, e3gsnnogFqZLs6 = C 2002 METHOD AND APPARATUS FOR DETERM NI NG A
FREQUENCY AT V%@mmﬁwmﬂﬁﬁﬁﬁEFCR RESONATES The present invention relates to
‘t he determ nation uency, particularly the resonant E@Fﬂﬁ?%ﬁ” of a
resonat'or. To deter iff®t he frequency at which a resonator resonates one
has to drive the resonator over a range of frequencies with a | oudspeaker
for exanple whilst detecting the anplitude of the signal in the resonator
with, for examgkTHGEDANDFEARATUS FOR DETERMINING AWREQUBNCYeATnat or s

currently being driven. The/gRUYISPRESONAPORCREBONATESUgGh the possible
range of frequencies at which resonance may occur. To determne the

resonant frequency accurately the | oudspeaker nust be scanned through the
possi bl e range of frequencies at which resonance may occur in small steps.
For exanple, to achieve an accuracy of +/-0.5 Hz, the | oudspeaker nust scan
through t hefR@nHEesert oHiEPRT BN | AedPERS oF° | RS IRAKILNAY1PheCf afge of
frequenci es_t hat nust be scann? s large this will take a |l ong tinme which

q i
may be i ncoh%eRANEREY - AcBEFERAY FSEX fi APt t heSBPRREHt Phvertion a
nmet hod of deternm ping a frequency at which a resonator resonates conpri ses:
driving an 5%58§?P8rtransnitter for applying an a 2 3 DEC 2002 acoustic
signal to the interior of a resonator by scanning through a first range of

frequencies in substantially equidistant steps of a first size; detecting a

i gnal T roman;acauslibe 8ee Melo A AN0Rd 10; det 8ClLBRAAEN i tdule flen

acoustic signal wthin the resonator produceﬁ y driving the acoustic

transmtteropuenakheof ksirel 2Rge rakohheederieS s dRNYeMJTE ranidrauancy at
whi ch a maxi mum occurs in the detected signal for the first range of

frequenci esyighi viang1bha@speausti C rhi-ansdaipgle bwhiqamni rgddutaugh atrsecond
range of frequencies containing the determned frequency fromthe first
range of fregpencuds, bfie sheondigande hei nghemaldemontitar t et r stfagmnge,
and scanni ng through the second range in substantially equidistant steps of
a second siewamhleh i3 gmkitraphdren fidie shepsfoéquarcyirat swizigh the
resonator is currently being driven. The loudspeaker is
scanned through the possible range of frequencies at which
resonance may occur. To determine the resonant frequency
accurately the loudspeaker must be scanned through the
possible range of frequencies at which resonance may occur
in small steps. For example, to achieve an accuracy of
+/-0.5 Hz, the loudspeaker must scan through the range of
frequencies in steps of 1Hz. However, if the range of

frequencies that must be scanned is large this will take

a long time which may be inconvenient.

According to a first aspect of the present invention a

method of determining a frequency at which a resonator
resonates comprises:

driving an acoustic transmitter for applying an

SRR
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detecting a signal fromthe acoustic receiver produced by driving the
9coustic transmtter over the second range of frequencies; and determ ning
a frequency at which a maxi numoccurs in the detected signal for the second
range of frequencies. According to a further aspect of the p28Lmy 2002

i nvention an apparatus for determning a frequency at which a resonator
resonates conprises: 2 2 3 DEC 2002 neans for driving an acoustic
transmitter arranged to apply an acoustic signal to the interior of a
resonator by scanning through a first range of frequencies in substantially
equi di st aglecHleRe @highah fel HeZ SndBAYY (Y AelRddihA By Wl Heyn an
acoustic receiver arranged to detect the anplitude of an acoustic signal

Wi thin the hheeeRakok i MsRdueefh Y rdrird ik A1 ACQUShiks td@sal 1§ er over the
first range of frequencies; reans for determning a frequency at which a
maxi num oeegmidliishatiie s#epectsrd sSifgnaly dJweans for driving the acoustic
transmtter by scanning through a second range of frequencies containing

t he determ ned frequency, the second range being smaller than the first
range, and scanni ng through the second range of frequencies in
substantial |l y dgteditsngnta stiapsaloffromseanndcsiizeivhireleiiyesnwtrengeldan t he
first size;, neans for detecting a signal fromthe acoustic receiver
produced By diethdfg the aspdstiudet rahsant eerusrdc thioratondthangé hef
frequenci es and neans for determning a frequency at which a nmaxi mum occurs
in the deFEECEFLOFgnRFOfiBEethebEecdntviBBigetd AANFHT eSTAPMGLEEING t he
acoustic transmtter over a first relatively broad range of frequencies
with a rePY¥evERS Fdrgs reegserdy I anci€sy coarse value for the resonant

3 s . . .
determining a frequency at which a maximum occurs in

the detected signal for the first range of frequencies;

driving the acoustic transmitter by scanning through
a second range of frequencies containing the determined
frequency from the first range of frequencies, the second
range being smaller than the first range, and scanning
through the second range in substantially equidistant
steps of a sgecond size which is smaller than the steps of
the first size;

detecting a signal from the acoustic receiver
produced by driving the acoustic transmitter over the
second range of frequencies; and

determining a frequency at which a maximum occurs in

the detected signal for the second range of frequencies.

According to a further aspect of the present invention an
apparatus for determining a frequency at which a resonator

resonates comprises:



| 4.2 DEC 2002 peak is quickly obtained for the relatively broad range of
frequenci es scanned. Having obtai ned a coarse value for the resonant peak
*‘the acoustic.transmitter is driven over a second narrower fégfﬁenQ%qrange
containing the coarse value for the resonant peak detected Eer208%
determ ne the resonant frequency nore precisely. The resonant frequency may
t hus be detected quickly and precisely. However, a problemwth this is
that the task of determ ning the frequency at which the acoustic
transmtter is jver _at -5En% ; Qﬁg%- j t is
conpl i cated bymgﬁggfggg F%g?lt e I%?%%%#%E%éﬁgg a %ﬁ??% %?ﬁ%ﬁ%g o?g a
change !naFE?nyEQH%BQ%tQE'%ﬁ@%athx§QQH§ti£téfﬁ@§”&ftﬁrré§§ﬂéﬁér!Bya
change in e detected acoustic receiver anplitude. This results in an
error in bbanﬁl@hgct athrfsgd t agt fregyenchanbd s b8 sARflidrtidsstith
further aspect of the present invention by scanning each range of

frequenci esbkbaatial$ty dgtedikceBnan@tadgiselod B 1Ty @ f isridde ;f requency at which
a maxi mum occurs and then scanning in the opposite direction and

determ ni ng a meansd ffrequetenectindi cA a sigxiatum eour samndadetstneni ng
the average of the first and second frequencies at which maxi ma occurred. A
final . vakeeeivert merananienty detwisitctheeampkiuged of & 2agomELiQ002
occurs in the detected signal is preferably obtained by summng a

pr edet er nSAgB2AuNWALENSN sEAME eFaROAIT | rR¥RAMESA at PYihi €R1¥ANAcobBei ¢
transmtter is driven over a further scan. By summn redet er m ned
nunber of 8§8HpF&S ERENEMLEEEE SVeFaﬁ@@nﬁéFPGr§a§@@hC%é%ﬁ%95€n59§sﬁeduced to
produce a nore_dependabl e result.. As sugnin a nunber .of .sanples,at each
frequency is sWﬁﬁEF ﬁ%1ﬁﬁﬁ§ﬁqiﬁ9%%aﬁs,rFﬁgepﬁﬁgéQﬁwqygbu%n@?ﬁémgﬁanned
in the further _scan_is preferably.smaller than that of previous scans to
reduce th& the ﬁkghet@eESF%SBn¥ﬁﬁQa§Can. The summ ng scan is preferably

Lhe Jast, scan prgher Al A e esanant Jbeagusncy fasglscaty begr

substantially 1| e-ac requency Ich pro nce

when dri Vigag n30n8C QUstGH ransdushs ir%ge;reefc?f Pfé(qu@ﬁéft'é@dcgﬁtﬁ?ﬂ@h%_ng the

a
nunber of its cyCles in"a predeterm ned period or by nmeasuring the Tine

taken to pHAdUR AniiRAL! Efg&ﬁeﬂc?w‘r&{e ofeS¥fhieTankRe hawment ARLLSY
descri bed further by way of éxanple with reference to the acconpanying

drawi ngs ichanhi €he HitHe Yanged bhoek dbaghanyi |dnsdudt i nghet heeovadal |
operation of a systemto neasure the speed of sound of a gas using a
resonat or range of frequencies in substantially egquidistant steps of
a second size which is smaller than the first size;
means for detecting a signal from the acoustic
receiver produced by driving the acoustic transmitter over
the second range of frequencies and
means for determining a frequency at which a maximum

occurs in the detected signal for the second range of

frequencies.

By driving the acoustic transmitter over a first
relatively broad range of frequencies with a relatively

large frequency step size a coarse value for the resonant



5 ,15 " ' 2 3 DEC 2002 Figure 2 shows a substantially spherical
resonator that can be used in the system Figure 3 shows how the acoustic
receiver is.nounted to the resonator; Figure 4 shows how t he 22 QFEt 2002
transmitter is nounted to the resonator; Figure 5 shows the anplitude of a
signal detected by the acoustic receiver over a range of frequencies;
Figure 6 illustrates how a clock signal is used to produce pulse width
nodul at ed signals which are conmbined to produce an approximtion to a sine

wave; Figus€ak SH04Ei8R1¢| 8etaohied Fst @Rel G iafdyt he-RRErBApd of
illustrated in Figure 6; Figure 8 shows a voltage controlled oscillator to
supply thefcegpednsignalkchandie syEheihghobtained gur eodrs&i galeed Sbows a
sequence of operations to determ ne the resonant frequency; 6 f 2 ~ DEC
2002 the resonant peak the acoustic transmitter is driven over

a second narrower frequency range containing the coarse

value for the resonant peak detected earlier to determine

the resonant frequency more precisely. The resonant

frequency may thus be detected quickly and precisely.

However, a problem with this is that the task of
determining the frequency at which the acoustic
transmitter is driven at the time that the resonant peak
is detected is complicated by the fact that the hardware
takes a finite time before a change in the frequency
driving the acoustic transmitter results in a change in
the detected acoustic receiver amplitude. This results in

an error in the detected resultant frequency.

This is solved in a still further aspect of the present
" invention by scanning each range of frequencies in a first
direction and determining a first frequency at which a
maximum occurs and then scanning in the opposite direction
and determining a second frequency at which a wmaximum
occurs and determining the average of the first and second

frequencies at which maxima occurred.

A final wvalue for the frequency at which the maximum



Figure 10 shows the connections to a processing neans to deternine resonant
frequency; and Figure 11 shows a nethod of allowing for the finite hardware
tresponse tine. As shown by Figure 1, driving electronic circut3 DEOIE6h may
include or be in the formof a mcroprocessor is arranged to produce a

si nusoi dal signal over a suitable range of frequencies to drive a

| oudspeaker 2. The | oudspeaker is arranged to apply an acoustic signal to
the interior of a resonator 3. Mcrophone 4 is arranged to pick up the
magni t ude dhe agQusty i it he; efﬁ:@g SRS fom t he
m cr ophoneQJi(cs fil tgﬁegHgldé%ﬂ%?!:??ﬂed&g}at&n Jé.%)p opri ataglg]e%%%ir}?%:dcib cuit 5
and a procesgidiGigeans §rdeletdiniond hendfis@nantff r efligiias rehat i B@cho the
gas within the resonator to determne its speed of sound. The resonator 3
shown in FifgteieAdys 4t &hHiGhCcase adugdid spreienidheri isudkiatadokegonat or
is formed fromtwo CNC (conmputer nunerically controlled) machi ned net al

hem spher esa 3fnuB2hern sdds. casBynasiemoingoppepyredbtentnenadl mathars bf5cm
and 3mm wal | thickness wel ded together to formthe sphere. The apexes of
henm spher esa3p 132 stubpordf fidrt 4 oods peakdom 2exrr'ors 3sUBEC 28020@RE naceophone
4 respectively which when the hem spheres are joined as shown in figure 2
are subst amei%!qeyi 180 ppaducehicmares deneang ¥osplbyi ie sHEMLBFgAESt
anplitude m crophone signal, The resonator is provided with a nunber of gas
di ffusion paE®sges I3, THIBLhe B3F wBRER | SYSHBRACYn ERgufdo¥ert otRRnl e
gas to diffuse .in and out of the resonator_3. Each,Lhem sphere 31, 32 is

pr ef er abl y BFEViCHEd FF8RST oSy ak 288 & oﬁrﬁg‘éﬁaﬁégsws‘%‘%\eﬁi oHed tg‘@

. Gas fjffusi 3 f bl illed th h th
Ceconator ARG NI ang SouehdT FEHvRdTo. DPEL AN TuI B FRBYACHE o
f inside_qf .Lh ] 1.\l [ h
oul A be mASETF} O ot BAPShe tHa aril St ofCaHantEch, I SRR ePrer @

di f1usion heles 33 shown;in ﬁﬁﬁ‘q [ LRSOAANING: SPhep e BhrhiLguLe 2 woul d

t hen not be required and so wo educe perturbations in the resonant
frequency duR t Qe esr33ueclis, PORUS dTBRId Rl peead Wt aptehengbl y
have a | ower thermal expansion than copper, reducing the anmount of
correction irdrautiirfagd.or variation in the size of the resonator with anbient
tenperature changes. The | oudspeaker 2 is in this case a mniature

| oudspeaker as may be used in a hearing aid with a supply voltage of a 2
~ DEC 2002 5V and a power |evel of approximtely 33mWand the m crophone 4
is a sub- rMhe atam=aln Srephaney F¥hijohepBodhows mewonhecei whephdmra v4ngs
mounted to the resonator 3. The resonator is provided with a passage 41 of
appr oxi mat @ty dc@Biah of apcasedwherh liss prefferaibly deasheedahy sopnswact
removed. A cylindrical spindle 42 is nmounted to or forned as part of the
out si de of Hife HMukAMGt 8 4%@ HFYXRRJIIBoACHRFTILEIRNGE PRRECDaS5aly 41.

The spindle 42 is preferably approximately | Om.in | ength and has an inner
di anet er sHSFLITSHE t@eac%ﬁ?mgglfﬁntﬁ‘é ﬁfgfiﬁﬁﬁoﬁep{e i SRS eda SEmber

appr oxi mateolfy 5@1\ The position of the m crophone 4 within the spindle is
vari abl e al onﬁyi sesﬁ‘ength so that it may be positioned at the optimum point
at which the sharpest output signal peak is produced, when the | oudspeaker
applies the resonant frequency to the resonator. The m crophone 4 is
secured at x?p_{g oSkt | i; tAiN i i Si 43.
The adhesi v'IteHEiesﬂg];ée erargl ?/épgg\%g\r%‘tlgghf r%m%g%?eﬂgw? eH?eggﬁg grg t\:ﬂ\é{?ihty as
it coul d drjefidrdridee®d ahes NARASAMIFThdTBY: £HiALtsEs PEF tusi Pat i ons in the
resonant frequency. The m crophone is preferably provided with a rim 45,
the outside dianmeter of which is substantially the sane as the inside

di aneter of the spindle 42 to prevent any adhesive entering the resonator.
Al ternati veliguree m ciephanebfoekul didgtami gill lystrat fveg Spihell evézallhe 9

operation of a system to measure the speed of sound of a

gas using a resonator;



2 ' DEC 2002 m crophone 4 is connected to the filtering and anplifying

el ectronics 5 by an electrical connection 46. The | oudspeaker 2 nay be
‘mounted in the same manner as the m crophone 4 shown in Figgg&nim EH§ isin
this eXanple fixed at a particular distance fromthe inside e
resonator as shown in Figure 4. In Figure 4 a spindle 21 of approximtely
2mm |l ength is nmounted to or forned as part of the outside wall of the
resonator 3 and a |.Smm passage 22 drilled through the spindle 21 and the
resonator wall with any swarf renoved. The | oudspeaker 2 is nounted to the
outside of the spindle 21 covering the passage 22. The | oudspeaker is
secured to Fheuxpi @dl ehewsusi ngubdhastiallensipheniadat ragondhesi vehant er s
passage 22 and is electrically connected to the driving electronics 1 by
el ectrical ¢¥mneet18Ad23n FThe FEFEEMVe angul ar separation of the m crophone
and | oudspeaker on the resonator wall may be variable to attain the

shar pest output peak. This may be achieved by the position of either the

m crophone Qr | oudspeaker Bgin fixed with the positi.on of the, other being
vari abl e. QLR Bf SEPMGhEVarPg: AGRYSER Ce BT eI S MPWIHRS & AukhE o
machi ni ng tglerances_for exanpl e producing different io 2 ~ DEC 2002
effective r %ﬁ??a%%fh resonator is calibrated individually using the
expression: ¢ = f x K Each resonator is calibrated using a gas of known
speed of sound (c) found using a conputer nodel for predicting gas
characteri sgi £&9rsUgh AHWANE e baca@%zzﬁé eEBRhshSE PEr SR A €co

nmet hod. The resonant frequency (f) 1st
the resonator;

Figure 5 shows the amplitude of a signal detected by the

acoustic receiver over a range of frequencies;

Figure 6 illustrates how a c¢lock signal is used to produce
pulse width modulated signals which are combined to

produce an approximation to a sine wave;

Figure 7 shows an electronic system to perform the

operation illustrated in Figure 6;

Figure 8 shows a voltage controlled oscillator to supply

the clock signal to the system shown in Figure 6;

Figure 9 shows a sequence of operations to determine the

resonant frequency;



measured for the gas of known speed of sound in the resonator being
calibrated and the constant K found. Using the calibrated resonator
‘together with its associated constant K allows the speed of <ogmpEct eoope
determ ned for any gas fromthe neasured resonant frequency. This gives
possi ble errors of about +/-0.1% By conpensating for variations in anbient
tenperature affecting the volunme of the resonator, the speed of sound of a
gas may be determ ned with even smaller possible errors of about +/- 0.05%
The | oudspeaaikfird s1dr ishewsbythn ebeedEONbiEs CtbCul prbcdwmimdgli mgiansmabi cal |y
in Figure 1 to provide sinusoidal signals over a frequency range suitable

t 0 enconpasketdmminegesmand fideeyddnst; ramd radi al resonance peak of the
resonator 3. The | oudspeaker is driven in frequency sweeps. The m crophone
provi des an output voltage, which is filtered m 2 ~ arc 200 and

ampl ~.fied, corresponding to the frequency at which the | oudspeaker is
current|y BEiSHESIr iMen SBOWShoan @?ébﬁiicacpgy i gwige e Ioxni thea Sinitedel ay
due to e:.ectronics. The frequency at which the m crophone produces the

| ar gest outiRARAWANS a’“g%’sﬁ@%(lelr"!ﬁ ned to be the non-radial resonant
frequency which in Figure 5 is 8860 Hz at 20C. The generation of
approxinations to sine maves over a conti nuous range of frequencies IS

descri bed hel in Fi s 6.an e@ ock si pplied

Lo a mcropbostgth B0 e eP1182i 7oRPa odbrRagRito ey bs PRt o

A t abl d H 48F1d. Th

m”Zri‘S'ro?egEaa’“ TTOTSAECSE S a8 RS R R “%%?5?93%% Gl P
d I dy el P lis 11 0 F

B Cench bf e PP e A, e by The.

PWM si gnal srabie 198, f?:e%e%'&:&e%o”@bneQrEOQetJ‘erldiﬁiéiféaﬂcé&e' ght ed syem ng
arrangenent, in this case consisting of resistors 11,5,116,z17 to produce

the approxirmid€pedleed 54 NErM@UEeONedi ap;f:lh,wan TaeowPpL OX&1GhaDNEHO tAeSi Ne
wave 105 shown in Figure 6 has the sane frequency as the PWM signal s

102, 103, 104dmierciveach haveedonembriuty cydi@sodipeieceat dge drmengedt ao

percentage tine off). 22 2 3 DEC 2002 In this exanple each cycle of the

synt hesi segpick up the magnitude of the acoustic signal within the
resonator. The signal from the microphone is filtered and
amplified by an appropriate electronic circuit 5 and a
processing means 6 determines the resonant frequency

relating to the gas within the resonator to determine its

speed of sound.

The resonator 3 shown in Figure 2 is in this case a rigid
sphere. The illustrated resonator is formed from two CNC
(computer numerically controlled) machined metal
hemispheres 31,32, in this case made of copper, of
internal radius 1.5¢m and 3mm wall thickness welded
together to form the sphere.

The apexes of hemispheres 31,32 support the loudspeaker 2



apptoximation to a sine wave 105 corresponds to sixteen cycles of the clock
signal 101, but could be eight or thirty two or any other suitable anount.
The rising 121 and falling 122 edges of PWM signal 102 are tﬂi%@%by t he
conpletion of the sixth and tenth cycles of the clock signal

respectively. The rising 131 and falling 132 edges of PWM signal 103 are
triggered by the conpletion of the fourth and twelfth cycles of the clock
signal 101 respectively. The rising 141 and falling 142 edges of PWM si gnal

104 are ”ajrﬂﬂerﬁf@r%dhéﬁ@ GOl H1d AN Ad 1 & heng8RORch AN de heUTgnidhae] es of
the clock signal 101 respectively. Each of PWM signals 102,103 and 104 is

t hen passedd hfeugdda i gAbWAY 18SifSiRIrel 15, 1h& 154beespeatlvel yigdhe
ratio of the values of resistors 115,116,117 is chosen to give the best
overal | siaparwaveviapd oxhd@t | baewhi Eound t is cpsevider eshet orlakediei ng
51kS2, resistor 116 being 36kS2 and resistor 117 being 51kS2. To produce an
appr oxi matangl ittmmde siiee-opdneeef r<agrAMM square waves it is desirable to
maintain the first harnonic whil st suppressing the third, fifth, seventh
etc harnmonics. Using the above nmethod as illustrated in Figure 6 the third
and fifth harnonics are essentially 13 4 ' ' 2 3 pEC 2002 renoved apart
from sone Thesi sregnatfdecis pyeviidedesvitior at glumbercest gast 1l i

exanmple it is envisaged that the sine wave generating apparatus wll be
used to gé’@@r&‘a"tgéssiqgr wWaRe¥ omer r@fra'ﬁgéhoflsr.§kwn1}%k£rzglﬁ%e dPivéQ he

| oudspeaker and the tr 1tted signal frog1tge | oudspeaker. detected by
the mcro S IAFh &P YSE 3 2PAnRRE Phet8BvERERPER® s duse

h i duced.to |gyel h.th further. filteri
condi 1 ontRIRSRIELE bat necta Po FERGVESPHE FHECLAS HHECe hAPRORES since

the t .t S| | d t h . I ¢SoSh [ i t Si .

band: pass Jithets? Hinstiee ovhavas: PROMRA' §0:oPotE | (Bl o

i ' . f Sihs: t
ar mon oo Dabnat | SHUCNE GHer i, Pl STsefl S PPRY BlLiRgT on
more pul seaMditdy Mdid athd, Signals tPREPdECe b%&é@gn%ppraoxi 14 to a

sine wave. The output from each resistor 115,116,117 is conbi ned at common

line 118 trefuAdie e fape @d Mid Ohd Qe & NehavavasdidbeSAowWwn in Figure 6.
The signal 105 is low pass filtered by capacitor 119 connected between

common line 218 and earth and is detected at connection point 120. Figure 8
shows a voltage controlled oscillator 160 which produces an oscillating

out put at Al&krnate vielggueneyrefonatdng ssplependeatldpde thedeoftrage aof a
driving signal 14 2 ~ DEC 2002 applied at input 162. However any device

t he out putPdnauematexfiaihi csudls dependentsipmrede mavevgad.val u€asf an

i nput is suitable. .
diffusion holes 33 shown in the copper resonating sphere

of figure 2 would then not be required and so would reduce
perturbations in the resonant frequency due to the holes
33. The porous material used would preferably have a
lower thermal expansion than copper, reducing the amount
of correction required for variation in the size of the

resonator with ambient temperature changes.

The loudspeaker 2 is in this case a miniature loudspeaker

as may be used in a hearing aid with a supply voltage of



The present exanple of the invention uses an Anal og Devi ces AD654 vol tage
to frequency converter. The AD654's bl ock di agram appears in Figure 8. A
versatile operational anplifier 163 serves as the input stag&; b%ﬁ ﬁ@*pose
is to convert and scale the input voltage signal 162 to a dr i2vk r t. A
drive current is delivered to current to frequency converter 165 (an
astable nultivibrator). The output of converter 165 controls transistor
164. In the connection schene of Figure 8, the input anplifier 163 presents

a very highy(25Ram52) howegantevk9 the iApytoyohhageyat 3361, M chens

converted into the appropriate drive current by the Scaling resistor 167 at

Pin 3. In hltsopkofB! 8 18ShSEAbS H@AiaBdrdbRiarephohekS2. The frequency of
t he approximation to a sine wave produced at the output connection point

120 shown in Figure 7 cannot always be accurately assunmed fromthe voltage
of the driving signal applied at input 162 shown in Figure 8 due to

vari at i onsFigurenper ahowe dnowt lthepeniorophoreofs eliect mourted otrponame s f or
exanpl e. Consequently the 15 a ~ ~ DEC 2002 mi croprocessor 110 nay al so
be connect &¢sppabay &f | iThes ng9ondonrigzrroyidedny i sirargagel 081 | 03
and 104 respectively which are at the sanme frequency as, the out put
appr oxi mat Pén BEPFOHiINGCRAVe ak- B cribe@erarer W m ¥ opPBREREH L Eount s
t he nunber of _cycles of the sel ected PWM signal. over a given_ period of tine

such as on8¥détdAdangnanycswar fodefiaved-educht\i RAT 1 ¢l STRERGER et T akS t hen
be accurately determ ned. The m ¢croprocessor 0 counts_ the nunper .of
cycl es of QOéVRFéigﬁﬁl 9%52, 19" 9%94 %ﬂlﬂﬁrtthéﬁltﬁgebyePéélgF the the

appr oxi Mt LgOoLOeB-S L8 WS 15 Quslech 0l en el O Ofud | BE 8,4 ey PUM

signal s hav ré precrse I'ne ear o stat és re ‘easier

to count prayl %@Qrcrig%t b {§S#£é§e¥£%%gr§?g%é§|i¥1att ‘iyﬁfdnﬁ?rprﬂ&::f tel-r}]10

coul d count the nunber of cycfes o si gnal “101 over g

period of Lhgend fromddy,s &fgﬁfﬂwe Sitg iting Ve LR dly diyiding
by the nunber of clock signal cycles required to produce each PWM si gnal

cycle. AtpibabpMeh¥ ok, addinti @iald Y ddie MAHHRS0GRSESTy MBsmmEasurend he
time taken to produce a predeterm ned nunber of clock cycles or PW cycl es

and fromtpbsieabaul afe the fhagueptvrnef the WHOXI NEhé ONspindl&i NEs wave.

As the oscillator 160 produces an oscillating signal with
variable along its length so that it may be positioned at
the optimum point at which the sharpest output signal peak
is produced, when the loudspeaker applies the resonant
frequency to the resonator. The microphone 4 is secured
at the optimum position within the spindle 42 using
adhesive 43. The adhesive is preferably prevented from
entering the resonator cavity as it could dry in irregular
shapes which may cause perturbations in the resonant
frequency. The microphone 4 is preferably provided with a
rim 45, the outside diameter of which is substantially the
same as the inside diameter of the spindle 42 to prevent

any adhesive entering the resonator. Alternatively the

microphone 4 could fit tightly in the spindle 42. The



16 2 3 DEC 2002 a continuous range of frequencies, sine waves nay be
generated with a continuous range of frequencies. Use of a variable
frequency square wave generating oscillator which is a readily avail abl e,
smal |, (9.91lmm x 7.87nm x 4.57mmin 8-pin plastic DI P form or24 g6
3.92nm x 2.39mmin 8-Pin SO C formfor the AD 654), cheap device in
conjunction with a mcroprocessor to produce approxinations to a sine wave
enabl es the production of a device which is able to generate approxi mations

to sine mm%ﬂﬁecqntﬂéﬁ@%é@%ﬁ% H}gq e ierz_ng:]% L(fh i s cht)rrEact

and so may be nounted on a conpac

housi ng. SléE@c@rdS&QéQpﬁoﬁﬁséﬁreﬂ.écgfﬁlgiﬁ%l !:ani@?kgéﬁ%%” many probes or

el ectroni c systens for other purposes, e onl'y addi'trohal space that is
required to produce approxi mations to sine waves over a continuous range of
frequencies is that for the conpact variable frequency square wave

gener ati ng Bwxildadgpeabe psebll komonaeddnal ke Sualet a@e Nty ol ed
oscillator but may be any device arranged to supply a signal with a

cont i nuous RgRRPIng r équsinowes inThei qups ORI, MEHLON 1B0 ig StResWakemersd not
be generated fromthree PWM signals but could be generated from any

sui t abl e ndrisead défendi maxpbrulde dHerianesd | Svelm ofhd hénkide 208 DR 2002

resonator as shown in Figure 4.

In Figure 4 a spindle 21 of approximately 2mm length is
mounted to or formed as part of the outside wall of the
resonator 3 and a 1.5mm passage 22 drilled through the
spindle 21 and the resonator wall with any swarf removed.
The loudspeaker 2 is mounted to the outside of the spindle
21 covering the passage 22. The loudspeaker is secured to
the spindle 21 using adhesive, ensuring that no adhesive
enters passage 22 and is electrically connected to the

driving electronics 1 by electrical connection 23.

The relative angular separation of the microphone and
loudspeaker on the resonator wall may be variable to
attain the sharpest output peak. This may be achieved by
the position of either the microphone or loudspeaker being

fixed with the position of the other being variable.

Because of slight variations in each resonating sphere due

to machining tolerances for example producing different

10



approximation to a sine wave. Furthernore each cycle of the sine wave need
not correspond to sixteen clock cycles but could be eight, thirty two or
*any suitable nunber. To quickly and accurately determ ne the resonant
frequency (the frequency at which the anplitude of the signal 2rDEC202 by
the m crophone is a maximunm) an initial fast, coarse frequency sweep is
made (in this case 10-15 Hz steps) over the frequency range in which the
resonance may occur as shown by S1 in Figure 9. A control nmeans such as a
m cropr ocessdct daNt+{d£8, acAah " PuBhnhtSHUSBC Y 8Bg8L Wit hhAithauknL Y al
coarse frequency sweep in which a maxi numoccurs. A further frequency sweep
S2 is madeigiidd @ld-gsrddemmency steps ( in this case 1Hz) within this
identified narrower frequency range to accurately deternm ne the frequency
at which the maxi mum occurs, identifying the frequency of resonance. Using
t he above conbi nati on of coarse then fine frequency sweeps over a narrower
frequency range, an accurate at e of the resonant frequency may be quickly
determ ned for exanple in a fraction of a second. A control neans such as a
m croprocessor nmay average subsequent detected frequency values S3 to
reduce errors due to noise. The frequency of the PWM signal may then be
determluuFQthQ?SQﬁﬂQ%ﬁel$h%a$%%ﬁ%@%%yu%#n$h% gepePht BACYRnEPRAGedri vi ng
18 2 ~ DEC 2005 th speaker 2 at resoqﬁgf he determ nation of the
resonant f% S PPn oWSBE9e RpICATHRLF §Th RS | Lo RFE bﬁFbEﬂsSéF whi ch

t hi th ed I whi_ch
generat es SHE BTGNS, SRER SRl TROBLET oFm 5 E%s'y?%w#ﬁ «Be8P% ne the

resonant Tgsqueley: g1 L Ng 03N D the desanaiar,. st e of s ey

M cropr ocessor be us€d W an appr ug

acqui si ti g, £andg TeJet ?8@‘ NgaLN& # EW EF@QHE%% %%Afd;i s I ayEl gure

10, the m croprocessor an anal ogue out put i nput 202
and an anatQ@ueddPUthe2dd; calibrated and the constant K found.

Using the calibrated resonator together with its
agssociated constant K allows the speed of sound to be
determined for any gas from the measured resonant
frequency. This gives possible errors of about +/-0.1%.
By compensating for variations in ambient temperature
affecting the volume of the resonator, the speed of sound
of a gas may be determined with even smaller possible

errors of about +/- 0.05%.

The loudspeaker is driven by an electronic circuit 1 shown
diagrammatically in Figure 1 to provide sinusoidal signals
over a frequency range suitable to encompass the frequency
of the first non-radial resonance peak of the resonator 3.
The 1loudspeaker is driven in frequency sweeps. The

microphone provides an output voltage, which is filtered

11



The anal ogue output 201 is connected to input 162 of voltage to frequency
convertor 160 shown in Figure 8, to control the ;%ﬁg applied to

| oudspeaker 2. In this case the anal ogue output consi sts of two outputs
(not- shown), both of which are connected to input 162 of voltage to
frequency converter 160. One output controls the coarse frequency sweep and
the other controls the fine frequency sweep. Each of the two outputs is

passed through a digital to anal ogue converter, ﬁ"rt “his case’is
provided in the mcroprocessor 110 itself.  and ain DEC 2002
appropriate resistor to provide thﬁ req@t‘ﬁ‘?ed Ievelragj‘nucé%ol ution. In this

case the resistor for the; rs@ requenc é‘{mﬂl’hﬁ i's 36k eand t he
resistor for the fi sbpé‘a ency condfext % 2. 2MB2. .. A% -expl ai ned earlier,
the frequencyedf cthJeyéa r OX gm@oplt'oam oS TS1 gnal whitch drives the
Io#ggpagﬂe c%mnot\l km£§§ b% accur atdeley "a%gfrred ft,'g@gth%r ol tage of the
drTving si g&@l u‘ﬁr(g‘m anal o g @@tﬁ‘ t 201 d?Sd\t@Bgf emeratur%amrl ations and
th @eia’ﬁ?rahance of IecﬁF‘ cal co or exar’gJLéa_\. TARTS one of the PWW
signals 102,103, ‘fibrzt whi ch,_axen] at the s\a@ne-if?equency as the

appr, Q,xlﬁ’?ﬂui on to asidwe \‘iv/gve dr|V| ggbéhé oudspeo ker 2 or the clock signal
101, is ap |e¢~\“at digital h\lj]_ﬁe 2 for_thgem&roprocessor 110 to

cal cgkaﬁé tt%ue frequ rgcyl e5F t he appr@gﬁﬁaﬁtzon to a sine wave 105 as

descri bed eafdlteﬁfg The anal@‘gyé |1r?put 203 represents the ti tude of the
si gnabube thg recei ygdihy EYhe nicr ophone and is conpgsteéd To m croprocessor
110 via an _exiyew Anal ogue to digital c ngest»%? The process of |ocating
t he reﬁsﬂﬁf&‘het frequency is one of %@{kbmfﬁyi ng the ér*gqlu@‘f‘ucy at which the
anal ogue i nput 203 is a mawh> e pr OC%%%chi—bFocatl ng the resonant
frequency can be IﬁenD o] mto%}q;_u;r i$tages . The f first threedstages
S1, S2, S3 oI ve cg e | oudspeaker frequenc 5@93278?‘ 2 3 DEC
2002 seBPEh or th & shesofiance. V\hen the resonance_pasObeth located, the

final sures the resonant frequegcpiot Bfie first stegEd is a
a'?f%techrough t Cgk%%

fast sc he perm ssibl e range frequgncgfemt aki ng abog[a one
readi ng of the anal ogue |n te for eagh 2t ep f the an bggu@Yout put
vol tage 201. The pﬁﬁmz‘s%‘i* e ran e, oforkr uenC| es Cﬁ;;@é‘—le@ct ed to % tr| ct
t he scan thod® frequenci grat i ch the R R SEre res ﬁoée oul
occur for*tThe expecé,_eﬁp ﬁ‘gl nat i onmq\f{) g\a% corrp05| tlrﬁé “‘tlgrrper at ur.e @"\d
pressure. e‘ de édﬁ?’tS of tgg aB6rmssible r @re |rrposed]thleréd‘t}ce t he
time taken"to lo sonant, f gq&u‘é y and ake oftn?“teduce t he snidsk of
| ocating a resona tn@@%’K AIthou xact reI oaoh% i p between
t he control  vol taa% \rg‘ra(ﬁfn he anal c%‘guemﬁ)’t put 201 ag m cr ophorignes
frequency i no te n> appr oxi t( ici entlﬁcwep to be used
to set the frequen&ge#s@ﬁts of the“o@@lmtg i bl e range fielRin vvhl@h tg03earch
for the resopafce® I'n the pygdeht "exanpl e %hﬁﬁ r%quency ragge %% 7. 5kHz to
11. 8Khz (4.3 kHz) wi tpursFr equenc% e of 8 {qHﬁ@é‘cond and \ﬁg\mﬂg
m cr ophone sagp?® g rate 0t 1400000 sarrpl Ys/s@e@)n produm adtotal of
5100 mi crophone s Wes% each dlé To Iocate&th‘é 1 nanc% gtor®
frequency the YWocessor is @l *e° uel
and ether . apind qe O%
113 rod nele e WO
1_1'2-1 Ombi“e age co o 2 sglin
104 are ¢ q Enis c Oxi.mat’io < 5 ghowh b
b T
gement ce the =P gin€ was signet®
arra? €O Produ n t ne
15.1‘*6'lﬂ proxmamo ncy - ( erCe“tage
b the 2P grequ® cycre® P
e 318 gamne aunty
1in the gixed
nas Je
Wnre n nha
Fid Jhich £€)
103,10 gime ©
102 rcentage
n o pe
cime ©
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2 3 DEC 2002 arranged to | ook for a peak in the anplitude of a signal
fromthe m crophone ac input 203 and then ascertain the frequency control
*vol tage that. was being used at the tinme. To allow for the f'gréite tinme the
hardware takes to produce a change in the anplitude of the iglﬁﬁq: PRom t he
m crophone at input 203 as a result of a change in the frequency control
vol tage at output 201, the fast scan of the first stage S1 involves a first
scan up through the range of anal ogue out put voltages 201 and a second scan
down thr qugh thd ssamexaafpde of eardl ogus ol pulofvol ttages. sPineddsy siede fir st
scan could alternatively be down through the range of anal ogue out put
vol t ages apprdxienazsicondtscan sond d waereupl 0 bir augireadpeomdangee Wisttegoanni ng
up, the frequency control voltage 201 bei ng applied when the peak is
det ect ed apidlleshepfdushe ocllbekr espomsk tliole, bhEghtdyidi rereidlat e
vol tage that caused the peak to occur. Wen scanni ng down, the frequency
control \diiteige 201 @kl lanye afifigght fyitahee amennthe pEak VéFiagel2Assum ng
that the response tinme is the sane for both scan directions, the average of
the two W14 afekling | 182vedare 12fuePWY| f4gBadt 10fe #¥RohAABECTRAs&Y0Nd
met hod of al | ow for the finite response ti of 1he har re.,is.shown in
Fro 1§ P LS P OF EHE B080E RORhGrti 1 rret o8 niE coian G s E ke i n
opposite 22 2 = C 2002 . directions. The seco me d n ti mat ed
valbe 1 o NaeY obhbneeBprhs YoEE  ma he{ RESpETe 0L SHC RELTeRE e
m cr opho S t f uene r |t i.ch,
accor di ng%eqqd)eastt f}beélzés I rrsal\%lcliglr e{;g%)ngslggt ?%\%¥$g§%§ g ke%gﬁa?g%\ \gre:gsltaﬁlc O(;ff t he
frequenc n ol e t pLeduged m n at a
val ue as%s om%ggy%t%éheé’%rgoIg\e%orgﬁrilt#eggggggfn (?:?gure 1%@6%}0%5%%%2%% 3‘0;1he
m cr ophone GUd Npes, t o gl |§£§i&$t§4105na kLT abt euot hedee@sensy cont r ol
vol tage V has finished scanning at time tl. This Second nethod enabl es
peaks thajidri£l nees ket heriepfd tihe $8an ddnpllet ivithofis thealsaddhd n the
upward scan of frequency control voltage 302 in Figure 11 to be found which
if the cdddctifumfearitdr ophgrd edat a dd hadHeeen <cywdhr ordgisehlt o titd
scanni ng of the frequency control voltage 302 woul d have been m ssed. If
t he esti nsmbaEispoinse time was accurate, the values X, Y found for the
vol t ages producing the resonant peak in each of the up and down scans woul d
be exactly the sanme. However, as shown in Figure 11) the estimated val ue
may be slightly inaccurate in which case the up and down val ues of the
f r equencyEaBhtelo| PW| sbgeald | 10Bel 8B gREl J04i fifeltdsh H3FSA IthuRPhe
averaged. The,K second stage S2 uses the scanning nethod of the first stage
except overWelgRBINgr repaghency Lraddd  ildetespect i¥ete iR UG as
cont ai nin ng?r esgnant 002 second sgage uses the

k. The 23 ~
val ue for r §Gudfcy c@%ﬁ’f?%i's%%Y?a&&%atllfD’gg& arce oBrEfRed by tfe first
. ( : o | | .
stage as (s genterpoint,{or,iLs %g@thé%gé H—ﬁ’i;ﬁ/oﬁc%ff%gggﬁz!% IS

exanpl e the frequency scan range o econ age is wever

the resuldaf tB8e bihgtoscan sy 18 t 9OxkOl 0s&diie pistBeiggd ek ts of
the frequency control voltage range for the second stage to bé able to use

it as a coid erddiior |t hsikase ke scan of the second stage will be
anchored at the appropriate end limt of the frequency control voltage
range. The frequency control voltage step size is also different for the
second stage. For speed, the first stage does not use the full frequency
control vDdtpgeduesoht apprakeneasohhecsacentheswaye doesn tEWMroghee a nore
preci se resonance frequency value. The second stage al so uses a slower rate
of changewaves oudspdakedebiegbércytni t hatnneinl nthéi sftaste hdSkfricecond
rat her than 86. OkHz/ second used in the first stage. In this exanple the
m cr ophonehsh$ipl | rRppRUSSBING he tdeconghdrdge | §14Fbo | o9eYeREN25 OO
sanpl es/ second producing a total of 1800 m crophone sanples. 24
harmonics. Using the above method as illustrated in

Figure 6 the third and fifth harmonics are essentially

13



2 3.DEC 2002 The final value is obtained using she third stage S3 which
uses a further scan which averages the m crophone data and hence produces a
“dependabl e result. Like the second stage, this stage uses the result

obtai ned by the preceding scan as its centerpoint. If the ré&suPECG002 he
second scan is too close to an end limt of the frequency control voltage
range for the third stage S3 to be able to use it as a centerpoint, the
third scan could be anchored at an appropriate end limt of its frequency

control vpéhagedr apigt HoveNesomkhe-aban, of LRES-EDI hdeStBPe,i§; SLower and

nore net hodi cal than the scans of previous stages. Hence, 1t COvers a range

of fewer tobqueneyscontd othuoldagfmal Heampyenefal by 2hAlsdess ¢ i n
this case 21. For each val ue the anal ogue output 201 is set "and then the

circuit ishéefsihe setile kbenexadtawgn lddmaeands, will hise caseed to
mlliseconds. When the settling tinme has el apsed, a given nunber of sanples
of the nigenghane \oinagevares t dkenthen tdnge cage 20skardisvusred. ddi s
process is repeated for each frequency control voltage value and the peak
val ue asc@¥ivenddie Thpsdspebkerr ésoandt theequeanymionedolsivolaflagbratal ue.
The final fourth stage S4 conprises holding the frequency at the resonant
val ue andthealevdapeakers degactey o tihe siigmedphimiesitg Wien |wasts poaker 2
using a PW signal 102,103,104 or clock signal 101 supplied to the digital
25 2 3 BEE200NRABut EP92 $EVEREE taRdr esWRAREUEREqURREYORECS heatms

wi thin the éesqgator. romthe deterni ned resopnant frequency (f) the speed
of sound PFEHE gago(c£;Y§ Sal TFht eBNR&i net nEUBKPeEssT bRt e=Ina wtfe k i s
a calibration. t f.or the.resonator. as expl ained earlier. The speed of
sound Wit ‘.5‘2@%@%@@{‘35 SR JTCEI LShaPSE0Er stPc TRIRMR i enaﬁ&%?ﬁer"f
characterd;stdcs as. . be .determ ned., The nethod of determ ning the
r esonant %?%%%eﬁg%méggcge%ﬁkgfiggl agr%p%%h%ﬁ?%rSb?BaﬁaﬁPSn%g(ﬁﬂ?ﬁ%ﬁ

5“885 UM s ugdhridn e KOMhL11Ne T BLPL 5 8 CRIBOM Mo FLo0PY 1 8f$K< 26 cne 3 DEC

microphone. If the apparatus is used to generate sine
waves at lower frequencies, the effect of the seventh and
subsequent harmonics could be removed or diminished by low
pass filtering or using more pulse width modulated signals

to produce a better approximation to a sine wave.

The output from each resistor 115,116,117 is combined at
common line 118 to produce the approximation to a sine
wave 105 shown in Figure 6. The signal 105 is low pass
filtered by capacitor 119 connected between common line

118 and earth and is detected at connection point 120.
Figure 8 shows a voltage controlled oscillator 160 which

produces an oscillating output at 161, the frequency of

which is dependent upon the voltage of a driving signal

14



CLAIMS 1. A nethod of determining a frequency at which a resonator
resonates conprising: driving an acoustic transmtter for applying an
‘acousti ¢ signal to the interior of a resonator by scanning taﬁpﬂgg ﬂméirst
range of frequencies in substantially equidistant steps of a'fi Sl ze;
detecting a signal froman acoustic receiver arranged to detect the
anplitude of an acoustic signal within the resonator produced by driving
the acoustic transmitter over the first range of frequencies; determning a
frequency abpowhigh 2 Mexium ogedrs i, dher detBet b gnale HOr dultgndd st
range of frequencies; driving the acoustic transmtter by scanning through
a second rg &hc{ I 8EURRELRS 1600kaknliBg Lt hpofeteemanad ohlequeney fgrom t he
first range of frequencies, the second range being snmaller than the first
range, andaischmpatgishswighblee second range of frequencies in
substantially equidi stant steps of a second size which is snmaller than the
steps of the first size; detecting a signal fromthe acoustic receiver
produced by driving the acoustic transnmtter over the second range of
frequenci €BhandPdsent example of the invention uses an Analog

Devices AD654 voltage to frequency converter. The AD654's
block diagram appears in Figure 8. A versatile
operational amplifier 163 serves as the input stage; 1its

purpose is to convert and scale the input voltage signal

162 to a drive current. A drive current 1s delivered to
current to frequency converter 165 (an astable
multivibrator) . The output of converter 165 controls

transistor 164.

In the connection scheme of Figure 8, the input amplifier
163 presents a very high (250 mQ)) impedance to the input
voltage at 162, which is converted into the appropriate
drive current by the scaling resistor 167 at Pin 3. In

this example resistors 167 and 168 are 1.2 kQ.

The frequency of the approximation to a sine wave produced
at the output connection point 120 shown in Figure 7
cannot always be accurately assumed from the voltage of
the driving signal applied at input 162 shown in Figure 8
due to variations in temperature and the performance of

electrical components for example. Consequently the

15



2 3 DEC 2002 determining a frequency at which a maxi mum occurs in the
detected signal for the second range of frequencies. 2. A method according
to claiml1, wherein for the determ nation of a frequency at W rbeig@él mum
occurs in the second range of frequencies, the acoustic transnitt f

driven by scanning though the second range of frequencies in a first
direction and a primary frequency at which a maxi mum occurs i s determ ned,
the acoustic transmitter is then driven by scanning through the sanme range
of frequengi i pQsiAt Ir iop_a dary n whi ch
a naxinun?@%gﬁ?gp?égggggrgﬁﬁ%ﬁ“ﬂ%dgf%% %?i2%¥§“%ﬁ%9£e€%n %&§qﬁfeg%gﬁ%ies at

whi ch mexi g8, 00eyr gl af Py avesapethl 0 PRPUUSE AR BVelager by eaugacy1 gy whi ch

a maxi mum occurs. 3. met hod according to claim 1, wherein eac

det er mi nat +08p8¢t Bvé 1 $OWRAEY: AkeWAEChna BRXISTUHRLQGMEHS, | 4k [Hige f bhighuand
second ranges of frequencies conprises the acoustic transmtter being

driven by sgppskigathsRuIfca 4 angeof whkequeBci 8esktribeti r shtdicr ecthen and
a primary frequency at which a maxi mnum occurs being determ ned, the
acousti c tmbosoptdéeessébencbanng dheveanombyrsednmyd dshrafigthde heesageedange
of frequencies in the opposite direction and a secondary frequency at which
a maxi mum BWMus sghel ngvdet er giined aedibhe ofr itnmrey sanrh seg ovwkar ge¢orguenci es
at which maxi ma occurred being averaged to produce an average frequency at
whi ch a naXheuarduadr LUtPULA Feedurhcic cof dithg tdine avave, camertdien abgi gnal
continues to be detected fromthe acoustic receiver for a period of tinme
after the aeeusdtelyr desprmiaednas Tuhpneteer¥raeesean. 129 cauntpHEehepo2 5.
A nmet hod according to claim4, wherein the signal detected fromthe
acoustic rBEBPGEr Of s GHdiGredof 02a PIMy IR} viAg - £Rd » 408usta 8% ahlddt t er
by a predeterm ned correction offset. 6. A nethod,accordin%ﬁ} claim1,

t f

wher ei n t heR€eE¥RdeParge ?f?ﬂﬂﬁﬁﬂﬁﬁ%ﬁ$Q%;%%n?ré&nﬁrﬁﬁﬂﬁ PEFLeRcy
deternlnedgggege éQg&ogt gqlcgi%enaégnughgcc%ﬁﬁﬁlrgfgﬁéférsﬁave more
precisely defined, clear on/off states which are easier to

count providing better results.

Alternatively the microprocessor 110 could count the
number of cycles of the clock signal 101 over a given
period of time and from this determine the sine wave
frequency by dividing by the number of clock signal cycles

required to produce each PWM signal cycle.

Alternatively or additionally the microprocessor may
measure the time taken to produce a predetermined number
of clock cycles or PWM cycles and from this calculate the

frequency of the approximation to a sine wave.

As the oscillator 160 produces an oscillating signal with

16



range of frequencies. 7. A nethod according to claim11, wherein the
acoustic transmtter scans through the second range of frequencies at a
slower rate than it scans through the first range of frequen(‘2i§§ SM

met hod according to claim11, including a further scan through a FHI range
of frequencies in which the acoustic transmtter is driven such that a
predet erm ned nunber of two or nore sanples of the signal detected fromthe
acoustic receiver are made at each frequency at which the acoustic

transmtter icendinvelsangahfe psedeteiqidreshi dgibesigd savplLs maly eaeh
frequency summed and the frequency at which a maxi num occurs determned to
be the freguerared Withe |cnmgdstictismrafgeA afetfredyugeocaredi.ng to cl aim 8,
wherein sanpl es are not taken of the signal detected fromthe acoustic
receiver until a settling tinme has el apsed after the acoustic transmtter
is driven at a new frequency within the scan through the third range of
frequenci ése 290f 2a3 Maeiag@;z 16 requgnchod sEedYeli ngave cBanerstinger ein
the third range is smaller than the second range and is_centred around the
f r equency Sf&tied@tesd Wide ihad zseadhlyh ayaiebdimm otk i A9t RtMBe&ond
range of frequencies. 11. A nethod according to_claim1l1, wherein the
frequency a8 W ch & m¥FhuAPotRi | Blagtérni RER HPTTHuRTi iy 1HE kel es of

[ I i Vi t tic.t ] when_ t h ' . 12, A
appar at us 1 L THECbr a1 AHY 1 PeRUBACY Thr CRTCT S reLDMlor o Fbeorbeal
COMD | S1 e IEANS 0T Q1 A0, A0 BGQUSLLC JI DSITSLELo AT Angeg Lo, agpl y an
acoustic signal to théi erior of "a resonator Dy Scanning through a first

range of fhoQuENGl8S ddk Subsiagihél ¥ve enables the production of a

device which is able to generate approximations to sine
waves over a continuocus range of frequencies and which is
compact and so may be mounted on a compact probe for
example or in a compact housing. Since a microprocessor
is generally employed in many probes or electronic systems
for other purposes, the only additional space that is
required to produce approximations to sine waves over a
continuous range of frequencies is that for the compact

variable frequency square wave generating oscillator.

The oscillator need not be a voltage controlled oscillator
but may be any device arranged to supply a signal with a

continuous range of frequencies.
The approximation to a sine wave need not be generated

from three PWM signals but could be generated from any

suitable number depending upon the required level of the
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equi di stant steps of a first size; nmeans for detecting a signal from an
acoustic receiver arranged to detect the anplitude of an acoustic signal
within the resonator produced by driving the acoustic transmtter over the
first range of frequencies; means for determining a frequency? 3DEMBE a
maxi mum occurs in the detected signal fromthe first range of frequencies
means for driving the acoustic transmtter by scanning through a second
range of frequencies containing the determ ned frequency fromthe first

range of égg%ﬁ%yeabr{]h@osgﬂcog & ange hei pgy SHBLLEF . t BaRH heydid sherange,
and scanni t hrough the secon

range of frequencies in substantially 30

' 2 3 DEGRa? Lo disf&nhe8iCRS Ol A-r28GR0h St Fes Wi &dhn | §18PRI koic1klan the
first size; nmeans for detecting a signal fromthe acoustic receiver

produced BytdebuilAg Heh@ iag@us tdhg ddhansid tdLragy eduiithe 1seqnmbange of
frequencies and neans for determ ning a frequency at which a maxi num
To quickly and accurately determine the resonant frequency
(the frequency at which the amplitude of the signal
produced by the microphone is a maximum) an initial fast,
coarse frequency sweep is made (in this case 10-15 Hz
steps) over the frequency range in which the resonance may
occur as shown by S1 in Figure 9. A control means such as
a microprocessor identifies a narrower frequency range
within the initial coarse frequency sweep in which a
maximum occurs. A further frequency sweep S2 is made with
smaller frequency steps ( in this case 1Hz) within this
identified narrower frequency  range to accurately
determine the frequency at which the maximum occurs,

identifying the frequency of resonance.

Using the above combination of coarse then fine frequency
sweeps over a narrower frequency range, an accurate value
of the resonant frequency may be quickly determined for
example in a fraction of a second. A control means such
as a microprocessor may average subsequent detected
frequency values S3 to reduce errors due to noise. The
frequency of the PWM signal may then be determined S4 to

indicate the frequency of the generated sine wave driving
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occurs in the detected signal for the second range of frequencies. 13. An
apparatus according to claim 12, wherein the driving neans is arranged to
» drive the acoustic transmtter to scan through the second range, of
frequencies in a first dire<:tion and the determ ni ng neans igsbpﬁﬁﬂ@@h to
determine a primary frequency at which a maxi num occurs, the driving neans
being arranged to then drive the acoustic transmtter by scanning through
t he sane range of frequencies in the opposite direction and the determ ning
means bei HeaEBQHEEQaerdEtSE”E@%o%a%E%P”dary frequency at which a maxi num
occurs and the apparatus being provided with neans to average the prinmary
and secondary frequencies at which maxi ma occur to produce an average
frequency. 14. An apparatus according to claim 12, wherein the driving
means is gpeaniedAgihdth t B agQisteeohkabs Mrddglerever wedthnol te first
and second ranges of frequencies by scanning through a range of frequencies
in a firsexgiaeatdonanandtkhe .det erm ni ng neans being arranged to determ ne
a primary frequency at which a maxi mnum occurs, the driving nmeans being
arranged to then drive the acoustic transmtter by scanning through the
sanme range of frequencies in the opposite 31 2 3 DEC 2002 direction and
t he det er A miggopearssdetrer nhviahy i seEtiondzase fisoiles cyiarophdedssomaxi num
occurs and the apparatus being provided with neans to determ ne an average
of the prildfry des¢rsdeshdazar hesad mawvhish Arlsppagsnesasééor ditly t™| ai m
12, wherein the detecting neans is arranged to continue_to detect a signal
froman aSdH88LE rdceilasd 6P REBEPFHA 3 Ao 15 Meta HEWHRITWNG tfins has

finished driving the acoustic transmtter. 16., An a ratus according to
¢l ai m 15, TPRCPAHFng TREGHERES mitteh 1 FifalViidt bt S r oY PRAGToUSL | C

receiver to si;gnal driving the acousti ranspi tter, by a predeter.m ned
correcti ohnggﬁggt .O%lf A %95?%%8‘3%’60?5{)@ ?g] Ef)éi‘ilr% %Jf l\E})é]eeérje"l"lnt}i1 he
driving ns | I e drive.the acqustic tr mtter over the second
range ofnsge§8E%8§%§gg§ g%% eanS%Fﬁea§ u&%&g%éﬁgggggéund t he frequency

determned to be that at which a maxi num occurs in the first range of
frequencies. 18. An apparatus according to claim 12, wherein the driving

means is apr apgeddhdr kue tf@s&%@tifeeaﬁéaé?ﬂtaesr ERowkand he oyake t he
second range of frequencies at a slower rate han it scans t hrough t he

first range,oftHd efilerspeScedSor Al 1BPRAAt A4S 88ED6GLOJ olueplicaianil,2,a wher ei n
t he

digital input 202 and an analogue input 203.

The analogue output 201 is connected to input 162 of
voltage to frequency convertor 160 shown in Figure 8, to
control the frequency applied to loudspeaker 2. In this
case the analogue output 201 consists of two outputs (not
shown), both of which are connected to input 162 of
voltage to frequency converter 160. One output controls
the coarse frequency sweep and the other controls the fine
frequency sweep. Each of the two outputs is passed through
a digital to analogue converter, which in this case is

provided in the microprocessor 110 itself, and an
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driving neans is arranged to drive the acoustic transmtter through a third
range of frequencies in which the acoustic transnmitter is driven such that
a predeterm ned nunber of two or nore sanples of the signal detected from
the acoustic receiver are nade by the detecting neans at each2frEgi@ppy at
32 2 3 DEC 2002 which the driving neans is driven and the apparatus

i ncl udi ng neans to sumthe predeterm ned nunber of sanples at each
frequency and the determ ning neans determ ning the frequency with the

| ar gest sumny ' a i a J[mxi occurs. 20. An_appatatu

accor di ng tobgfglgfnagg% m%%%glé%gfhe%getﬂ%%lng m%g’ﬁs FSHFage QXS? 8¢ ake
sanpl es fropesbeuaseHSt i enregeiyercmdilya S%EEEE'E%I“ ?Erhaéhgl apsed_af ter
the driving neans is driven at a new frequency wthin e scan t rouaﬁ t he
third rangefoéghierquenemeyol?lis ABcRIPAE R UShaC Gyl it OrskaidRel 95 s Yherei n
the third range is smaller than the second range and is centred around the
frequency deéredwened tonbeolhas at2mfli.ch a maxi mum occurs in the second
range of frequencies. 22. An apparatus according claim 12, including nmeans

to detern nest lexrfledqedncsartiewhi chha fadgusncgccof s thy capmtdrtmidteogycl es
of the driving nmeans at the frequency at which the maxi numoccurs. 23. A
carri er medinRwiSERea wadiep LR Ingr ogrirh t dr pee s othet Heoutstdeakear coishisy t o
claiml1l. 33 _Aly.AA ;. A{.A{.Ah . .A.AFAA

CA3. A AN, RAYS . AR ARSMIRTRLY { aastimedr; Sramg. BBEL. Bsltdlge ALof Aashds. A;

0 N ~x1 ~ A
o AL dy ) s Xl

gl from analogue output 201 due to temperature
variations and the performance of electrical components
for example. Thus one of the PWM signals 102,103,104
which are each at the same frequency as the approximation
to a sine wave driving the loudspeaker 2 or the clock
signal 101, is applied at digital input 202 for the

microprocessor 110 to calculate the frequency of the

approximation to a sine wave 105 as described earlier.

The analogue input 203 represents the amplitude of the
signal being received by the microphone and is connected
to microprocessor 110 via an external Analogue to digital
converter. The process of locating the resonant frequency
is one of identifying the frequency at which the analogue

input 203 is a maximum.
The process of locating the resonant frequency can be

broken down into four stages. The first three stages S1,

S2, 83 each involve changing the loudspeaker frequency to
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to reduce the time taken to locate the resonant frequency

and also to reduce the risk of locating an unwanted
resonant peak. Although the exact relationship between
the control voltage from the analogue output 201 and the
microphone frequency is not known, it can be approximated
sufficiently well to be used to set the frequency limits
of the permissible range within which to seaxrch for the
resonance. In the present example the fregquency range is
7.5kHz to 11.8Khz (4.3 kHz) with a frequency scan rate of
86 kHz/second and a microphone sampling rate of 100,000
samples/second producing a total of 5100 microphone

samples in each direction.

To locate the resonance frequency the processor 1is
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from the microphone at input 203 and then ascertain the

frequency control voltage that was being used at the time.

To allow for the finite time the hardware takes to produce
a change in the amplitude of the signal from the
microphone at input 203 as a result of a change in the
frequency control voltage at output 201, the fast scan of
the first stage S1 involves a first scan up through the
range of analogue output voltages 201 and a second scan
down through the same range of analogue output voltages.
Clearly the first scan could alternatively be down through
the range of analogue output voltages and the second scan
could be up through the range. When scanning up, the
frequency control voltage 201 being applied when the peak
is detected will be, due to the response time, slightly
higher than the voltage that caused the peak to occur.
When scanning down, the frequency control voltage 201 will
be slightly lower than the peak voltage. Assuming that
the response time is the same for both scan directiomns,
the average of the two voltages will give the true voltage

at the resonance.

A second method of allowing for the finite response time
of the hardware is shown in Fig.1ll in conjunction with the

above method of first and second scans in opposite
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directions. The second method uses an estimated value for
the response time T to match the peak 301 of the received
microphone data values M to the frequency control voltage
V which, according to the estimated response time T and
the characteristic of the frequency control voltage with
time 302, produced that microphone data value as shown by
the broken lines 303 in Figure 11. Consequently the
microphone continues to collect data for a time after the
frequency control voltage V has finished scanning at time
t,. This second method enables peaks that lie near to the
end of the scan limits such as peak 301 in the upward scan
of frequency control voltage 302 in Figure 11 to be found
which if the collection of microphone data M had been
synchronised to the scanning of the frequency control
voltage 302 would have been missed. If the estimated
response time was accurate, the values X,Y found for the
voltages producing the resonant peak in each of the up and
down scans would be exactly the same. However, as shown
in Figure 11, the estimated value may be slightly
inaccurate in which case the up and down values of the

frequency control voltage will be slightly different and

will then be averaged.
The second stage S2 uses the scanning method of the first

stage except over a smaller frequency range, identified in

the first stage as containing the resonant peak. The
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10 10 second stage uses the value for the frequency control

voltage at resonance obtained by the first stage as its
centerpoint for its smaller frequency scan range. In this
example the frequency scan range of the second stage is

150.5Hz.

However the result of the first scan may be too close to
one of the end limits of the frequency control voltage
range for the second stage to be able to use it as a
centerpoint. In this case the scan of the second stage
will be anchored at the appropriate end limit of the

frequency control voltage range.

The frequency control voltage step size 1is also different
for the second stage. For speed, the first stage does not
use the full frequency control voltage resolution whereas
the second stage does to produce a more precise resonance

frequency value.

The second stage also uses a slower rate of change of
loudspeaker frequency with time. In this case
2.15kHz/second rather than 86.0kHz/second used in the
first stage. In this example the microphone sampling rate
of the second stage 1s also lower at 25,000 samples/second

producing a total of 1800 microphone samples.
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The final wvalue is obtained using the third stage S3 which
uses a further scan which averages the microphone data and
hence produces a dependable result. Like the second
stage, this stage uses the result obtained by the
preceding scan as its centerpoint. If the result of the
second scan is too close to an end limit of the frequency
control voltage range for the third stage S3 to be able to
use it as a centerpoint, the third scan could be anchored
at an appropriate end limit of its frequency control
voltage range. However, the scan of this third stage is
slower and more methodical than the scans of previous
stages. Hence, it covers a range of fewer frequency
control voltage values, generally 24 or less, and in this
case 21. For each value the analogue output 201 is set
and then the circuit is left to settle for a few
milliseconds, in this case 5 milliseconds. When the
settling time has elapsed, a given number of samples of
the microphone voltage are taken, in this case 20, and
summed. This process 1is repeated for each frequency
control voltage value and the peak value ascertained.

This is the resonant frequency control voltage value.

The final fourth stage S4 comprises holding the frequency
at the resonant value and measuring the frequency of the
signal driving the loudspeaker 2 using a PWM signal

102,103,104 or clock signal 101 supplied to the digital
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(£) the speed of sound of the gas (c¢) is calculated using
the expression c=fk where k is a calibration constant Ffor
the resonator as explained earlier. The speed of sound

within a gas is a useful characteristic, enabling many

other characteristics of the gas to be determined.

The method of determining the resonant frequency may be
provided as a computer program on a carrier medium such as

a ROM in the form of a CD-ROM or floppy disk
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CLAIMS

1. A method of determining a frequency at which a

resonator resonates comprising:

driving an acoustic transmitter for applying an
acoustic signal to the interior of a resonator by scanning
through a first range of frequencies in substantially

equidistant steps of a first size;

detecting a signal from an acoustic receiver arranged
to detect the amplitude of an acoustic signal within the
resonator produced by driving the acoustic transmitter over

the first range of frequencies;

determining a frequency at which a maximum occurs in

the detected signal for the first range of frequencies;

driving the acoustic transmitter by scanning through
a second range of frequencies containing the determined
frequency from the first range of frequencies, the second
range being smaller than the first range, and scanning through
the second range of frequencies in substantially equidistant
steps of a second size which is smaller than the steps of the

first size;

detecting a signal from the acoustic receiver
produced by driving the acoustic transmitter over the second

range of frequencies and
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determining a frequency at which a maximum occurs in

the detected signal for the second range of frequencies.

2. A method according to claim 1, wherein for the
determination of a frequency at which a maximum occurs in the
second range of frequencies, the acoustic transmitter is
driven by scanning though the second range of frequencies in a
first direction and a primary frequency at which a maximum
occurs is determined, the acoustic transmitter is then driven
by scanning through the same range of frequencies in the
opposite direction and a secondary frequency at which a
maximum occurs is determined and the primary and secondary
frequencies at which maxima occurred are averaged to produce

an average frequency at which a maximum occurs.

3. A method according to claim 1, wherein each
determination of a frequency at which a maximum occurs in the
first and second ranges of frequencies comprises the acoustic
transmitter being driven by scanning through a range of
frequencies in a first direction and a primary frequency at
which a maximum occurs being determined, the acoustic
transmitter then being driven by scanning through the same
range of frequencies in the opposite direction and a secondary
frequency at which a maximum occurs being determined and the
primary and secondary frequencies at which maxima occurred
being averaged to produce an average frequency at which a

maxXimum occurs.

4. A method according to claim 1, wherein a signal
continues to be detected from the acoustic receiver for a

period of time after the acoustic transmitter has completed

the scan.
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5. A method according to claim 4, wherein the
signal detected from the acoustic receiver is matched to a
signal driving the acoustic transmitter by a predetermined

correction offset.

6. A method according to claim 1, wherein the
second range of frequencies is centred around the frequency
determined to be that at which a maximum occurs in the first

range of frequencies.

7. A method according to claim 1, wherein the
acoustic transmitter scans through the second range of
frequencies at a slower rate than it scans through the first

range of frequencies.

8. A method according to claim 1, including a
further scan through a third range of frequencies in which the
acoustic transmitter is driven such that a predetermined
number of two or more samples of the signal detected from the
acoustic receiver are made at each frequency at which the
acoustic transmitter is driven and the predetermined number of
samples at each frequency summed and the frequency at which a
maximum occurs determined to be the frequency with the largest

sum.

9. A method according to claim 8, wherein samples
are not taken of the signal detected from the acoustic
receiver until a settling time has elapsed after the acoustic
transmitter is driven at a new frequency within the scan

through the third range of frequencies.
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10. A method according to claim 8, wherein the third
range is smaller than the second range and is centred around
the frequency determined to be that at which a maximum occurs

in the second range of frequencies.

11. A method according to claim 1, wherein the
frequency at which a maximum occurs is determined by counting

the cycles of a signal driving the acoustic transmitter when

the maximum occurs.

12. An apparatus for determining a frequency at

which a resonator resonates comprising:

means for driving an acoustic transmitter arranged to
apply an acoustic signal to the interior of a resonator by
scanning through a first range of frequencies in substantially

equidistant steps of a first size;

means for detecting a signal from an acoustic
receiver arranged to detect the amplitude of an acoustic
signal within the resonator produced by driving the acoustic

transmitter over the first range of frequencies;

means for determining a frequency at which a maximum
occurs in the detected signal from the first range of

frequencies;

means for driving the acoustic transmitter by
scanning through a second range of frequencies containing the
determined frequency from the first range of frequencies, the
second range being smaller than the first range, and scanning

through the second range of frequencies in substantially
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equidistant steps of a second size which is smaller than the

first size;

means for detecting a signal from the acoustic
receiver produced by driving the acoustic transmitter over the

second range of frequencies and

means for determining a frequency at which a maximum
occurs in the detected signal for the second range of

frequencies.

13. An apparatus according to claim 12, wherein the
driving means is arranged to drive the acoustic transmitter to
scan through the second range of frequencies in a first
direction and the determining means is arranged to determine a
primary frequency at which a maximum occurs, the driving means
being arranged to then drive the acoustic transmitter by
scanning through the same range of frequencies in the opposite
direction and the determining means being arranged to
determine a secondary frequency at which a maximum occurs and
the apparatus being provided with means to average the primary
and secondary frequencies at which maxima occur to produce an

average frequency.

14, An apparatus according to claim 12, wherein the
driving means is arranged to drive the acoustic transmitter
over each of the first and second ranges of frequencies by
scanning through a range of frequencies in a first direction
and the determining means being arranged to determine a
primary frequency at which a maximum occurs, the driving means
being arranged to then drive the acoustic transmitter by

scanning through the same range of frequencies in the opposite
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frequency at which a maximum occurs and the apparatus being
provided with means to determine an average of the primary and

secondary maxima.

15. An apparatus according to claim 12, wherein the
detecting means is arranged to continue to detect a signal
from an acoustic receiver for a period of time after the

driving means has finished driving the acoustic transmitter.

16. An apparatus according to claim 15, including
means to match the signal detected from the acoustic receiver
to a signal driving the acoustic transmitter by a

predetermined correction offset.

17. An apparatus according to claim 12, wherein the
driving means is arranged to drive the acoustic transmitter
over the second range of frequencies by centering the second
range around the frequency determined to be that at which a

maximum occurs in the first range of frequencies.

18. An apparatus according to claim 12, wherein the
driving means is arranged to drive the acoustic transmitter to
scan through the second range of frequencies at a slower rate

than it scans through the first range of frequencies.

19. An apparatus according to claim 12, wherein the
driving means is arranged to drive the acoustic transmitter
through a third range of frequencies in which the acoustic
transmitter is driven such that a predetermined number of two
or more samples of the signal detected from the acoustic

receiver are made by the detecting means at each frequency at

32



10° £ 1109%6&' () -#-10%& ()- 105 105 105=10%& ()-s6s! 109%& ()-fsS5s! 10%&' () -

}"<bC

"10° 199! 1 109%65& ()-g9s! 1096& ()-y! ~9" 1 10985& ()-f&F ! 109B&' () ' &3.L109658&" ()
~ys! 1096& () - K{}*<bC 28'0ec A

107 199! 1 109%05& ()-9g9s! 109%&' () -y!>109%B& ()-9s*10%& ()-(10%& ()-9LS$

109%6& ()- @ Normal " "Headi ng 13]c¢" "Headi ng 23] c" "Headi ng 33]c" "Headi ng

43] c" "Heading 53] c" "Heading 63]c" "Heading 73]c" "Heading 83]c" "Heading

93] c"A " | ar . . . .
Ponty st InCUBAN neans, 15 driven apd the apparatus ingludingo oo
, = @rald LIGSESE 'IW’\‘NJ@I’Q’hﬁ }p{@zi@teﬁmiinesl NenbBRonahAsdmpp Bsird eredddw' h Root

Ent r yWor S 1" #$YR' *+ - ./0123456789:: . .

R Mo e o iR RE 3, SRER Fr kg s A aePeY

with the largest sum to be that at which a maximum occurs.

20. An apparatus according to claim 19, wherein the
detecting means is arranged not to take samples from the
acoustic receiver until a settling time has elapsed after the
driving means is driven at a new frequency within the scan

through the third range of frequencies.

21. An apparatus according to claim 19, wherein the
third range is smaller than the second range and is centred
around the frequency determined to be that at which a maximum

occurs in the second range of frequencies.

22. An apparatus according claim 12, including means
to determine the frequency at which a maximum occurs by
counting the cycles of the driving means at the frequency at

which the maximum occurs.

23. A carrier medium with a computer program to

perform the method according to claim 1.
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