this, and
an advant ageo § fea%‘ %ngfastﬂﬁaémsﬁim@me@ where ‘B%%Bﬁ?fe’ﬂ 6.is that the

procedure for gain- settlng Is extrenely robust bei ng abIe to

WO 97/1493¢ 14. med in ﬁrg/ con Iaxggﬁ/%%()%é%m step {jdb?j

-19 - res on 0 I ons
real conditi oﬁg s\gﬁw“g mﬁgmee%;s@eﬁ é d4d GEBSTIEBNEROR) 3tyleash one of they
function of t peecgmmpf detetnhieatipni of et measgrement timpr the eclaseness alfl matth tadheist

the gain in e'rét@x%ﬁcedﬁrt %?ts!({fl@s b5 B fhb (‘ﬂ'ge m 'f}mﬁ ?nt@r?ér@rg@:cbfcsg[dr ﬁn‘éﬁsu&mem

rapidly for a situ excessi v
addi ti onal &Pﬂ'&i"?’% ‘R‘/\H*ggn Tdeg apoysEc Wded is that of zero gain. Because

the arithmetic of the m croprocessor 65 is fixed-point, a very smaII gain

val ue can be tlline A 6684 ﬁgrkﬁneé%%laxﬁep%iﬁﬁlﬁ% @%%' ‘E"%‘%ﬂ% a8 t| ng

derived from revi_ ous va tion,
process cannotgel?eé‘g?ﬁ@ f apousHe é?’a%eel’%/?kb‘eﬁ"ﬂ PE§ ?’ﬁ%ﬁ’ |s'(’3‘ﬂ st freq"ency is 3 sub multiple

of said sampling frequency.

15 16. A method as claimed in claim !, wherein said signal ievel value (V) is derived
from averaging that said digital signa! data received in advance of said measurement
portion.

“17. A method as claimed in claim 1, wherein step (a} comprises the continuous
20 conversion of said signal.

18. A method as claimed in claim 1, wherein a maximum magnitude of one of said
slopes (S;) provides for an estimation of 2 maximnm amplitude of said analogue signal,
said estimation being used to maintain said maximum amplitude substantially constant.
25
19, A method of determining the propagation time of an acoustic wave packet
transmitted between two ultrasonic transducers, said method comprising the steps of:
(e) starting a clock operating at a predetermined frequency;
(§9] simultaneously with a transition of said clock, the steps of:
a0 (fa) energising one of said transducers to output said acoustic wave
packet at a first frequency lower than said predetermined frequency, and
(fb) maintaining said clock as a timing reference for subsequent
detection of an arrival of said wave packet at the other of said transducers;
® detecting the arrival time of said wave packet using the method as
35 claimed in any one of claims 1 to 18, wherein said sampling frequency is said
predetermined frequency and is provided by said clock, and said digital signal data
including said measurement portion is stored in 2 memory whose address determination
for consecutive samples of said digital signal data is altered by said clock such that each
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Therefore the process includes a zero check, wherein aiw. Es%

substituted for 10 TThé next gai
It will be apparent fromthe aboven ‘ m“ m

,_
si gnal and WeRwH9¢ s not necessary to have access 4

necessary to measur e the maxi RUn¥ ort m®™ni funtval ues {}‘ﬁ ohé&sei ved
at part of
the waveform This allows the el ectronic -ggi-n to be set so that the

peaks of the waveformlie above and bel ow t he voltage range of the 15

flash ADC 85. QPG Al & ol d vef.orm
can be gl;tlse ar}&hﬁ&h ﬁﬁa{’%n‘gsd?oa ﬁl fin bﬂtr le"g’gl u{e}c%%ergr‘h Wgﬁﬂgnces
the accuracy A@FOUSHE Wave packghatire process of det ernmi ni ng when the signal has
passed through the NRS state. Al so, as long as the absol ute

_pOS| tion of thg timy ”erm%&‘%g thljn&i tilh@latﬁ?\fsf %épemt%%lurah?gf)g asaggtg r m ned

It is possible to use occasl ons’

t hrough t h& NReckefs;azg ta@swtwfﬁldn&?cw@ﬂga theptmmsagséw@amhmmwmmémof
t Ee kest isﬂﬁﬁe@tﬁbnt eonstd waver packits etg iyhﬂlr&lgﬂadli tﬂaas&@ﬂem 3& ﬂ&uﬁﬂiﬁéd duﬁél-{

t hose markers S advant ageous wei ght ed accordin 0
the sl ope of tph O“Ptrh@a?{;@%%t(étt I me, ’ Si n)ée thg accuracy of tghe
estimation of the ti me when the signal passes through the NRS state
i s better whe2lt he @ mpthodfastclbmed gnelaim 20 h\'tuﬂéiaﬁtupon 2!5!)81‘!1!881011 of a pdfticigrt he

met hod devgl opggeik twa]'vé pQ&é?ﬁ la#ﬁ{' rnﬁxe@?%xﬂﬁ%‘ u.u i ag Q{l 331'@8 tic

of the dat?a i K & sin
requiring | esvave packet is ‘“S%fhﬁg RBesaihdelay time, Paﬁ t@sedxé%whehs%mwmem

net hods that ipesibnnedrtespindingaesei pirtitule adadstic wave packby gexglerdskes saidogiggasor .
The net hod al ?&ef@%lﬂé it possible to take account of the ageing of the 30
transducers, or other processes that may change the shape of the waveform

%

by slowy updating the tenpl ate agai nst which the waveformis
conmpar ed. 1Bhi 22i s pdssmdibel as claimbddaudsmt her evherina ah aacgastkieyaw pa{'.ket is
di fference perghihffd %ﬁlﬁhc&&lzlﬁon‘? LG &Y AR FanSRIES Gor receptlon Bk lo ON

of the absol ute p05| on I waverl orm Fu b usi ng
a cl ocked shi fgidr éﬁ?ﬂ‘@‘é‘?&?ﬁ’ﬁ@“ﬁ’hé‘@r“ﬁﬁé‘m of the, pequstic ’t"’ﬁ'ée p%" ‘%
jitter on the dgweninedcl ock pul ses can be reduced and hence an |ncrease in
t he accuracy of timng can be obtained. In a second

enbodi nent_ of he [ vent t hod, an cribed

above is cBnbi %‘Psaf) ‘Q%H‘tggdm' ta%d%}? “n%?‘ho(a) J&g‘{}‘?ﬂ Iﬁp?ﬁst he
compensatnng for phase differences between sa1d digital signal data converted from
analogue signals output from respective ones of said transducers.

24, A method as claimed in claim 1 wherein step (a) comprises, before said
25 converting, the step of:
(aa) adjusting the amplitude of said analogue signal such that 2 maximum
amplitude of said analogue signal is held substantially constant over a number of
received acoustic wave packets.

30 25, A method as claimed in claim 24 further comprising using the magnitude of the
maximum one of said slopes (S;) to adjust the amplitude to maintain said maximum
amplitude substantially constant and thereby said maximum slope within a
predetermined range of magnitudes.

s 26. A method of detecting the arrival time at a transducer of an acoustic wave
packet transmitted at a first frequency, said method being characterised by
compensating for deviations from said first frequency of said acoustic wave packet as
detected by said transducer.
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cvove ront  oned 1 nternat onal_pat <[ IHPA ML, vo o3rots5~——rr—ceel

configuration of neasuring tube and*transduders$ déscribed in WO 93/ 00569,
an ”'%ﬁﬁﬁﬂﬂk& pulse is required to be tined to an aBCT/AHEO0ER 1. 56 ns
to attain e required fl ow accuracy. |If a single zero crossing were
used for this timng, a clock running at “31- 640 Mz woul d be required. The
sanme accuracy can be achieved at a much | ower power consunption by
timng at 10 Mz and sending the signal down the tube 64 tinmes.

I n such a sch i mal t ' [ . . ' fion,

t he recei%\?gd g&‘?g@ @afﬁpglg& gf)}gﬁﬂ%égéeggogﬁ { [ m§o {hgaih%ledﬁ{ylg?&n‘%oﬁ{@pféﬁ 5sing
of the qui escent 102 measysment whe|theougly Whigh pessesothecfiyidwhase speed jseta be

pul se. An ul t masired; burst is sanpl ed digitally and a del ay determ ned

whi ch acts _to inhibj S Sl At il i 1..nat ed
Crossing of the ul t_k‘g%glﬁ%%&%u‘&ngﬂc%ﬁe&? Ir)gaehs"% Fﬁ? ?{rtr)% ao(?k?'ﬁ{guﬁﬁdtf?%g%ﬁr%ﬁl? UgEr st s
i-s t hen d&Fa8PRIF siggalibetyeeneagh sthelly by transnitting a sequence of

ul trasoni c bursts, eassimission méuns $or extciti@p at Ieastfone oF shiditragsduterd orgéricte HON
recepti on of 59&:5"% ' ' 5 e hS Lkt @1 sed
at each transmt gg Vé‘? ée?’ %géﬁg%& F %\Sﬁa %ﬁ&o%tcaurﬁgg?%c%gem}-%m%r%g%/fdr% tg%?htgé

qui escent si gifHfierp traesdygers; he recei ved ultrasonic pulse only after this
del ay has xpired. receiving means cofifiected e tabdedstheandd biher adisdtdendor dbradting e

L oL, e SABEE oudleoECing 4SRRI Shofrd LB IS
previ ous tranSHes fapifuce ta digel Heral dat, said FaceiXing eaBs icluding 3 GHED memaress
energy to run fer soringesaiddigind! eignalnddtat r ansmt the ul trasoni c signal several
times. The processor means connected to said receiving means for determining the speed
15 of the fluid, said processor means comprising:
first means for determining a measurement portion of said digital
signal data, said measurement portion corresponding to a response of said other
transducer to said acoustic wave packet;
second means for determining from said measurement portion a
20  plurality of slopes (S;) for a corresponding plurality (/) of measurement segments of
said response, each of said segments being about a signal level value (V);
third means for determining from at Jeast selected ones of said slopes
(5;), the arrival time (f) of said acoustic wave packet.

25 28, A system as claimed in claim 27 further comprising fourth means for
“determining, for selected ones of said segments, a corresponding measurement time (4,)
indicative of a time at which said response intercepts said signal level value, wherein
said third means determines said arrival time (f) from said corresponding measurement
times (4;).

30 .

29. A system as claimed in claim 28, further comprising a (second) memory means
connected to said processor means for storing a reference signal, said processor means
including fifth means arranged to match parts of said reference sigmal with said
measurement portion to determine a measurement position of each of the segments in

35  the measurement portion, wherein said measurement times (4;) are determined using a

corresponding one of said measurement positions.
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identification of a specific crossing is better performed {8y HAEIBEEN

delay. Acoustic ™~ nodéS tenaini ' m pr gvi OUs
transm ssions will nodul ate the reqmﬂﬂiﬁlﬂj!nmﬂmm oni ¢ {si gngBEE#ﬁFEgausc
its envelope to vary in shape. The 3 cYy0ssing is_25 y%ﬂgl%&e

af fect ed bywe¥nd®4l nodes because the energy of the si gnsgf:wlA atively
hi gh at this position. Axrossi ng of quiescent signal

| evel 45 by the received ultrasonic burst is sel ected as the
"retransmt cr ing", This_crossing sho e, one whi.ch arriyes befor
any signifi can?'%;ecorﬁjg’s EhE ',megu‘(f1 %‘%‘ﬁﬂﬁ"bﬁé PRPTIER MEAS ﬁ’{@d{"ﬁﬁ“g the
wavef orm t o be Bagnithds pf said fahalogusdsipnal froims at leastsnaidt athéretronsdecer g thasrit filis

measuring tube ylascnicb@sin lefie, those limits proReubly BuifCedudllPisplacel WRhé@ e WS ataal |
cycles into the.wa em 120

farm sy A measur t. syst whi ch

real i ses the aaﬁ%’ﬁrgﬁglsv%?e’ gﬁxgﬁxgénal.level %%sﬂ?%@ﬁfg?%g%vﬁ R A PRt of
Fig. 9, wherse ceidpuherriragsdyger before said meayurernent pordin. function to those
in Fig. 7 are provided with correspondi ng reference nunbers, sonme 35 other
conmon conponeny.s bei,n mtted.for.the. pese of clarit i ch will be
inderst ood by tHose: Py s Fykgd 1 ik SPRRGer Confprflfe dgank ol Futting e
transmt osci| |ampitede2qgt said apdeguecsignal uchr hetsh meaximum Ampibulatof said asaloguel
{Me)vglw ﬁgg% t hesigraF Bin¢RIGbubitailly 4hstant BRr @ SinbbrodfRbcehRd abBli@HET SddRerpul SE
PCT/ AU96/ 00553 o o - 21 -

generat or 81 of32%i g. Ay systemj as gaimpdhineiaim 8b whessimrsaid alteripgc owanse uses| drek

125, and Oadithde bPthe tRaximiiim Indlo? salfl islopbs ($Hro%lijust the amplitude to maintain
said maximum amplitude substantially constant and thereby said maximum slope within
a predetermined range of magnitudes.

15
33. The invention of claim 1 or 27, wherein said sampling frequency is between
500kHz and 10GHz.

T34, The invention of claim 33, wherein said sampling frequency is 10MHz.
20
35. The invention of claim 33 or 34, wherein said first frequency is between
20kHz and 5MHz.
36. The invention of claim 35 when dependent on claim 34, wherein said first

25 frequency is 125kHz.
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resettable counter 5 used for mJI ative tine that it
takes to send pul ses from one transducer to the other. The counter 125
s reset at y d@ nabgrt of the first transn‘ﬁ qted pul se in areraveoess and
counting is sabled after reception of the Tast received pul se in a scan.
Control logic 124 is provided in the AMENDERCLAIMS121 to integrate the

functi ons of [redeldged bragl Inteamatictall Burddil on 1A Februarylheoxond oaldxmr 121
al so i ncludes a | endginadicdiaéms 1235 wnhplabed bgcimepdedactdimayl-42 (7 pagdewd] from
the m croprocessor 65 via the bus 79. That value is then placed in a del ay
counter 123 whi ch ig mpagd (t,godggc aﬁ@hlaflmﬁ‘if Qr@aﬁkﬁﬁﬂﬁﬂi%&ﬁ hive
enabl ed. This couir& oL & b&? | oad tinme, theﬁg | S trasonic
transni ssi on, Packet ‘?@ performed in
the fol |l owt ng stagd®: 15converting, at meymmersmﬂrmmm ed
usi ng di reCtlmﬁm&&eﬂ%mmd;u 2. The receiver gain is

adj ust ed, under th ont e [Opr o

the slope of the rece veg Lﬂhr'a’égnlln ’ g‘ﬁé’ﬁé’??‘?‘& ‘@%‘e"ﬂﬁ?kﬁ?‘h i

est abl i shed measarement portiog cerresppnding ¥ha response of Faid trapsducer s saidh goamsticct i on
del ay is initwase packet: | n thl s first stage, the waveformis 20

2 The ALY @’“d t“%‘%"a'*r"“% ﬁ“‘éross.nﬁ?’ﬂéﬁﬁﬁ a@é@rﬁs‘é"%%?iﬁ 0 "

initiate a ref©f erghs of  han
this by half aldpnsments béinz hhnuuhmgnﬁdmebvalueﬂ'), burst is |loaded into

the del ay counter Q&x3fedlecoad ones of sald fiopes (S;P thd bdivat age

of the nmeasurg tr of the ultrasonic pulses is 25
det er m ned ?’ggﬁisﬁ?gﬁ‘r’ﬁ@‘ﬁ’?éﬁgﬁﬁ tting a sequence of ultrasonic bursts,

each burstsafter the first being transmtted upon reception of the

i medi ately 2, Ammwewmlmmmlsampmmwmmwms@% @nd
detection of &dsdif' ul trasound burst wll henceforth be
referred to as ri ngaround al so soneti nes ‘léoﬁ?gl as a

"si ngar ound". A si Ve sSeteraging: n&or ¢ felaeiad £ R4y SeEmegts, (8, 60PANdAE 4 30
pr edet er m nednmuﬂumemcﬁmaf A pindivative of aftirmesdt whichosaid stspoaset intercepisdzitiizignal n t he
ot her . ?deqqgmeaﬁamr ncl ude any nunber of ringarounds, but advantageously

i nvol v

will e-64 The del counter ,123 ,and ., the  tiJin ount er
125 are started whahersHh spp, D comprises ises ‘erermmining ¢ nid 32t tind (6 ' ok Sald

corresponding measurement times (4,).

- ‘mrs SHEET HAS BEEN
The scan timng counter clock 125 transnj t cormEpQM;gj 121,
whi-ch—-eptaces—the tr answt counte ﬂmm@mﬂ 'LE Ellcorrpri

3. A method as claimed in claim 2, comprising the further step, between steps (c)
25 aod (ca) of:
(caa) matching said stopes (§;) with a corresponding reference set of slopes
(P)) to determine a measurement position of each of said segments in said measurement
portion;
wherein step (ca) comprises determining said corresponding measurement
30 times {4, from the corresponding one of said measurement positions.

4, A method as claimed in claim 2, wherein step (¢) comprises allocating a set of
(k) points of said digital signal dara to each said measurement segment (i), each said
measurement segment (f) being centred around two adjacent points whose values lie on

a5 either side of szid signal level value (V), fitting a straight line 1o each set of points, and
then determining the slope (S;) of each said straight line,

\\Il\l\\ i
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ultrasonic burst is sent. The | eadi i I rst ultrasonic burst
I's synchronised to 35 the timng ”ﬂéﬂﬂﬁﬂ!ﬂﬂ!ﬂﬁ!’%rt of the second and
subsequent ultrasonic bursts is * agynah 'Y triggered by the
arrival at the detector end of the measuring tube 61.of a_specific
crossi ng bel WHI7AE360 t he preceding ult raigni c burst. The ?ﬁ@’éﬁ’f’g@‘?r 0ssi ng
which triggers the retransnit command is PRe first crossing of the

gui escent signal |evel WO 97/ 14936

PCT/ AU96/ 006538, A method as claimed in claim 4, wherein said straight line is 2 line

jotaing saj
45 of the reqyik -M% ;?y (positive- or negative-going) to arrive arter
t he del ay count'e(r:‘q’ 1 has tined out. The polarity required for a
crossing to generate a retransmt depends on the polarity of the

precedi ng trarsnit. A'methopas cleimed 12 6lains 4 pr Sy wiiein the Ssihe of () BoeRuited to the

crossings and dfebHdE Sah BN SeBRY G IRINAPELAEnY, A7 b HE LGhEARGIAIpRig | "°
bandpass 5 i l, 84., An .outpuf,of the co dtor 1 P,
transmt cont roéppéfﬂigi%uwl data "PMWW"F&%SM t command.

The delay is re-loaded into the delay counter 123 at the start of the next

ul trasoni ¢ burgt and memEs kPdiaing GPEREIE,SSofl 6 VAR k is'al th 'Y 125
S stoppc—iﬂ Bﬁr&{beofgif-ér"q% at the detector of the s ecclbﬂugg! ro;kg%

bel onging to the las u lF’asoni c burst. This specific crossing is also
i dentified®y the delay counter 123. At the end of a series of

ringarounds, tse valumethod asdhaifiicd in ClEne?] vilicre Mg valge 8f s 1025 i S
transferred to the m croprocessor 65. The second (opposite) transm ssion

direction is sel ected and, the above sequence is repeated. The stored
hi gh- speed codnt er MG%QW%FWQOMN@&EFM( ) of spiderefasonos st war e

in the m croprfsiepenis associacedowitic o specifict gositibh paratiister () ahgking the Pasitionadt a

period. Thg tiggRall plféity Rentilith MRAMOARCWAR el GRS @) YhdGofing 1o
the number of half-wave periods between the beginning of said wave packet and the
particular signal polarity transition.

10, A method as ciaimed in claim 9, wherein said reference set of slopes is
20 updated over time in order to compensate for changes in said analogue signal.

11. A method as claimed in claim 10, wherein said reference set of slopes is
updated to follow a slow-moving average of said slopes (;).

25 12. A method as claimed in claim 9, where step (d) comprises the following sub-
steps:
(da) gssigning a weighting factor (W)) to each of said measurement times
{A4;) based upon the corresponding position parameter (r);
(db) selecting () of said measurement times (4;) as those to be used in the
ao  determination of the arcival time (1);
(de) determining a mean half-wave period (t) from time intervals between
adjacent ones of said (m) selected measurement tmes (4;);
(dd)  determining, for each of the (m) seiccted measurement times (4;). of
an estimated arrival time (f7) of said wave packet at the transducer;
35 (de)  determining a sum, over the (m) measurement times (4;), of a product
of the weighting factor (W) assigned to each said mcasurement time and the
corresponding estimated arrival time (7;); and
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the number of bursts transmitted to determine the average travel tine.

A ringaround sequence —|—s——usual-l—y—-rragmwm Himm f four f1rings. This

sequence of firings is depicted in The sequence of four

i s .made up of three pul ses of one poI arlty *while the third is inverted
W th respectw(gg,,#gﬁ first three 20 pul ses. PCIAU96/0¢853 he
polarity reversal away frominportant evepts, the polarity change S

achi eved by adding an extra edge on the €nd of the transmt pul se sequence
prior to the transm.t having a different polarlt roup of four
firings, the si gnal(dSnveFFtEm g'ﬁ (AErival iime {0, of saldy %@‘?P‘Br‘@%%ol’?“gﬂebl' ourth
firing. 25  dividing the suin fromomepoide)cbysenueatthe (o) weightingdictors (Wcal | y, 64
acoustic transm ssions in each direction, all but the first bei ng

triggered by cept on of, th rece nsn ssi Ssi st

cancel ling th& buil ﬁﬂ&@rﬂ‘ g&‘ﬂgg g"ﬁ'&‘i‘@@ﬁ Wé@fff ‘h‘f ube
as the rinyarestimatedanival é@cri’rzb@m cxpmessiod i idjy A% the transmitted signal
is reversed on a regul ar basis throughout the sequence. The sequence

ol ari ty of Shiry A mefted 8 citled U B 132 13, WA S i w&% 5 “iphe
ot her three. (#uds propostigaalitoheslopsi(B).cof thel cornesponding ore of:ss

and 'B", a sequence of 64 transm ssi ons couI d have a pol ar| ty pattern of

AAABAAAB [ze The
polarity ﬁ‘f\Aﬁe cr055| ng conpar atorﬁ@é?gfnsr}?hlg Bg%%h% Sl gna ersed

just after a 35 "B" polarity transm ssion and changed back agal n JUSt
after the firH. folA method ad flaimed in claish 35, whers thavaloe sfmdnét o ensure that it
mat ches the received signal poI arity. Further, to cancel errors which’

ANt Do T U0 Qi et B o Sf SRR T2 12, b
vel ocity 15 comprises seleczmg said measurement times (4,) dependent upon at least one of the
precision of determination of the measurement time, the closeness of mawch to the
reference set of slopes (P)), and the freedom from interference of said measurement
portion from high-order acoustic modes.
20 18. A method as claimed in claim 1, wherein said sampling-frequency is used to
generate said acoustic wave packet and preferably said first frequency is a sub-mulriple
of said sampling frequency.

19, A method as claimed in claim 1, wherein said signal level value (V) is derived
26 from averaging that said digital signal data received in advance of said measurement
portion.

20. A method as claimed in claim 1, wherein step (a) comprises the continuous
conversion of said signal.

35
21. A method as ¢laimed in claim 1, wherein a2 maximum magnitude of one of said
slopes (S, provides for an cstimation of & maximum amplitude of said analogue signal,
said estimation being used to maintain said maximum amplitude substantially constant.

as 22. A method as claimed in claim i, wherein step (a) comprises, before said
converting, the step of;
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23 - measurement. Thus the p Ilﬂummim bove becones

" BBBABBBABBBA . again wt ”Wr eversal s of the
polarity of the CI’OSSI ng conpar at or Severy fourth t ssi on.
A typical tiWoRgHMB&gram for such a rreasurerrent sequence |§ é&%g% in5
Figs. 11A and 11B. A furtherdembodi ment of the invention
conpri ses a neasurenent system 140 schematically depicted in Fig. 12

occurs iwﬂi,ﬁgtthraf'f"eé?’.s'oﬁ?d@;ﬁ“ﬁ‘?‘vﬁ@ﬁ& 3“ éﬁﬁé" sigral, oo ot A ERRNSY,
| i ke referenc Sf $ald, analogug basansially constant (qyer peumber Qf ons,

sone 10 conmci&u:lwohamewagam:ketseen omtted for the sake of clarity.
Thi's enbodi ment is suitable for rapidly changing flows such as occurs in

peak ro meters. Ir ns SsiQn s_from both transducers 62 and 63
at the sand %’e A e ‘%a F@%% %ﬁﬁ@%’éﬂm bout

500 [err]s i nﬂnmmpfbﬁdﬂomw;)m mummtmmmmmnm
receivers foraﬁ?mﬁ OfDhtaftiedyS ToAst@fl B4 Ereb NGiid 1 Baxiuiudl SElbee" wm-é&‘{oa
pon

separate sets_of_recei are required, which corres I n
function to tﬁm g‘?g‘l&cwi’but whose conponents are respectively

i dentified usi ng the suffixes AandB It is extrenely
_dijffi_cullt 1H0 pARke tRemétisd %ﬁﬂsmﬂﬁtnmg A B 0F aﬁwicivmbeﬁ\)e%

identical in '*fj FW% nt

del ays. Thesegé‘%ﬁ:‘rn el ays vary W cohﬁ%&@hﬂg@gﬁ%& ‘ure and
gai n. (¢h caftagingA lock pperating WeIGY f er ence, a
filtered and attenuf ed snuuimmdymhbafntnhmonbﬁmlbdswm connected to
both receivers. This is ﬁs?gfe}

transmt pul se gene or 8% ter , L&E@&Buﬁu@ en to a
vari abl e dft enuat or Wpﬂﬂd fromthe

25 microprocessor 65. (e mainmne sutltdmlawra tithingo caferance for wubsequent
%t eﬂuat or ]}44 V\'h: Cdetection ofaHliRtiva Of 50 waterpabet B Hhk ioBlef ¥Piakd g&ﬁd&gﬂl 93Bf h
vt enbor pun8 o BB R B g o, . gl Wt A b il 11
chimed in any one of m 23, wherein said sampling frequency is said
20 predetermined frequency and is provided by said clock, and said digital signal data
including said measurement portion is stored in 2 memory whose address determination
for consecutive samples of said digital signal data is altered by said clock such that each
address in said memory corresporkis to an identifiable time after geperation of said
acoustic wave packet.
25
28, A method as claimed in claim 24, wherein 2 plurality of said scoustic wave
packets are transmitted and, excepting the first transmission, the transmission of all
subsequent acoustic wave packets are synchronised 10 the reception of the jmmediately
precading acoustic wave packet.
a0
26. A method as claimed in claim 25, wherein upon transmission of a particular
acoustic wave packet a delay time is counted and the transmission of the next acoustic
wave packer is instimated after said delay time has elapsed and when said measurement
portion corresponding to said particular acoustic wave packet next crosses said signal
a5 level value,

27. A method as claimed in claim 24, wherein gn acoustic wave packet is
transmitted simultaneously from each of said transducers for reception by the other of
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doubl e- pol e- doubl e-t hr ow const r uct lon, rather than a

singl e-pol e-doubl e-throw Hﬂl previ eusty—Thrs ST gnal
is processed by both sets of rec cs and stored in the
menory 77. Because of the need tostére “twh sets of recei ved data, the
menory 77 Qﬁfﬂﬂﬁiﬁ'Ed to simultaneously store doubl e byt egristpebosss)

of data an us has a preferred total SfpaC|ty of 64 Kbits. The signal is
filtered so that its transition tifte 1s greater than eight cycles of
the high frequency clock This al |l ows each flash ADC 85A, 85B to

obt ai n_suf f SSIEASdUCRES 303 the,propagation tme Of sl the-fcoustic wayerpagkessBIWS, phase
del ay can baletemnimedlat ed fromthis stored signal and used to cal cul ate

the correct tinme difference for the upstrean1and downst ream di recti ons.

The act ual g%gsurerrent %roce re_for this enb mant can tl%egn follpwthe

fol I owi ng sefuencé ig7plm A, W siep (2
PCT/ AU96/800@9spensating for phase differences between said digltal signal data conve:aen from

1.  The trignalogkesighnlsvtight BdmFésgettivelines 5f safdtraiodiiersf ansducers 62, 63 are

enabl ed. oth receivers A and B are connected to a transm t

signal that has been filtered, attenuated, and anplitude
adj ust ed. B&9h setsmethod of estimatingahe arivel Gme &k 2 nmﬂcerofmacoumwmd and a

first bl ock pabke: BGnsNRASY it 2 Fst feqhsicpCiafTimethodcompri fiepsaAdr ess count er
76 is enabl ed and he St anﬁq
Dat a, tygdl cal | y c responga'llﬁé%ﬂ?1 on #%&Phq’“g’%?{es Ja&%kﬁg&fﬂug P?'%lf
receive signal data; el ectronics are stored in the first block of the
nmemory 77. That deﬁ)a pedetsrinining from said digital tijmml paase weteforme pérind i on
di scussed al@pfGent segments of said snalogue signal;
) averaging the waveform periods, and
15 @ using the average and the number of segments 1o estimate the arrival
time.

30. A method as clrimed in claim 29, wherein step (b) comprises determining a

plurality of slopes corresponding to wamsitions of said enalogue signal about a
20 predetermined signal level, and using satd slopes to idemtfy the waveform period
' between adjacent ones of said slopes.

31. A method as claimed in claim 30, wherein the piurality of slopes are compared
with a set of reference siopes to identify a specific location in said analogue signal,
25  from which, using the average period, the arrival time can be determined.

32. A method as cleimed in claim 31, wherein said set of reference slopes are

modified over time to track changes in said plurality of slopes to thereby compensate

for deviations from said first frequency of said acoustic wave packet as detected by said
30 transducer over time.

33. A system for measuring the speed of 2 moving fluid, said system comprising:
a measurement mbe through which passes the fluid whose speed is to be
measured,
35 two ultrasoni¢c transducers disposed in said tube and configured for
trapsmitting ultrasonic signals between each othar;
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3. The receive electronics are dlsabled and a second general Iy nmuch
| arger, block 10 =~ T of H“ﬂl”ﬂmﬂmm Jumsel ected. The multiplexers
92A, 93B are changed so that ransducers are connected

to.the receive el ectronics. To conserve power, the receive
el ectroni cs WoP7d#986Dbl ed until just bef ore the PCT/AIP/Y06S0ni ¢
pul ses are due to arrive. 5. Bo3th -sets of receive electronics are

enabl ed and data from both sets of receive 1 el ectronics are

5
stored in the seconghrimfsion Meahd'H ¢
schenme, during_ the transﬂ%t ‘%gqueﬁcrsﬁeag ﬁ °5‘u slJldversl an o? @#&m%
signal is coug‘r"@a"""l b propages iof 8 g‘?‘lﬂ!} PRg SRid whe Wl &egnal
is variable soﬂlerofsaldammdncm;:ommdate d| fferent gains in the receiving

anplifiers. This tragsfh nidafld m%%nﬂ%ﬁa@f&’ :Hﬂ:lﬂi ghain
and the flash AD§§‘s andlgst ﬁdlntherre mul ti ers are
t hen changdd Q‘E; ?’g;:e% fl\/gat @R!ﬁ 'ﬂF%ﬁm&&?mm

hi gher or der , othehransdvrer i diginl nignpt rieislsreediving meanstnsludiug a Tfiest) memmory bi t s
?f t he i tofQtoring s4id GIIRI sigal damf | nue to counlt The I‘ECﬁI X\e el ect (rjonl CS
preanplifier, vari an
menory) are al sﬁE‘}‘ c? untlfg&*ﬂgclt%ﬂz1 fbceiv&\h “Eg'}ﬂec Mﬁﬁf ERREA i ¢
pulse. 25 @ suid MWWWW‘U ock of the menory 77 is used
tgen tngeberm ne the first eums cfof defensininged w;ma@d FONIGHE bf dﬁac&,ﬁm
above. e sa r Ssh %éﬁﬁ@méﬂ? tc9mesp econd

bl ock of the rrgqizae l‘il'he ase gé#?erence ?%drméeach ?s?och? %fhw (&m

t hen determ n# "opagati on are then deternined u5| ng
that data fromt hesmod)rmem dick deferminingrifirony said 7mesortnent partjonsi ed

wher e appr opr bkt biges @ fof dl Giediondiog @ﬁa%g@rmwa iefut G2l ned

e o oodh o Spe g, ot e vl ok EMGRI MR e GRS e car

then be used to cal cul at &irdwaesnsJor determining\frowHat deast selected opes ¢frsaidesioned al | y

ret ai ned. The(s), thy aifiva titieds)i of @aid ABdverd wivd! gagietover a period of tine
can then be displayed by the LCD 66. Such information can also be

comuni cat ed ‘*/va 35 the serial nterface 67 to a data acguisition system

Typi cal |y, rat’e YAy ARLS in clam ther, SOMPEsRg {guith Jaaps for
i nterval s 20 gedﬂeratiﬁyg.tfet wederedonbs efemﬂrldsmemd aGorrespondidgs measuremenPrimé é4,501 vy

the interval jndigiRUdf £ vitid @ Which said response intercepts said signal level value, wherein
said third means determines said errival time (¢) from said corresponding measurement
times (4.

25 35, A system as claimed in claim 34, further comprising a (second) memory means
connected to satd processor means for storing a reference signal, said processor means
including fifth means arranged to match parts of said reference sipnal with said
measurement portion to determine a measurement position of each of the segments in
the measurement portion, wherein said measurement times (4;) are determined using a

30 corresponding one of said measurement positions.

36. A system as claimed in claim 33, further comprising means for adjusting the
magnitude of said analogue sigoal from at Jeast said other transducer so that it falls
between certain limits, those limits preferably being equally displaced either side of

25 said signal Jevel value, srid signal level value preferably being an average of an output
of said other transducer before said measurement portion.
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25 - | t—wi-1 |t huas [lmﬂ t.he foregorng enbodi MeENt s
that the general nmet hod rel Jﬂ'&ﬁm umjm!‘m on of the anal ogue wave

packet signal to digital i nf or mation, "antl the subsequent use of this
digital infoyerbigse by conparison with a st andar d di gct/avogroness| at e of
sel ected waveformfeatures, both to unigygly identify a 5 nunber of
particul ar cycles of the vvaveformand to conbine this information to give

an el apsed ti rre neasure Sj nt | duced uncertajnty for
the arrival o?lthe# Glé“%qé'ké*&‘ aznpr?smg mr}%\' kating.
preferred i rrpimpmm.aof smdahﬂom tigmal sechpthat & nuximure asipiitude cofiseld aialogue  t he
system t o t hegiag {sfehd Mdttafiiall§ 2bnstdiiVer 2irminBer! ¢F rBR1vER A80UsGE wa

achi eved by 10" averagi ng the digitised data taken before the arrival of
t he signal. The ref erred i %I enentation al so allows the slope
of the voltag8.wavek oysemsas lmQ!i i clsim Wh@maﬂﬂwm usesl thy a

Itechni que OI e e of He Mm?ﬂasné%feéxdwbé # %fﬁmtﬁmﬁl ght
i ne using - ue. o

maxi mum sl ope w&a ‘?‘ﬁ‘g@"gﬁf%“gﬁ '&Hﬂ“f‘g ﬁg@ Y‘gﬁ“and
hence, by adj umedmtmqum he anplifiers, for the arrpl i tude of
the received signal to be held constant or within narrow limts.

Usi th I f I ' ' vic bl
possi bl e 15 - °$"h&#§&? RECfa 11or 2" Mg AP MdIRG SL0y i bhovely,

feature by red &'%z'stored tenpl ate. The feature used as a
timng marker in the timng of the transit of the signal 20 down the tube

is a particul on fi | i asses
t hrough t he N%TS StglmeoéﬁlﬁiﬁsWQﬁ&ah%ngww% PoMHR:

15 41, The invention of claim 39 or 40, wherein said first frequency is between
20kHz and SMHz,

42, The invention of claim 41, when dependent on claim 40, wherein said first
frequency is 125kHz.
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The exact time that the waveform passes through the NRS state is determ ned
Ffrom-the—function fitted to t he—data—pat+s—rentioned abeve—Hht+s—attows t he
timng’ accuracy to be enhanced by effectively interpolating between
clock pul ses, thus 25 overcom ng the quantisation that woul d ot herw se be
present. wooriaess 1he preferred inplenmentation of thepprResidosssnvention
confers certain advantages in its use as an ultrasonic signal timng

t echni que. Firstly, the péﬁﬁerred nmethod is | ess affected by
tenperature than other met hods becCause it uses the | eading part of the
wave packet. This leading part of the 30 wave packet consists principally
of the plane wave and this is nmuch | ess affected by "~ tenperature than
are the higher order nodes formng the latter part of the wave packet.

The preferred nmethod al so nakes najor use of a quantification of the slope
of the waveformas it nakes a transition froma negative to a positive
peak or vice versa. An array of slopes is used to describe the
waveformin a sinple and concise way. This 35 al so gives the user the
ability to conpare wavefornms with a m ninrum of data. The transition

sl ope also confers the ability to identify the position of the transition
W thin the wavef orm and thus cal culate the position of the begi nning
of the waveform Each transition slope can also be used to infer the
anplitude of the acconpanyi ng peak and WO 97/ 14936
PCT/ AU96/ 00653 j‘ -26 - can
be used as an alternative parlaneter to the peak height, and thus the
transition sl ope provi des a useful paranmeter for the adjustnent of
gain in the system 7, Further, the selection of q@?y a portion
of the anplitude of the md%eforn1can )

L

- TRANSMIT 1 (C RECAIVET
RECENVEZ TRANSMIT 2

FIG. 7



be used judiciously to increase the accuracy obtainable fromthe nethod.

| mMept—af—+-hRerease—ef—accuracy €oertesponrttng-to
approximately 1.6 bits i s obtained by operating the
anal ogue-to-digital converter over a w ndow covering approxi mately the
m ddl e one-{ighfsRf the received signal. The data descri bpagstbiuosss
transitions are thus nore accurately defined and it is therefore possible
to have nore resolution in the tipymag. This is possible because the
preferred met hod does not use the 10 peaks of the envel ope for any
measurenent purpose and it is therefore possible to i gnore them and
use the transition slope only. The p erred nethod al so
confers the ability to accommpdate any changes in the ultrasonic
si gnal which m ght acconpany the agei gt of ,ppr arjf2damage to, a
transducer assenbly, by slowy updatin he npli&X3g agai nst which the

b

78k BROBE

waveformis 15 conpared. This is posgmilie ay the nethod permts a
| arge degree of difference in t he| 8 4e g4hi3ge of the waveform while
still obtaining a correct determ nati opgyff t a§§olute posi ti on of
the timng marker within it. h di KD by using a nunber of

=+
A _0

the transition slopes, the preferred np#hdg
percentage of the information in the whyef
versatile and increasing the precision t

S nore use of a greater

I

d

o] §E rg ring 20 it nore

h jchMe timng neasurenent

IS made. Using a spedffic nplagﬁntation, it is possible
to process all of the data in a s, g d . s~ equires less tine
and energy, and thus results in gFgatégr unattghded battery life for
any systemusing it, thangethods i ¢h rqui%§ t he daga t ass through 25
the processor nore than ofee. T&g thegoEng cribes only a
nunber of enbodi nents of themgéfﬁent éénv tign ang modifNcations,
obvious to those skilled in the art, ¢an e thereto > wi t hout
departing fromthe scope of the preseit inven\;on. Eggs
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- 27- Cl ai s 1 A nethod of detecting the arriva

+-re—at—a—-t-asducer—of—an acodstrec—wave packet—tramsmrtted at a
first frequency, said nethod conprising the steps of: (a)

converting, at a sanpling frequency, an anal ogue signal output from

sai d transdugesndesy o digital signal data,; PCT¢AV96/00653

determ ning a neasurenent portion of said digital signal data, said
measur enent portion corresponding to 3,{g£sponse of said transducer to said

acoustic wave packet: (c) determ ning from
sai d neasurenent portion a plurality of slopes (S[err]) for a
corresponding plurality (i) of measurenent segnents of said response, each
of sai d segnents being about a signal |evel value (V); and

(d) determining fromat |east selected ones of said slopes (S[err]), the
arrival time (t) of said acoustic e packet. 15 2.
A nethod as clainmed in claim1l, conprising mE% further step, between steps
(c) and (d) of: ) determ ning, for selected

ones of said segnents, a correspondin
indicative of a tine at which said responseé

| evel value (V); wher el
said arrival time (t) from said
(Alerr]). 3. A nmet hod as cl
further step, between steﬁg (c) 25 ca) of:

(caa) matching said slope§\b§k§rr]) wth ajc espondi ng reference set of
sl opes (P[err]) to determ ne a negasu nt position of each of
said segnents in said nmeasurenent ortio

wherein step (ca) conprises determ ning sai orrespondng neasur enent

rement time (Alerr])
s said signal 20
P (d) conprises determ ning

spondi ng nmeasurenent tines
rh claim2, conprising the
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30 times (Alerr]) fromthe corresponding one of said measurenent

A -ret-hog—eas—ctatrned—tn- cl ai m 2, -whererm—step (c)
conprlses al I ocati ng a set of (k) points of said dlgltal si gnal
data to each said nmeasurenent segnent (i), each said measur enent
segnent (t)woskagseentred around two adj acent poi nts whospcwabesassssi e on
35 either side of said signal level value (V), fitting a straight line to

each set of points, and then digiérm ning the slope (S[err]) of each
said straight |ine.

- 28- 5. A nethod as clainmed in claim4, wherein said straight
line is a line joining said two adj acent points. 6. A

method as clainmed in claim4 or 5, wherein the value of (k) is related to

the 5 ratio of the s{ ALK IIGRICY+P the first frequency, and to the

£

consequenti al spacing pf—sgrc—drgital signal data in said nmeasurenent
portion. 7. A net hod

s claned 1n . dlaim 5 or 6, wheren Kk is

equal to one eighth of the nunbd ¢ BTAIOMNG 55 ey4l e. 10 8.
A'nethod as clained in claim7, where |t he GEVEBATIONK |s 10. 9. A
met hod as clained in claim3} wherein each sloqe (P[err]) of said reference

set of slopes is assoc|ated w th=g-sp f3 on paraneter (n)
mar ki ng the position of a 15 Si Eﬁﬂgﬁﬁ ’ﬁ%énzz¥ion Wi thin said wave

packet, said paraneter (n) cérresponding to t he nunber of hal f-wave

peri ods between the begi nning of sai t—angh t he
o A l
7 gé
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particul ar signal polarity transition. 10. A nmethod as clainmed in
€ar-m-S9—wherern—sai d—+efer ence—set—ef—stopes—s—20 updat ee—over—tife—in
order to conpensate for changes in said anal ogue signal. 11. A
method as clained in claim10, wherein said reference set of slopes is
updated to waldrawese sl ow novi ng average of said slopes (Spermabysnossad 12.
A nethod as clainmed in claim9, where step (d) conprises the follow ng sub-

st eps: (da) assigning a/yighting factor (Werr]) to each
of said neasurenent timnes (Al err]) based upon the correspondi ng
position paranmeter (n); (db) selecting (m of said
mesurenent tinmes (Alerr]) as those to be used in the 30 determ nati on of
the arrival time (t); (dc) determ ning a nean hal f -wave
period ([err]) fromtime intervals between adj acent ones of said (m

sel ected neasurenent times (Alerr]}; (pd) determ ning, for
each of the (m selected neasuren%ﬁt tlngg: A[err]) an esti mated
arrival time (t[err]) of said waveppacket at trﬁmsducer 35

(de) determ ning a sum over thiv%gl,nsa €nment {times (A[err]), of a
pr oduct of the weight factor err]) jassigned fto each said

D_.._.

nmeasurenent tinme and the corr§§p0ﬁdpng_g§LLﬂg%$d arrival tine
(t[err]),; and (df) det ermijning the arrival tine
([err]) of said acoustic wave packlet_hy —

—
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di viding the sumfrom step (de) by a sumof the (n) weighting factors

-(—\A{Lerr]). A methet—as—ctarmed—mciai m 12, wherer step (dd)
conpri ses determ n| ng the 5 estimated arrival tinme (t[err]) usi ng the
expression t[err] = Alerr] - n.[err]. 14. A nmethod as clainmed in
claim 12 orwbdgherei n each said wei ghing factor ( WeraUdgron6s3s
proportional to the slope (S[err]), of the corresponding one of said
segments. 10  15. A nethod as clamgd in claim12, 13 or 14, where m
has a value from2 to 20. 16. A nmethod as clained in claim15,
where the value of mis 6. 17. A nmethod as clainmed in any one of

clains 12 to 16, wherein step (db) 15 conpri ses selecting said
measurenent times (Alerr]) dependent upon at |east one of the

preci sion of determ nation of the neasurenen tinme, the closeness of natch
to the reference set of slopes (P[err]), and the freedom from
interference of said -nmeasurenent portion from hi gh-order acoustic
nodes. 20 18. A nethég)as clainmed in claim1, wherein said sanpling
frequency is used to € 3al aacoust wawe pasKer rana sfier abl y
said first frequency is a sub nul thal e of s@iRl Safipli Ng_fhequengy.

19. A nethod as cl ai med 21 ctai m I\ wher eMr_sai d™s{ gnal H~eyel e (V)
is derived 25 fromaveraging that said Wgital Ngignhal Data received{in
advance of said neagggnent [ g A netod as cifai ned
in claiml, wherein step (g?c%o‘ s the cont\wnugus conversionp of
said signal. 30 21. A m | ai med &0Oc¢l ai Mt wherein ¢

maxi mum magni t ude of one of/$§ai S[ err] )Nprovide Qr__adf

timati f [ |1t f i I ;
estimation of a maxi mum anpl i U&S.O Q‘ana 5§OS| gna
2 Y
0S5 + } 4 } + =

5456763/‘07'//2‘

. MO, OF FOINTS AROUND AVERAGE
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said estimation being used to maintain said maxi num anplitude substantially
cofstant—35—22—Afet hot—as—ctarnmed—Tm—ctai m 1, wherermstep—(2)
conprises, before said converting, the step of: - 30-

(ad) adjusting the anplitude of said anal ogue signal such that a maxi num
anpl i tude owosmi@ianal ogue signal is held substantially camgievsioossyer a
nunber of recei ved acoustic wave packets. 23. A net hod as
clainmed in claim?22, further conprisin§/ldsing the nagnitide of t he
maxi mum one of said slopes (S[err]) to adjust the anplitude to nmaintain

sai d maxi mum anplitude substantially constant and thereby said

maxi mum sl ope within a predeterm ned range of magnitudes. 10 24.

A et hod of deter {% propagat|on time of an acoustic wave packet
transm tted between ultrasonic tran c Maid mehed conprising the

steps of: (e) gértlng a cl er at L#Qg at re erm ned
frequency; & A Lt JsT.y W ' I d
cl ock, the steps of: UQU)DCK)WALD/%AY "( . Ele S St
transducers to out pu']'s_alms?m e WRIEpa 0 f i st
frequency |ower thafi sard predetermmedi]rgouercHOWRYL | WITH LOAD
(fb) maintaining sajd cl OWHQ eff fer &h¢
detection of an arrjval o | pad¢iey a'mher of 50
transducers; B (9) det ect;i of Hre=tr | {ti_ne} of said pave
packet using the fe TS ) Cpe SRAM.
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claimed in any one of claims 1 to 23, wherein said sanpling frequency is

1 nhed—{f+eguency apd—s—provirded—by said cl ocks—amd—sai d
digital' signal data i ncl udi ng said nmeasurenent portion is stored in a
menory whose address determ nation for consecutive sanples of said
digital sioggleydps@ is altered by said clock such that eapdwauvssnoesddress in
said nenory corresponds to an identifiable tinme after generation of said
acoustic wave packet. 25 25. Asmet hod as claimed in claim 24,
wherein a plurality of said acoustic wave packets are transmtted and,
excepting the first transm ssion, the transm ssion of all subsequent
acoustic -wave packets are synchronised to the reception of the imediately
precedi ng acoustic wave packet. 30 26. A nmethod as clainmed in claim
25, wherein upon transm ssion of a particular acoustic wave packet a
delay time is counted and the transnission offdne next accoustic wave
packet is instituted after said delay tine s el apsed and when said
measur enent portion corresponding to sgdd particul ar acoustic wave
packet next crosses said signal 35 |evel vjlue. 27. A et hod as
claimed in claim 24, wherein an acoustic ve packet is transmtted
si mul taneously from each ofl§ﬁ§§¥2%39? réer for regeption by the other of
said transducers and the propa Lo ti of eac t he acoustic wave
packets is thus det er m ned. /‘/}
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28. A nethod as claimed in claim 27, wherein step (a) further conprises
5 conpensating for phase—difi+erences—hetween—said di gital—srgnar data

converted from anal ogue signals output fromrespective ones of said
t rransducers. 29. A nmethod of estimating the arrival time at a
transducer ﬁ,bg?ﬁ”ggoustic wave packet transm tted apcEAa(96/08653
frequency, said nethod conprising the steps of: 10 (a)
converting an anal ogue signal output fepm said transducer into digital
si gnal dat a; (b) determining fromsaid digital signal data
a waveform period for di fferent segnents of said anal ogue signal;
(c) aver agi ng the waveform periods, and 15 (d) using the
average and the nunber of segnents to estinmate the arrival tinme.
30. A nmethod as clainmed in claim?29, wherein step (b) conprises
determ ning a pl ur%iot of slopes corresponding to transitions of said
anal ogue si gnal abou]FA épredet erm ned signal |evel, apdpusing said
slopes to identify the waveform perio el @ adj gzent of said
sl opes. 31. A net hod as claf i n HpA-36; "W’ ality
of sl opes are comparedzqup OWSRAL PS40t HebbCe 5 S a
specific location in segre—earelogte—stgmal | ! : ' e
average period, the ' i t eprfe mg{ hod
as clainmed in claimB1l, wh ' @ifgsé t Af | ef er apcels =Xy
nodi fied over tine t trac@%g S mﬁs bl ur al ilt{ f slop[dmthereby
conpensat e for deviation®4romsaid f}i fpt fregue spird acousyic
wave packet as det ected | uger ovey time SRAM A
system for neasuring|fHe dfot—a woving {|uid, said sygFem conpri sing:
a nmeasurenent tube [ qug i£h_passes—4ﬁe-h EEERDDEE SPASE S5 —+9 be
nmeasur ed, N ! 4 C
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35 two wultrasonic transducers disposed in said tube and
configured-for HanRsw-t-H-ag- Ul tr aserte—steghals bet weerr—eacth—otter—
transmi'ssi on nmeans for exciting at |east one of said transducers to
generate an acoustic wave packet that propagates at a first frequency
al ong sai d JgRendesgard t he ot her of said transducergerauos/io6ss

recei ving neans connected to at |east said other transducer for detecting

t he a acoustic wave packet and for cpygerting an anal ogue signal output

fromat |east said ot her transducer to digital signal data, said
receiving neans including a (first) nenory for storing said digital
si gnal data; processor neans connected to said receiving
means for determ ning the speed of the fluid, said processor mnean
conprising: 10 first neans for determning a

measur enment portion of said digital signal data, said neasurenent
portion corresponding to a response of said other transducer to said
acoustic wave packet; second neans for determning
from said neasurenent portion a plurality of slopes (S[err]) for a
corresponding plurality (i) of measurenment segnents of 15 sai d response,

each of said segnents being about a signal |evel value (
third neans for determning fro t—Heast selected o
(S[err]), the arrival time (t) d acoustic wave
A system as clainmed in claim further conpris
determ ning, for selected on Dd segnents, a c
measurenent time (Alerr]) indicative of a tine
intercepts said signal |evel Wal ue, wherein

f —gai d sl opes
. 34.
th neans for 20
di ng
§ which said response

RTED
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said third neans determnes said arrival tine (t) fromsaid correspondi ng
feastrerert———t+es—(Alerr] ) —25 35 A—SysSt em as—ctarned—m—cl aim
34, further conprising a (second) nenory neans connected to said
processor neans for storing a reference signal, said processor neans

i ncludi ng finwddnggns arranged to match parts of said ref gepRaessosgnal W th
sai d nmeasurenment portion to determ ne a neasurenent position of each
of the segnents in the measuremeqj qortion, wherein said neasurenent
times (Alerr]) are determ ned using a 30 correspondi ng one of said

measur enent positions. 36. A systemas clainmed in claim 33,

further conprising nmeans for adjusting the magni t ude of sai d anal ogue
signal fromat |east said other transducer so that it falls bet ween
certain limts, those limts preferably being equally displaced either side
of 35 said signal |evel value, said signal |evel value preferably being an

aver age of an ouput of said other transducer before said neasurenent
portion. 37. A systemas clainmed in claim33, further
conprising nmeans for altering the anplitude of said anal ogue signal
such that a maxi mum anplitude of said anal ogue signal is

substantially constant over a nunber of received acoustic way, ackets. 5
38. A systemas clainmed in claim37, wherein said alterin es
t he magni tude of the maxi mum one of said slopes (S[err]) jgst the
anplitude to maintain sai d maxi mum anplitude substanti al sgant

and t hereby said naxinquslope W thin a predetegm ned range of
Q

magni t udes. Eg Eg

AT L
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10 39. The invention of claim1l or 33, wherein said sanpling frequency
is hetween . 500kHz-—and 10GHz— 40~ e | nventd T

whereinn said sanpling frequency is 10MHz. 15 41. The invention of
claim39 or 40, wherein said first frequency is between 20kHz and
SMHz. Sa7n4936 1he invention of claim4l, when dependggfapsmpesdi m 40,
wher ei n saiarfirst frequency is 125kHz. WO 97/ 14936

PCT/ AU96/ 00653 12/14 - 34-

S. A method as clainmed in claim4, wherein said straight lineis a line
joining said two adj acent points. 6. A nmet hod as cl ai ned

inclaim4 or 5 wherein the value of (k) is related to the 5 rati o of
the sanpling frequency to the first frequeny, and to the consequenti al

spaci ng of said digital signal data in said neasurenent portion.
7. A nethod as clainmed in claim4, 5 or 6, wherein k is equal to one
ei ght of the nunber of points per cycle.

FIG.11B
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10 8. A nethod as clained in claim7, where the value of k is 10.

Q A—net-hod—-as-¢cl-atred |n4ﬂﬁmﬂﬁé}—ﬂMﬂaﬂa#71ﬁmh sl ope—{Pferri)—of Said
ref erence set of slopes is associated with a specific position
paraneter (n) narking the position of a 15 signal polarity transition

W t hin sm<ﬁ¥ Jagicket, said parameter (n) correspondi ngpé-Pavesnossst he
nunber mave perlods bet ween the begi nning of said wave packet and
t he partlcular signal polarity tigamsition. 10. A nmet hod as

claimed in claim9, wherein said reference set of slopes is 20 updated
over time in order to conpensate for changes in said anal ogue signal
1. A nethod as clainmed in claim 10, wherein said reference set of

sl opes is updated to follow a sl ow noving average of said slopes
(S[err]). 25 12. A nmethod as claimed in claim9, where step (d)
conprises the follow ng sub- st eps: (da) ,M40assigning a

wei ghting factor (Werr]) to each ofkzsai d neas
based upon the correspondi ng posit{on paranet

sel ecting (m of said neainmzﬁEﬁX%ﬁAD%?L@ﬁ[

30 determ nati on of t helgt=y-et—t+re—tt MWﬂﬂf(

determ ning a nean half; ' ﬁg? n
adj acent ones of said () selected nmeasurengmtiiti nes =
(dd)  deternining, rfor each MERAAROCEGSOK el qrtigd neasyr eneht t i AR
(Alerr]), of ap es{imated arrival tinelfgtflerr])~of sal %ﬁaﬁF\Et at

t he transducer; 35 uepl et er m ni a su¥B overY
; p =ght 1 ng “aef

measurenent tinmes (Al err]) ﬁgma

tine 74 ( ;])

R hh the
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(df) determning the arrival tinme (r) of said acoustic wave packet by
dividing the sumfromstep (de) by a sumof the (n) weighting factors
(Werr]). woo71436 A method as claimed in claim12, waerghdessssP (dd)
conprises determning the 5 estimated arrival tinme (I[err]) using the

expression tlerr] = Alerr] =n.[err]. 147214 14. A nmethod as clainmed in
claim12 or 13, wherein each said weighting factor (Werr]), is
proportional to the slope (S[err]), of the correspondi ng one of said
segnents. 10 15. A nethod as clainmed in claim12, 13 or 14, where m
has a value from2 to 20. 16. A method as clainmed in claiml5,
where the value of mis 6. 17. A method as clainmed in any one of

clains 12 to 16, wherein step (db) 15 conprises selecting said
measurenment tinmes (Alerr]) dependent uponﬂé | east one of the

preci sion of determ nation of the neasur time, the gseness of march
to the reference set of slopeg rr]), and the frgedom from
D

interference of said neasurenent rtion from hi gh-drder acoustic

nodes. 20 18. A nethod as clfained {in claigkgézwgg%2¥g¥ﬁgid sanpl i ng
frequency is used to generpte—sart—acoyst i ve nd preferably
said first frequency js—a sih- RGN | of said sanpling frequency.
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) ¥ &
19. ~ A nethod as clained in claim1, wherein said signal |evel v&f@a4(y)#
r*g-d-e1'-1-ve-d—2'5——f-r-o1ﬁ-avef-ag| ng —t—11-at-s-a'r'd—d'r-g1-t-a'|"—5| gnal dmvei—vep@—g%‘%mgpm
advance of said neasurenent portion. 20. A nmet hod as clal fréd
in claiml, wherein step (a) conprises the continuous - on of
sai d signal. 21. A nethod as clained in claim1l, 8\ a nmaxi num

magni t ude of 'gf sai d wogLDWQ&u,(LS[;@em},bgm@maes for I mation of
a maxi num anpli tUde of said anal ogU®™ & said esti rrat I on bei ng
used t o INFERNATIONARARPLICATIONPUBLHISHED UNDER| E‘EEQAK‘EHI‘ CQOEERATIGN{TREATY (PCT22,
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(54) Title: DIGITAL SPEED DETERMINATION IN ULTRASONIC FLOW MEASUREMENTS

(57) Abstract 60
~HOH M 78
A method and device (60) is described which measures 56
the speed of a flowing fluid (F) by measuring the difference LANID CRISIL DISFLAY
in time taken for an ultrasonic signal to travel first upstream ‘
and then downstream in the fluid. In each direction the device i l s
(60) calculates the time taken for an ultrasonic wave packet MODFROCESSOR =
emitied by one ultrasonic transducer (62) to be received by ' 1
another {63). The method used consists of the digitisation (85) I 655 2z 771 SRAM.
of the received waveform and the subsequent identification of L‘U}J
waveform features by comparison with a standard template of 67—
the waveform. The position in time of these features is then '559}‘“‘ o %
determined with respect to 2 high speed clock (70). The results VIO {’8
are then used in a weighted computation to determine the time ! {
of arrival of the waveform at the transducer (63). &0, l f—— 181
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arrplltude substantlally const ant and thereBCTs |ch gaxgmﬁn ]sl[?pg 6 5 3

wthin a predeterm ned range of magnitudes. hoq fﬁZ 97
~determ ning the propagation tinme of an acoust ic wa#&pagket
transnitted between two ultrasonic transéficers, said method conprising the

steps of :- (e) starting a cl ock ﬂf,ﬂ”’,@t det er mi ned
frequency; iaims () si mul taneously w ”,ﬂ#ﬂ'gf sai d
cl ock, the steps of: (fa) energl $iny ohe *of said
transducers to output said acoustic wave 15 packet at a first

frequency |nwer t;ﬁaneﬁedctfmmﬁhgrdﬁ afdval rikag an @ irandéster of an acouatic wave

detect on Greet PPl 85 i Ry, il obd S, B UL
t ransduders; (a) conv@gng at mlamphm@cgtamwwalmlom@alm@tm
packet usi wgﬁmmqg qﬁ%itlaéﬁ Qigfred in any one of claims 1 to 23,

wherein said sa I | I's said 20 predeterm ned frequency and

is provided by s B8 Sameaturgnent postiom of said: digital signalcdataii said sai d

measur ene ntmmmmm rcimomﬁspmnngrmr 1esprse of adid Ramsddd-ob aih st tidtic

for consecy}) es of said digital signal data is altered by said
cl ock suchl{%*]v&%aggﬁp address in said nenory corresponds to an

i denti fi0abl e ti ndekhft erdﬂmcs iﬁ@m said gngagurement Mta plmﬂnye of aldpes (525
25. A MR QCccifesBonit aﬁuﬂfﬁﬁéﬁ' @B?fe lelch of
exceptlng

acoustic wa are t tted
transm ssi éﬁﬁsﬁﬁ@qﬂgg’ﬁ @@Pbﬁs’ﬂﬁg el val ?’amquent acoustic vvave packet s
are synchroni sed {@p t hdsteeminitg &bmithmuhmdlmebﬁlwd slopey €8, the Girrival

acoustic Vay e, %?"Q‘ﬁ A method as clainmed in claim25,
wher ei n upon Qg %&d “%?”ngﬁ‘i*ﬁ cul ar acoustic wave packet a del ay
time i gd8counted and the transm ssion of the next acoustic wave_packet

i s institutzed af tmetidthsChihintied ih BRIAAS cOMPASAG R Rrike fes, beltwiaPfAgs R Nt

portion coa@z&o‘%‘h ng to said particul ar acous i c wave packet next crosses
sai d signal vel val ue. 27. A nmethod as clainmed in claim 24,

wher ei n an acout i{ea)wav deteemiaing,i for selected ones of said segments, a corresponding
measurement time {4,) indicative of a time at which said response intercepts said signal
20 level value (V);
wherein step (d) comprises determining said arrival time (f) from said
corresponding measurement times (4,).

3 A method as claimed in claim 2, comprising the further step, between steps (c)
25 and (ca) of:
(caa) matching said slopes (S;) with a corresponding reference set of slopes
(P)) to determine 2 measurement position of each of said segments in said measurement
portion;
wherein step (ca) comprises determining said corresponding measurement
30  times (4;) from the corresponding one of said measurement positions.

4 A method as claimed in claim 2, wherein step (¢) comprises atiocating a set of
(%) points- of said digital signal dara to each said measurement segment ({), each said
measurement segment ({) being centred around two adjacent points whose values lie on

35 either side of ssid signal level value (V), fitting a straight line to each set of points, and
then determining the siope (5;) of each said straight line,

AMENDED SHEET (ARTICLE 19)



¢

DO R PN % A L L | 5z Bind et R 2V - et AOFEOU
. |_U J-"? - L e R U e A S 7 .A M N RN UNI‘ JHULJ“YUU

uenevu Ca-# 4

transmtted si rrultaneously from each of said tP@Tsducérs fc@ geckpﬂoa 6y5 3
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sai d transducers *and the pro agatlon ti mre“df each of the acoustic wave
packets is thus det er m ned. 28. A method as clained in claim

27, wherein $tep (Aymethod acclaimerdyinicliim 4, Whereio said seraighnling Brammln%said
a

di ff erences e Spoifysdi gi tal signal data converted from
signal s output fromrespective ones of said transducers.

29.

T4, 0297

nal ogue
A

met hod of estimating the arrival tine at a transducer of an acoustic wave
packet transi tt edhanethod as chinfedide ubiimyéd of 8] dvhmithd v@ﬁimiﬂ(i’,i rsgcerabﬁ n%ttﬁ@S

of : 10 ut put f sai,d
transducer |n¥l%°5@§qplm§%@%w& @gt@&af% ga%o'&(‘ééf)'“q“‘ SPREIRE ng
from said cifgriddigialsignal dets in seidencasuremensqortien. f or di fferent
segnents of said anal ogue signal; (c) averagi ng the
wavef or m perj ods nd .1 average and the nunber
of segnents -}to est‘f %tﬁe‘:W\)ﬁF&%‘; stqrré ‘%Gm?%" ang,eighth pfthe

cl ai med i n alumber 2Dpointsepezicyciet ep (b) conpri ses det ermning a
10
8. A method as claimed in claim 7, where the value of £ is 10,

S. A method as claimed in claim 3, wherein each slope (P;) of said reference set
of slapes is associated with a specific position parameter (7) marking the position of a
1s  gignal polarity transition within said wave packet, said parameter (1) corresponding to
the number of haif-wave periods between the beginning of said wave packet arid the

particular signal polarity transition.

10. A method as claimed in claim 9, wherein said reference set of slopes is
20 updated over time in order to compensate for changes in said analogue signal.

11. A method as claimed in claim 10, wherein said refereace set of slopes is

updated to follow a slow-moving average of said slopes (s;).

2s 12, A method as claimed in claim 9, where step (d) comprises the following sub-

sieps:

(da) assigning a weightmg factor (W;) to each of said measurement times

(A4;) based upon the corresponding position parameter (n);

(db)  selecting (m) of said measurement times (4;) as those to be used in the

30  determination of the arrival time (1);

(dc) determining a mean half-wave period () from time intervals between

adjacent ones of said (m) selected measurement times (4;);

(dd) determining, for each of the (m) sclected measurement times (4;), of

an estimated arrival time (¢;) of said wave packet at the transducer;

as (de) determining a sum, over the (m) measurement times (4;), of a product
of the weighting factor (W) assigned to each said measurement time and the

corresponding estimated arrival time (7); and

AMENDED SHEET (ARTICLE 19)
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pl ural i ty of sl opes correspondl ng to transtFE]'ofi s4i df aglasoqheﬂs@nﬁl 5 3
about a 20 predeterm ned signal level, and using said slopesS to |d(§agé|gf2‘y°?
*the wavef orm peri od cent ones of said sl opes.

A et hod as cl ai md““\l“'“ﬂﬁlma“ﬁmfel nhe plurality of slopes are

conpar ed - with assete ot réf et erice slopes to identity a speC|f|c

| ocation in said | og qm%/rlc | od,
the arrival tine @‘ﬂ? HS erm netfzﬁm‘g515 y Hfﬂaﬂe?%ggs %&fpe@

clai m 31, mﬁ@#@mﬂyawal&emm&d@ibvem@tbpéymmmfacmam)ed over tine

to track changes in said plurality of slopes to thereby conpensate for

devi ati ons oms | Ik L equen 0 d acousti.c wave cket  as
det ect ed by ai d W%&%&E&j%‘%ﬁ r@aﬁerems @gfcomprﬁgé the
measuri ngy t estinsnedeatrivil timedyy) wsing theieXpressionl t;s¢sAjem.conpri si ng:

a nmeasurenent tube through whi ch passes the fluid whose speed is to be

nmeasured; 35 ul trasonic transducers disposed in said tube
and confi gihed férmﬂmd a@rcéﬁmltm.q%ymm (08 sidniwheteig earh spigt weighting: factor
ot her ; , is prop¥?tiSrdl 14 @&Gslope (5)), of the corres one of said

PCT D6/ 00aEy, 18 prosi ope () ponding seBTgns.

transm ssion neans for exciting at | east one of said transduers to generate
an 1acol®t i ¢ Aanethpd ek elaimddain gleimpkdy d8as 14, whefe mdins f vabpe dromy 2ab @09
said tube toward the

16. A method as claimed in claim 15, where the value of m is 6.

17. A method as claimed in any one of claims 12 to 16, wherein step (db)

15 comprises selecting said measurement times (4;) dependent upon at least one of the
precision of determination of the measurement time, the closeness of martch to the
reference set of slopes (P), and the freedom from interference of said measurement
portion from high-order acoustic modes,

20 18 A method as claimed in claim 1, wherein said sampling' frequency is used to
generate said acoustic wave packet and preferably said first frequency is a sub-multiple
of said sampling frequency.

19, A method as claimed in claim 1, wherein said signal level value (V) is derived
2s  from averaging that said digital signal data received in advance of said measurement

portion.

20. A method 23 claimed in claim 1, wherein step (a) comprises the continmuous
conversion of said signal.

30
21. A method as claimed in claim 1, wherein a maximum magnitade of one of said
slopes (S;) provides for an estimation of & maximam amplitude of said analogue signal,
said estimation being used to maintain said maximum amplitude substantially constant.

s 22 A method as claimed in claim 1, wherein step (a) comprises, before said
converting, the step of:
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ot her of said transducers rec ng means c¢pnge g 'ut 3
| east said ot her transducer fa&ﬂet ecting th@eg * dcoustit Waat a@ ﬁ andJ

. I ?;nggﬂ\ég:tiggd?m‘ﬁm\\w output fromat |east said ofiHgr02, 97

said Jggeiving neans including a (first)
menory - for st*orf ng sal d dr gital signal data; processor
nmeans connected tq said receiving nea et erm ni ng t he speed of
the fluid, said pit¥essd F%Ebe W‘iﬁﬂé“’g @oalogue signal such that a meximum

means for detplidei of saxdrrmguenﬁgnalpmrhemrsubﬁamﬂls* chngiahblover 3 nEhBERbf
data, said Wﬁﬁg@@& prrespondr ng to a response of said other
t ransducer to sal acoustrc ve packet; second neans

for determ ning from said neasurenent portion a plurality of sl opes

(S grr])sfonsa corﬁr]wadf tsgﬁaﬂddrﬁ'd&m Qz)ﬁeﬁzeffﬁaﬁt pHARE lmﬁﬁtﬁ&fﬁ:&ﬁ %(5/)
sai d respon each of sai e e ou na vel, val ue

third rregns%qdomﬁ’gp@ il ﬁﬁa“ars&W @a%‘il)‘?ﬁg%em’gﬂahg%mérntﬁam danatismm
(S[err]), t amphtudeyvaubstamtinilyt )conitmaraidaahembycsndvenmmt slope withih a A

system as E’W% her conprising fourth nmeans for 20
determ ni ng; tor Selec one sar d segnents, a corresponding
measurenent time (Alerr]) |nd| cative of a tine at which said response

ijn:erc-epbs 94i d Smm’t‘thddel tdﬁkie&?d: f iting ‘e pRipagation tidae of ad)iabolshE dve

et er m nes i e romsaid corres surenen
tines (A[er?"%m ?‘ng Uiy)g %@W@f m&%m&‘f‘mfﬁﬁr
](c:orrprr[sr ng a (se](c:Cﬂ)d) nmmmtzmogrmmwm&e@mmgezsor ]rre??ﬁ
or storing a refggence "n‘aﬁﬁﬁ&? ing fi
means arranged to tchgparts or’ﬁggr dgre erence Si g%glf.mesﬁﬁf £
measurment portion to d&Rkr PRERESEE AN S, transducars &6, oupub suid Wewave
segnent ssin piketmas fifse fieqientp Idwa thar\biid predefnited BRGUERYER t | MES

bosi 11 ons. 56 e Hiioaile Gl rsi%"r‘)ﬂf’ Ernﬁ#‘éﬁf@r%%'fﬂfermér‘éﬁr”&mng
means for adjusti dqmioa of an arriva]rafssidcvae pagket atithelather of saidrtransducers; at
least said other pgyansdygedingOtbk "@hivall tifd! dfSsaid wave packet using the method as
claimed in any one of claims 1 to 23, wherein said sampling frequency is said
26 predetermined frequency and is provided by said clock, and said digital signal data
including said measurement portion is stored in a8 memory whose address determination
for consecutive samples of said digital signal data is altered by said clock such that each
address in said memory corresponds to an identifisble time after generation of said
acoustic wave packet.
a5
28. A method as claimed in claim 24, wherein a plurality of said acoustic wave
packets are transmitted and, excepting the first transmission, the transmission of ali
subsequent acoustic wave packets are synchronised to the reception of the immediately
preceding acoustic wave packet.
30
26. A method as claimed in claim 25, wherein upon transmission of a particular
acoustic wave packet a delay time is counted and the transmission of the next acoustic
wave packet is instiruted after said delay time has elapsed and when said measurement
portion corresponding to said particular acoustic wave packet next crosses said signal
35 level value,

27. A method as claimed in claim 24, wherein an acoustic wave packet is
- transmitted simultaneously from each of said transducers for reception by the other of
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between certain lints, those \mm ts pref erabIBCKellng'\eqdualg yﬁdl pﬂac@dB 5 3

either side of g‘mmml@‘ m evel value, said signal level value
- preferably bein

n output gy, of said other t r ansduichy 02 97
before sai d meastr efrent port i on. WO 97/ 14936

PCT/ AU96/ 00653 - 37.

A syst em assaid sapsdycess and-thepeopagarion Hwe of eagh of megaqewwswaw pmlmrxs tlayist he
anpl i tude ofetsiidledinal ogue signal such that a maxi num anplitude of said
anal ogue signal is held substantially constant over a nunber of

recei ved acoustic wave packets. 5 38. A systemas cained in claim37,
wher ei n sai 28.al t eAi ngethmhras ciaimed lie claim 2fggwherite stdp t(he fonbermeomprisesof

Zﬁ;f’.ftesu@ {“5 Al e B ?*hﬂgaéi.gﬂ‘ngi‘%msggé‘%‘%””m

a predet er ninHQgY Scﬁ“m mwegct ve pges anaducarhvent i on of claim 1
or 33, wherein sal d sarrpl | ng frequency is betvveen 500kHz and 10GHz.

A0 The et heba e e HASE, Bl L MRl b B S
bet ween packéidrimsmidtiedoatta-first frequency, said method comprising the steps of:
10 (a) converting an analogue signal output from said transducer into digital
signal data;
(b) determining from said digital signal data a waveform period for
different segments of said analogue signal;
(c) averaging the waveform periods, and
15 @ using the average and ths number of segments to estimate the arrival

+

tm'

30. A method as claimed in claim 29, wherein step (b) comprises determining a

plurality of slopes corresponding to transitions of said analogue signal sbout a
20 predetermined signal level, and using said slopes to identify the waveform period
' between adjacent ones of said slopes.

31 A method 2s claimed in claim 30, wherein the plurality of slopes are compared
with a set of reference slopes to identify a specific location in said analogue signal,
25 from which, using the average period, the artival time can be determined.

32. A method as claimed in claim 31, wherein said set of reference slopes are

modified over time to track changes in said plurality of slopes to thereby compensate

for deviations from said first frequency of said acoustic wave packet as detected by said
30 tramsducer over time.

33 A system for measuring the speed of 2 moving fluid, said systcin comprising:
2 measurement mbe through which passes the fluid whose speed is to be

measured,
35 two ultrasopic transducers disposed in said tube and configured for
trapsmitting ultrasonic signals between each other;
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frequency i

transmission means for exciting at least one of said transducers to geperate an
acoustic wave packet that propagates at a first frequency along seid wbe toward the
other of said transducers;

receiving means connected to at least said other transducer for detecting the
acoustic wave packet and for converting an analogue signal output from at least said
other transducer 10 digital signal data, said receiving means including a (first) memory

for storing said digital signal data,

19

18

20

5

30

25

processor means connected to said receiving means for determining the speed

of the fluid, said processor means comprising:

first means for determining a measurement portion of said digital
signal data, said measurement portion corresponding to a response of said other
transducer to said acoustic wave packet;

second means for determining from said measurement portion a
plurality of slopes (§;) for a corresponding plurality (7} of measurement segments of
said response, each of said segments being about a signal level value (V);

third means for deterrining from at least selected ones of said slopes
(5;), the arrival time (f) of said acoustic wave packst,

34, A system as claimed in claim 33 further comprising fourth means for
determining, for selected ones of said segments, a correspondling measurement time (4
indicative of a time at which said response intercepts said signal level value, wheretn
said third means determines said errival time (f) from said corresponding measurement
times (4.

3s. A system as claimed in claim 34, further comprising a (second) memory means
connected to said processor means for storing a reference signal, said processor means
including fifth means arranged to match parts of said reference signal with said
measurement portion to determine a measurement position of each of the segments in
the measurement portion, wherein said measurement times (4;) are determined using a
corresponding one of said measurement positions.

36. A sysiem 2s claimed in claim 33, further comprising means for adjusting the
magnitude of said analogue signal from at Jeast said other transducer so that it falls
between certain limits, those limits preferably being equally displaced either side of
said signai level value, said signat level value preferably being an average of an output
of said other transducer before said measurement portion.
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37, A system as claimed in claim 33, further comprising means for altering the
amplitude of said analogue signal such that a maximum amplitude of said apalogue
signal is held substantially constant over & number of received acoustic wave packets,

38. A system as claimed in claim 37, wherein said altering means uses the
magnitude of the maximum one of said slopes (5) ro adjust the amplimde t0 maintain
said maximum amplitude substantially constant and thereby said maximum slope within
a predetermined range of magninudes.

39. The invention of claim 1 or 33, wherein said sampling frequency is between
500kHz snd 10GHz. ‘

40. The invention of claim 39, wherzin said sampling frequency is 10MHz,

41, The invention of claim 39 or 40, wherein said first frequency is berween
20kHz and SMHz, )

42, The invention of claim 41, when dependent on claim 40, wherein said first
frequency is 125kHz.
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