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flowmeter, is directed through the conduit or conduits, and exits the flowmeter through

20 the outlet side of the flowmeter. The natural vibration modes of the vibrating, material

filled system are defined in part by the combined mass of the conduits and the
material flowing within the conduits.

When there is no flow through the flowmeter, all points along the conduit

oscillate due to an applied driver force with identical phase or smali initial fixed phase

25  offset which can be corrected. As material begins to flow, Coriolis forces cause each

point along the conduit to have a different phase. The phase on the inlet side of the

conduit lags the driver, while the phase on the outlet side of the conduit leads the

driver. Pick-off sensors are placed on the conduit(s) to produce sinusoidal signals

representative of the motion of the conduit(s). Signals output from the pick-off

30 sensors are processed to determine the phase difference between the pick-off

sensors. The phase difference between two pick-off sensor signals is proportional to

the mass flow rate of material through the conduit(s).
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° rggUl t the drive signals and process the signals received from the pick-off sensors. A digital
signal processor is desirable because the higher demand in measurement resolution
and accuracy put on analog electronic components by flowmeters operating at higher
frequencies, such as straight tube designs, are avoided by the digitalization of signals
from the pick-offs as the signals are received by the transmitter. Furthermore, the

25 instructions for signaling processes used a digital processor may be modified to
operate on several different frequencies.

However, digital signal processors have several disadvantages as compared
to conventional analog circuit transmitters. A first problem with a digital signal
processor is that digital processors are more expensive to produce because the

30 circuitry is more complex. Secondly, digital signal processors require a circuit board
having a greater surface area which can cause problems when space is at a premium
in a flowmeter design. Thirdly, digital signal processors require more power to operate

than analog circuits. Power consumption is especially a problem when a processor
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having a greater surface area which can cause probl ens when space is at a
premum in a flowreter design. Thirdly, digital signal processors require

nore poweyd@2e8rate than analog circuits. Power consunpbic@Rishieost
especially a problemwhen a processor 2 WO 01/01083 PCT/ US00/ 16061 nust
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I nvention present invention is conprised of processes that are stored
in a nmenory and executed 10 by the Pobdawsor in order to process the

signal s recei ed from on a vi ui t rocesses of
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first advantage of the processes of the present invention is that the
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P ocessct)é reside in the internal memory of a digital signal processor which eliminates the need
20 for fast access external memory which increases the cost, power consumption and
board space for the transmitter. The processes have a small number of computational
constructs which improves the portability of the processes between low cost
processors.
A third advantage is that the computational requirement of the processes is
25 minimized. This reduction in the computational requirement allows the digital signal
processor to run at a clock rate lower than the maximum clock rate of the processor
which reduces the power consumption of the processor.
A transmitter that performs the processes of the present invention has the
following electronic components. Analog signals from the pick-offs attached to the
30 sensors are received by an Analog to Digital (“A/D”) convertor. The converted digital
signals are applied to a standard digital processor. The digital processor is a
processing unit that executes machine readable instructions that are stored in a

memory connected to the processor via a bus. A typical digital processor has a Read
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Atransmtter that perforns the processes of the present invention has the
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anal og signal s o the drive syStem The processes of the present invention
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t he si greduency ol eachsignal is bgodastgrminedhe operating frequency of the
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20 frequencies, the following steps may also be performed. An estimate of the oscillation
frequency of the flowmeter is calculated. The estimated frequency is then used to
demodulate the signals from each pick-off into an | component and a Q component.
The | component and the Q component are then used to translate the signals to a
center frequency if the operating frequency of the signals is greater than a transition

25 frequency. After demodulation, the signals may be decimated a second time to
improve the resolution of the signals a second time.

The dominant frequency of the signals is then isolated and precisely measured.
The translation to a zero frequency is then calculated for both the | component and
Q components of the signals. At this time, each component may decimated again to

30 improve the accuracy of measurement. The frequency band of each signal can be
narrowed as much as desired by appropriate low pass filtering at this time. A complex
correlation is then performed which determines the phase difference between the

signals.
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the center frequency.
Another aspect of this invention is that the step of calculating the normalized
20 frequency is performed in the following manner. The signals are demultiplexed into
| components and Q components. The | components are then integrated and the Q
components are integrated. The | components and Q components are
mutliplexplexed to produce digitally integrated signals. A ratio between an amplitude
of the signals and an amplitude of the digitally integrated signals is calculated to
25 produce the normalized frequency of the signals.
Another aspect of this invention is the step of calculating the normalized
frequency of the signals is performed by applying the integrated Q components to a
compensator responsive to the step of integrating and prior to the step of multiplexing.
Another aspect of this invention is the step of calculating the normalized
30 frequency by applying the integrated | components to a compensator responsive to
the step of integrating and prior to the step of multiplexing.
Another aspect of this invention is that the step determining the frequency of

vibration of the conduit is performed in the following manner. A normalized frequency
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sample rate to an intermediate sample rate responsive to receiving the signals from
20 the first and the second pick-offs.
Another aspect of this invention is that the decimating is performed in the
following manner. The signals are demodulated into an | component and Q
component. A secondary decimation of the | component and the Q component of the
samples of the signals from the intermediate sample rate to a final sample rate is
25 performed responsive to a demodulation of the signals.
Description of the Drawings
The presentinvention can be understood from the following detailed description
and the following drawings:
FIG. 1 illustrating a Coriolis Flowmeter having a digital transmitter that performs
30 multi-rate pick-off signal processes of this invention;
FIG. 2 illustrating a block diagram of a digital signal transmitter;
FIG. 3 illustrating a flow diagram of the operations performed by a digital

transmitter;
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si dRal s; FI GFlé-S?l"uafé@tﬂrw f et O@f@c@é@rmlamgdé\%@@@patilmmtmewbt%@m@un

si gnal s; 10 JFl: ‘illustrating a nmethod for determ ning data about

fl gw tu he@{/éggg‘%gi%@?lgbm the received signals. Detail ed Description
Coriolis Flowreter in General Detdiled Descrptionl shows a Coriolis flowreter

5 corrpr'si.nﬁ Coripolis meter an enbly 10 15 and transmtter 20.
Transmi 4.%@83%#@@%%@—#&—&' ' rals B dr assenmbly 10 via | eads 100

Figure 1 shows a Coriolis flowmeter 5 comprising a Coriolis meter assembiy 10

15 and transmitter 20. Transmitter 20 is connected to meter assembly 10 via leads 100
to provide density, mass flow rate, volume flow rate, temperature, totalized mass flow,
and enhanced density over path 26. A Coriolis flowmeter structure is described
although it should be apparent to those skilled in the art that the present invention
could be practiced in conjunction with any apparatus having a vibrating conduit to

20 measure properties of material. A second example of such an apparatus is a vibrating
tube densitometer which does not have the additional measurement capability
provided by a Coriolis mass flowmeter.

Meter assembly 10 includes a pair of flanges 101 and 101’, manifold 102 and
conduits 103A and 103B. Driver 104 and pick-off sensors 105 and 105’ are connected

25  toconduits 103A-B. Brace bars 106 and 106' serve to define the axis W and W' about
which each conduit oscillates.

When flowmeter 10 is inserted into a pipeline system (not shown) which carries
the process material that is being measured, material enters meter assembly 10
through flange 101, passes through manifold 102 where the material is directed to

30  enter conduits 103A and 103B, flows through conduits 103A and 103B and back into
manifold 102 from where it exits meter assembly 10 through flange 101"

Conduits 103A and 103B are selected and appropriately mounted to the

manifold 102 so as to have substantially the same mass distribution, moments of



to provide density, nass flow rate, volunme flow rate, tenperature,
totalized mass flow, and enhanced density over path 26. A Coriolis

f | ownet ery, 6%%)6% yre is described although it should be appefp8oshsit NOse
skilled in the art that the present invention could be practlcedl
conjunction wth any apparatus having a vibrating conduit to 20 rreasure
pr oper t iigertigf anghel@stiaimogulesabadt kenthpg exes VEW rarwWaMéar@apm:tiv@ya The

Vi DTt il {50 b OB R RS L B4 g AL PR reasr erren:
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capabi l ity ~provi ol'i's mass er asse 10

i ncl udes a pa@ondxﬁltsf1(EBK}GGSBQJlednderiB;ldnvesrmmmolotﬂ)pﬂ)@i?e dmebtlmrahdjut thell03A
and 103B. Driyver and off sensors 105 and 105' e connected 25 to
condui t SeBRRIME b%? '58 s\?\}ié‘@da d 2Eeat E’gf"{/és Mk r}‘?eﬂfslilé’“é PRASENd W

aboug vﬁurﬁﬁng@q%u&@ﬂ% ?Ioﬂ%?étér' ab‘?@er V\banmta QRS A bﬁe'&srﬁéhﬁqlvél?to a

pi pel i ne system (not shown) which carries e process materi al
bei ng nmedWredrange@ents. seah s mageet @@yetﬁa tp camduithl03dgand rarmpeosty,

Condu t g c2atut HaE FePuloforTBhER LalSsRi g6 I6ate sl oBl | nio
mani f ol d/id@&ingboth vhedwts. tA syitdisle mat/@mgaasueraplpyed@ytrﬂmteuglecfrbamgeol% :

Conduits 103A and 103B are selected and appropriately nounted to the
mani f ol d®383 1901%dNYeS ¥ive substantially the same mass distribution,

mongpt s of ﬁ'r@@s%&%@%e@%&ﬁ@@éfiﬁﬁ@1=|gh't 0§I'bblt@s gL @5d alrfhg”&ﬁj@aﬁﬁ about
bendi ng axes WWand W-W, respectively. con |ts extend outwardly

from t hel iaand diad’, |rﬁsmﬂte@genﬁa@lsnytt@az&pr@ducreaslhecmnvecsmgnm|ap$>eaoeg\om38

are dri dr i : ' [.te di |0 t [ ive
bendi ng Sags Ay A reP TRZIONELS Rites a4 AL, O ranfiRRET o
bendi ng prodessefs thedeft|amanmigrarveldity\wignald4o asnputafid Arasaribvwo e eindmay wel |
known a eme% such as a magnet nounted to ndui t 03A and an

opposi ndJe’I? Y 19T ihEnadenial Rassing nrouais r%%t@rt%rsﬁﬁé?b’ Al c-ll; iSninfermationt isng
cur{ent doiBa3spatr 86, Vvibrating both conduits. A suitable drive signal is
applied by neter el ectronics 20, via lead 110, to driver 104. 10
Transmitter ZOISH@QMWQSIW%SKI&&Q indhe art igiat C@ephﬂ:tlwmitejrﬁlssmtpmmrlan@ on

e e el FHEEL Bl b BB RERSH R B et
103B. TreaWratmgrtub@ through which fluid flows or, in the case of a sample-type
densitometer, within which fluid is held. Vibrating tube densitometers also employ a
20 drive system for exciting the conduit to vibrate. Vibrating tube densitometers typically
utilize only single feedback signal since a density measurement requires only the
measurement of frequency and a phase measurement is not necessary. The
descriptions of the present invention herein apply equally to vibrating tube
densitometers.
25 A digital Transmitter 20- FIG. 2.
FIG. 2. illustrates of the components of a digital transmitter 20. Paths 111 and

111" transmit the left and right velocity signals from flowmeter assembly 10 to
transmitter 20. The velocity signals are received by analog to digital (A/D) convertor
203 in meter electronic 20. A/D convertor 203 converts the left and right velocity
30 signals to digital signals usable by processing unit 201 and transmits the digital
signals over path 210-210'. Although shown as separate components, A/D convertor
203 may be a single convertor, such an AK4516 16-bit codec chip, which provides 2

convertors so that signals from both pick-offs are converted simuitaneously. The



processes the left and right velocity signals to conpute the nmass flow rate
and the density of the material passing through neter assenbly 10. This
i nf or mat ive@ 01/8108315 applied to path 26. It is known to thoRCEKSW0[16@61i n t he
art that Coriolis floweter 5 is quite simlar in structure to a vibrating
t ube de ' i ILbratin
tube  nPRIBhRRs erFIarPd PErktEre PR Th LB TREERSPR?, 10Ag hfen T eu 1 10
densi t ot mcongema{t a:dylmjnntbénufgrbloksofme:hmﬂ ottiebsansarg, $udbleascmnBTD(Bmtsers al so

enpl oy 2 rive emfor ex conduit to Vi br tlng

C uhe e icrisrontiig W b RurS i e D bikie SaRee bottealelldb Beania Dlince
density measpriQBEESiGnAISGE traPsAitted & paifeasa WdiB Apifesithe SigRRRMoANfitak Phase
measurenent i s not necessary. The descriptions of the present invention

her 8 n &panglogduéh)iopnvertor 8ROt PHyconnsstor 20Rds comeat B/A Qenwermr@nﬂanay
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si gnal sattamtraridavWMﬂS&SsAlmbthertarrtrmn DrAosmidrtoe 2020s a Ay S| abip. t'i]hem gnal s

are received b n tal con e t

20° A DABBRGEIRAE BoRt Ui BhebPert BRI GRLo GBS ey B5ONGRAD 1o
di gi tal o8k gMRve d#r%@wz@m&ﬁeﬁraxfpﬂ% A akive SigABLtcedeldr Maasa patrt heo dirgitd al
signal s over path 210-210' I't hough shown as separate conponents, A/D

corl@er t 86 capis sigpalgdo wwt@@deotd@m/@e@asﬁ (NG oW WiKals aliow drapismiderR chi p,
which p ooyéc%ﬁ/% (fatacf%??{%r boa@vagg%\% %} g%@ ,from both pick-offs are

converted st 'mul Taneousl’y PCT/ USO0/ 16061 digital
signal s are Pasgessihgoynipadhss alﬂrcai:ﬁl'odeesorr .'.wza:u.. Zﬁr]groﬁp@f:ﬁmd:ésad)rs n the

art w nize that a nber of pick- and ot her. sen ors such as

ec
o RTD tateBade st ustings A ARG ARtsaParEeanBr ne RSOt GIESTHAE b
connect 98rid® RINCEBES 8f thilBowRletder InSA ﬁfﬁbﬁear&nﬁé@rﬂm tér@@e@éﬁ?@(ﬂa?sha 212

whi ch applies the signals to digital 5 to anal og é convertor 202. DA
corl@er t HDSH2188L damn@mogﬁﬁsczroma@utaﬂtureﬁd byrefnalpg eg'@@ﬁr af BeJunctems er t or
or one I S AKM
2516, ARSORIDSLERAARE) 8L i B BRI SRR A EFa nfeda "o

si gnal svéluare Povi ratnekatmatezial arrdecmmﬁuﬂm’g t:ibeshty of drmatenai whidh mi29besi a
h 291. 2 h '
5?; pat gtoig(gr als\éggﬁhét%#st in g ]Fieaae e}n? emory &?OE/{ 2%.S|'l%rea(|iatgoag We\flee;s 104
instructions for performing the various functions are stored in a Random Access
20 Memory (RAM) 230. Processor 201 performs read and write operations in RAM
memory 230 via path 231.

Overview of operation performed by digital transmitter 20- FIG. 3.

Fig. 3 is an overview of the functions performed by digital transmitter 20 to

operate Coriolis flowmeter 5. Process 300 begins in step 301 with transmitter 20

25 generating a drive signal. The drive signal is then applied to driver 104 via path 110.
In step 302, digital transmitter 20 receives signals from pick-off 105 and 105’
responsive to vibration of said flow tubes 103 A-B as material passes through flow

tubes 103A-B. Data about the signals such as signal frequency and phase difference
between signals is performed by digital transmitter 20 in step 303. Information about

30 properties of a material flowing through flow tubes 103A and 103B, such as mass flow
rate, density, and voiumetric flow rate, are then calculated from the data in step 304.
Process 300 is then repeated as long as Coriolis flowmeter 5 is operating within a

pipeline.



10 26 carries signals to input and out put neans (not shown) which allow
transmtter 20 to receive data fromand convey data to an operator.
Processi rgouondt08201 i s a m cro-processor, processor, or grRApUSH/1pe6dCcessor s
that reads instructions frommenory and executes the instructions to
performthe s functlons of the flo .Odl ment ,
pr OCGSS Pr o s(fsly t baut : L= g 19

Devi cesPre'lg@eﬂﬁm,bgan p43rforrred i ncl ude but not I i m ted to corrputl ng mass
flowrate of a material, conmputing volume flowrate of a material, and
conputi ng defikGt4 ibistratempeadess 40K whiahais B@rosess i geperating data swehin a

Read

per for ni HERERederich e el e 980 ol pP11 Pos RSO el Bl fhe

(2 ?I'?’SM _ 28§h1|tld§rcg§it§f?olgt;v R0ds peB?\% s Coeialis ﬁMn}mtextFenge:eas |4003)|fiems BéXrairenor y
via pa ervi ew. o erati or t t

20- i cabeanieges fos 56 A Ll VRBSGler ehe A USCEATLaSR PridRRese SO0 Bt al

transm {& 2t fols o@H&f@E@y&&%dlf@ the UskMBIE bomt aRiHPE@RSnS@A RS AbAENG N St ep

301 with transmtter enerating a drive signal. The drive signal is

t hen appd)lneanttmnetm vEhis allawg naatowatqst 1@.\0 powerregessop sueh Hie BMSGRRR%K t t er

20 f
sai d 11 B ied ey TSR nd 1O AT o an R RutlBe VeIRSE ot
abqot tbethel @Wx&nam@fbcmﬁecﬁ bg Mdtofol® (he Nk geemtt pdhaseage fsftbaeurneemerlmeW\een
signals is perfornmed by transmtter 20 in ste I n tion

I gi.tal
about 3@%@5@@ fge thyy "%?‘fh‘gf'%?t’ 1 ProswsA g UhisotgR!l 14 u egeSft 50 103B,
such as; Wil é?m% r&life (H8ESddof wineH eYPthé‘t%Erthé rde@Wor at Righaspddhsis
cal cul ate rom-t data In step 304. Process 300 is then repeat ed as | ong
as Cor i bétweehtbapeacasser ard @rpextamatgwmom i he copipaaiional f@l%"ﬂﬁmﬁﬂ%S

rccor aaRsbeanl AREeSHARE wficn FTARE P, Bracehdr P iele® st a2

4095whi glaniiss mamnmmﬁselof:mratgener ating data such Si gnal S frequency for
signal s rece| ved from %I ck-offs 105 and& t hat,_nmeasure

osci | | ati onsPECSSEAPR HEgns1Haner +¢1 BYr Qﬁlmgtlpgdmplg rag} SEégsnalﬁ)O

of fers aauRled rr@dAB RdEsH 4 ﬁbnﬂéfﬁrét%a%ﬂe%{eatb 4 5865, 1ds¥er d8mpfe fatest
advant age of process 400 is th
In a preferred embodiment, the sngnals are decimated from a first sample rate of 48

kHz to a second sample rate of 4kHz. The decimation of sample rates increases the
20 resolution of the signals which increases the accuracy of the calculations as described
below in FIG. 5. In the preferred embodiment, the reduction of the sample rate from

48 kHz to 4 kHz increase the resolution of the sample from B bits to B + 1.79 bits.
In step 402, an estimate of the signal frequency is calculated from the sampled
signals. A preferred process to calculate an estimated signal frequency is provided
25 in FIG. 6. The estimated signal frequency is then used to demodulate the received
signals in step 403. A process for demodulating the digital signals is given in FIGS.
7 and 8. A second decimation of the sampled signals is performed in step 404. The
second decimation reduces the signal samples from a second sample rate to a third
sample rate to increase the resolution of the sampled signal. In the preferred
30 embodiment, the reduction is from a sample rate of 4 kHz to a rate of 800 Hz which
increases the resolution to B+ 2.95 bits. This reduction is perform in the same manner

as the decimation in step 401.
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there is no | oss of accuracy despite the use of finite point arithnetic
instead of floating point arithnmetic. This allows a | ow cost, | ow power
processorwaysidshe TMS3205xxx manufactured by Texas | nstr pagpkeo1608

ADSP21xx manufactured by Anal og Devices, 10 or the 5306x manufactured by
Motorola Inc. A second advant age is that the nmenory requirenent for the

i nstruct i ons After the srRens! deimagor ifh$teP dRueticyigtipe greiBade Rased ynendhaal
menory : S@f: M Wy f i®hgs S

bet weenq%%éelogdr g@@%ﬁ%r ?gﬁ\é\{gaﬁcﬁh eérg ngf‘tp%@rr%f%p e Scég{rcr)p“ﬁ} g%(?'o%af;ﬁ@ the

requi r emeiges hasebeerdecevedy theotregsed®O oihiheh s@inatswsronh e2gmho pesksoif iso

oper ate subst ant al | ess, 15 than its .paxinmu | ock .rate. ocess 400
bogi ns (drerrpsa oD 40k fEfiergtend Whans e areeaetRg 8 Sonel IBGEE"  r om
t he i ckirgffisk-61f @Rané isigial FrafPh Setat@plck-cif SRCANEmIness AThesamipliideaife. 1 n
a preferred enbodinment, the signals are decimated froma first sanple rate

of 48 leaehsignal SeteRalampinedriasten 0%k FFocesse Qb isi thar iedhebfenaated asr at es

i ncreas ] p i E‘nlﬁss } i ncreases the accuracy of
t he cal gﬁ?%?%)iﬁegﬂg\gﬁ%g%%;ﬂggggr%@ﬁo@vpﬁﬁ Gmgh?éﬁ the preferred

enbodi ménProdeke forcldecimaimgddampie Baigslad Sianals firoomPick8osiFI&o54 kHz i ncrease

the.resoluti%n Oé-'lh §amélefrorr€Bdbitsto +il5{9 bit%. i n stgg 402, an
estimate of tha- SilHraiates 8 QIBRRSS fof deqiaaling g RIS Al SHOPLSSCeNedd[YRal s. A
pr efer r %m%w&eﬁets@nf@bﬁj&e@hﬁas 885e@ fdri tAB IR irB A, eﬁémnﬁaaémopét@]ébded

25 in FIG 6. The estimated signal frequency is then used to denodul ate the
recei ved0d; 4Prhlandiin tha precaes forAleierariving frasiucgerplitne=tigng)- imeaeh gf thase

si gnal s . i i ) i b C a d

Si gnal & S PBEFERILI00 T perfority R uRdE dRii GEH Bl SboaieR FhES, na
sanpl es diffevenee betweah tengta@matioe peooemediin éack stgy s thatlengtb af tice egse t he
resol ution of the sgrrgl déjsi%nal. In the preferred 30 enbodi nent, the
reduct i G413 ¥eRPIHASIE “rfgﬁe PEOW-of 4 kHz to a rate of 800 Hz which

i ncrseases they gesighation0Bs tdedtibdd9h Priokess HOOSis! RAMEHicPied sy RObBtkn the
same manner as the decimation in step 401. 10 WD 01/01083 PCTI USOQ 16061
After t IREocRsshEsdMeErRechuithdhei size ok Hherowut ¥arenbeind aadRldonthgedasiationpon

t he recej ' 1S s ThL§A b r - - G 9.
Ater 1t RAC i BBETatoR et R AR Raho ko By A TR YR o
pi ck- of byitee ddeimatimnddsing tBisdypockOprocessing epethod js an phasdictial fdvagiiage

bet ween s}nrg:% tﬁe'a Bpoaclesfsrrr?lﬁt%nly be repeated at an output data rate rather than at an input

20 data rate. The principle behind recursion block filtering is that a state variable
representation of the signals is:
X = A" X+ B u;
V.= C*x, + D" u,;
Where:
25 A,B,C,D = matrices representing the state of the system;
X, = an N+1 state vector at time k;
u.= an input; and
y. = an output of representing a decimated signal.

From induction, it is clear that:
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5 first pick-off and the signal froma second pick-off are determ ned. The
anplitude of each signal is then determned in step 407. Process 400 is
then eitwoonepmsated as |ong as the flowreter is in operaPCDUS@VI6PFIOCESS
400 ends. A Process for Decinmating Sanple Rates of Signals from
Pick-offs-FIG 5 FIG 5 illustrates a process for decimating the rate of
sanpl es received from 10 pick-offs. The sane process is used for the
deci mat Lanpef f or med.i @ each.sf .stegs w401, 404, and in the process for
determ ning ffeguencypof the signapy In epch of these steps, process 500
i s performed_fof, S|gQ§Is frgm each, pi ¢ck-of f separately. The difference
bet ween the d C|nat|on perforned in each tep is the length of the input
dat a vect-or-s gs descrlbed bel ow. - 15| A decj mation as described in process
500 is inpl enefied: G&i-nl &4blbck  PRecessi ng method with the size of the

i nput vector being equal to the decimation ratio. The Decinmation ratio is
the anobunt that the sanple frequency is being reduced by the decimation.
Using this block processing nethod is an operational advantage since the
process nust only be repeated at an output data rate rather than at an

i nput 20 data rate. The principle behind recursion block filtering is that
a state variable representation of the signals is: xk,1 =+A* xk+ B * uk;
yk= UxWhEr[Hemﬁnatung\bergﬂmal lﬁa@acﬂoﬂom«:mbvew theahﬁﬁ@mtgd‘nggtdtmﬁé;ﬁte of

t he sys% xk te vector at tinme k; HP‘ an an
out put herreéenee%rﬁqt ,q@e é?%ié}’:itﬁﬁ‘ﬁt@&’ Qf %a@boqumw ﬁau&q glifninated éo Hleear
that: 1 PCT/ USOO' 16061 Xk+m A. AmIB Am1B ... B Xk "'k CDO
Olf;blgm\;%lé&}%%%CBD .. 01lk +#1  VK+M -1
Xk + M Aum I Aw -1B Av -2B  --- B
> Yi+M - B CAm—l ICAM—ZB CAm—SB D

From the above, it is obvious that the number of accumulate/multiply operations for
one recursion of the above equation is:
Nuac = (N+1) * (N+M)
Where:
10 Nue = Nnumber of accumulate/multiply operations;
N= order of the matrix A; and
M= the block size which is equal to the decimation rate of the process.
Therefore, the computational load for performing the decimation is
Rae= Fou * Nuc
15 Where:
R..c = the computational load on a processor; and
F.. = represents the filter output rate.
The memory needed to perform a decimation is as follows:
memory to store each filter coefficient which may be read-only (ROM);
20 memory to store the filter state vector x, which must be read-write (RAM); and
an input block buffer memory (read-write).
FIG.5 illustrates the process of decimation using the above block processing method.

Process 500 begins in step 501 by receiving m sampies into a buffer to create an input

12



CAm 1 CAmzB CAm3B D Il k+M -1 When decimating a signal by a factor of M
only every Mth sanple is going to be kept. Therefore, all but the |ast

out put r Qo 9inices above matrix can be elimnated to the fPM‘/ﬁ%‘ﬂﬁ%%
equation: XktMAMAM -1B AM-2B ... B 5 = Lyk+MJCA?PI- i CAM -2 ., -3B

. D Fromthe above, it is obvi ous that the nunber of accunul ate/ rrul tiply
oper at i bleckf drhe iopet bleckirsthen rofiitiphed atocblwestaqemed:toniri step§02, , Therrdshig) *

N+ VWhere: 10 NM', = nu f accunul at e/ i ply .operatiqgn N= order
of the PRGN aipshE s Se P Ghi e Pl tofine BB RLA0Tan0T or
rate of Prbcedy 50®6Ads aftbesepb@as. the conputational |oad for performng the
deci mation is svd- out MAC 15 Wer e: Rsvd = the co put ational | oad on a
process P .‘: k T A . =Na Z I F'l fna. n‘en‘ory

needed to per o » | ter
necded (0 PerkBiRaEE ks i @ﬁﬂé‘@l@“‘ﬁ% ff@%‘”f‘é“’ﬁ%@%ﬁéﬁ%@ Peer

state vetomrx&damodlmlateme b@nﬁ&ud-a/\swuseq@JEAWrocaasiste@n Fropess BDOmm;sbuf fer
menory read |IIus rates .t he ess mat i on usi ng the
Bbove’ bPBECTHBIEEObiste ARaster brudiat 850 BEaiAGe Ml cHRsYBRsARAS: vi'ng
m sanpl gemdtuatdnbifdegtribed @éﬁﬁ\i gn@B’hbWauh FIG27 WO 01/ 01083 PCT/ USOO/ 16061
bl ock. The input block is then nultiplied by the state vector in step 502.

The resul ts etqseeesango%\fférr%stmaﬂr@anli@ feequency b the gigpats isrshemepingo&. f or
: f F
ot Pt g IHEEEE: BO0R Perol et BARIARRoEBE R EERah sl PACEESBRET 2,

pr ocess beginsés stepedl1ryy ddreultipEyirerite safnnléredlgaabslgfmi irgo gndh-phase (1) and
a quadirature (Q) component. A digital integration is then performed on the |

component and the Q component of the signal in step 602. In step 603, a signal
compensation is calculated on the integrated signal. The signal components are then
15 multiplexed to generate a digitally integrated signal in step 604. The ratio between the
original signal and the digitally integrated signal is then calculated in step 605. The
ratio provides an estimate of the signal frequency which may be used to demodulate

the signals in process 700.
Process 600 uses fixed coefficient filters to estimate the frequency. Therefore
20 no recursive algorithm is needed. Since recursion is not used, process 600 always
converges. Furthermore, process 600 rapidly tracks changes in the frequency. The

estimated frequency at the end of process 600 is given by the following equation:

Fest = (@est 1 2T1)x (F+/12)
where:

Few = estimatedfrequency;

West = normalizedpulsation;and

Fs= frequencyofsamples.

A Process for a High-Low Freguency Selector- FIG.8

25 Process 800 illustrated in FIG. 8 an optional process that may be performed

between the frequency estimate and demodulation of the signal. The high low
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in order to denodul ate the signals in a subsequent process step. Process
600 nust be conpleted in step 403 before the signals can be denodul at ed.
The subsa¥Q8hP1083enpdul ati on i s descri bed bel ow and shown P@EI/PP@/16¢61 The
process 600 for estimating the frequency of the signals is shown in FIG

10 6. Thi I | r nal s.
Process EOBCBLg Re T npaleryf BB RN e BBy Blinlslss Foferg o
signal i(BE& EG. I9) vpfhiatsac(:ml)at@ly\dneasuqeadthe atgmaéfr(aqmemmprmbm anAesrulnmtteal
integration r'hc? t hen ger ornmed. O{hﬁ) | ﬁgqnent and the Q conponent of
the si gRiAS 20 SIPXET §8BVETGRNSE U %ornaaglea QUEOEHHRME%t i on is cal cul ated
on the gpde(gégw ()i%ggal The signal conponents are then 15 nultiplexed to
gener at a-digrtal’ly int egrated signal in step 604. The ratio between the
orig nagNﬁ nal and the digitally integrated signal is then calculated in
step 60 rati o provides an estimate of the signal frequency which may
be used to d§gﬁ[z)durraaldzectﬂrmqlm®yajf$ignalprocess 700. Process 600 uses fixed
coeffici ilters to. estinmate the quenc 20 no recur5|ve
o gor | FRPahiREdAiongit R GPPBIATt dhane PREESR [ e B bEsTr STt

conver g@scufatd WhehRe Sanp®easss AMZ amd ﬂie\’frétﬁ@éﬂ@%sﬁbﬁﬂh@@% hd) rhédsured
frequency. The estinmated freguenc at the end of process 600 is %ven by

the fol I ey a%d8tHznProcess 808 r(emdrﬁszuhpg situation 1o pllacarecesF4ag0
estyiymat %ggﬁeoq'\é?récpérgé’%%hd ~of P& y g'hfsifs'(ﬁ’ @B et ecr‘rng ng.whether the o

frequencyofs I"es rocess or a requency or-
Process p&mzsslwmwpaamdm a rﬁglﬁor& dow dpquemal rpodeexsﬁhe Hallowiay reanper.f or med

bet t he f t dul at t he. si hi gh |
15 o o Fross S e rokee pas! By aisiemoyeavheRer the SiBul rendmRur e <
the freqiangyn ef edqmﬁﬁl% Q%ferﬁc@qmehegkom 4 Sliferd Gembbdihbstitrceahed Y

measures the signal requenCé exhi bits an estimate bias and sl ower
conver g&Raueney ISnehasenialdSteldzs REQuUdnis chesrieas Brs 3 fregupmcy hetwepnshas 5

V\hqrse normal operating frequencies of conventional flow tubes and straight flow tubes.

If the actual estimated frequency is less than the reference frequency, an
estimated frequency of zero is returned. If the actual estimated frequency is greater
than the reference frequency, the estimated frequency is calculated to be the actual
estimated frequency minus 120 Hz.

20 A Process for Demodulating The Received Signals -FIG. 7

FIG. 7 illustrates a process 700 for demodulating the received digital signals.
This process uses the estimated frequency that was either calculated in process 600
(FIG. 6) or in process 800 (FIG.8). Process 700 begins in step 701 by calculating a

normalized pulsation, which is expressed in the following equation:
25 we =2T1(12F4) 1 Fs
Where:

w,= the normalized pulsation;
F.= the estimated frequency;and
F.= the frequency of the samples.
30 The real valued ‘twiddle’ factor is calculated in step 701 according to the following

equation:
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FO= normal i zed frequency of signal. Fromthis equation, it is apparent that
the process for determning frequency is not accurate when the sanple rate
is 4 kHz w@@1/01983 f r equenci es of the signal neasured is aPqIRH0446060 Hz.
Process 800 renedies this situation to allow process 1000 to be 10 used
over a large band of frequencies. This is done by determ ning whether the
processywt Ldsnperate in a high or a |ow frequency node in the follow ng
manner. . Process 800 begins in step 801 by determ ning whether the

esti mateo'l fre ue is less than or equal to a reference frequency. Ina
pref erret é‘?fﬁgﬂi rré’%f{?t the reference frequency is chosen to 250 Hz. 250 Hz
is chosémeras it is a frequency between the 15 normal operating frequencies
of convéntreenalsishdifommeiridbes and strai ght flow tubes. If the actual estimated
frequengyojisptessgssilhan the reference frequency, an estimated frequency of
zero is returned. If the actual estimated frequency is greater than the
reference frequency, the estimated frequency is calculated to be the actual
estimated frequency mnus 120 Hz. 20 A Process for Denodul ati ng The
Received Signals -FIG 7 FIG 7 illustrates a process 700 for denodul ati ng
the received digital signals. This process uses the estimted frequency

t hat wa¥heidohprodiat ofilhat wdddle fpctoc exsl B00al refei@ed 6)grad is calpulateslss s8E0D

(FIG 8) r 700 beqi in step 701 by calculating a nornal i zed

pul sat i Bﬂfb\)ﬁ%ﬁo'lc’gv"&ﬁa i%’bl in the foI | owi ng equat i on

Qd=2f I (12F t he I|ze ulsa F—the esti mat ed
%requent(i’)ﬁ;—aﬁ)dxﬁ(l@—‘ mé 29&(11}&@)7 8f §La?1‘iﬁ }eal val ued

"twiddle' factor is calculated in step 701 accordl ng to the foll ow ng

equstio FSNE | b |
Agcgs( Cgvsﬁ%ébd{% Q’M\,\ﬁ?gﬁ PSSO BOb6A8Ids t¥\the I6R (e Bncy ow Fiftle

where the estimated frequency is equal to zero, yg(k) = xp(k). Otherwise the

modulated output signal has two components as shown below:
Fe=(F:/12){(w + wa)/ 211},

However, this can be remedied by a dual decimation as described below. The first

10 cbmponent corresponding to the - in the above equation is the signal of interest. The
second signal corresponding to the + sign in the equation will be filtered out in the next
decimation process in step 905 of process 900 (SEE FIG. 9).

Process For Generating data from the received signais- FIG. 9

FIG. 9 illustrates a process 900 for generating data about the signals received
15 from the sensors. Process 900 begins in step 901 by calculating a adaptation of a
notch filter parameter which is calculated in the following manner. It is known that a
notch filter parameter is a single adaptive parameter represented by:
l+aizh-1427"-2
l+oazh-1+ar20-2

H(z)=
where a <1 is a convergence parameter adjusting the bandwidth of the filter and a,

20 is the parameter sought after through adaption. Assume |a,| <2 and then note that:

a,= -2 cos (w)

15



/3 = receivedsignnl froneither oneofthepick -offsensors. The dot product of
the "twiddle factor' and actual received signal is calculated in step 702
by the foWD®MOH§3equation: Y,6 =VWkxB(k)= (Ab/2){cos((c) +wWagKUs@®6bds(((o
-Wl)k +0)}. 5 It should be noted that if process 800 yields to the | ow

frequene‘me g(?pbp,\{\é gpﬁqz w%,eeﬁ%géﬁ?atgglgrq frequency is equal to zero,

y13(k) = O herw se t out put signal has two conponents
as shown beI QW £ pg.r( > )112){(co (od) / 2fl}. However, this can be

remedi ed by & dual” de tion as described below The first 10 conponent
corresponding to the - in the above equation is the signal of interest. The
second W'beﬁﬁl corresponding to the + sign in the equation will be filtered
out in the next,degjif@tion process in step 905 of process 900 (SEE FIG
9). Process For Generating data fromthe received signals- FIG 9 FIG 9
illbstrates h—@r@mﬁ@t%ogf or generating data about the signals received
15 fromthe seng%h_%{ Process 900 begins in step 901 by cal culating a

adapt ation of’ a ch filter paraneter which is calculated in the

f ol | owi MherEGREboldst ofi the Isignats hltagxpressed Ththkl follewingascaratiber is a single
adaptive parameter represented by: |+alz”-1+z"-2 H(z) 1+aal z"-1+a”2z"-2
where apd-i@gea (er]we) gence paraneter adjusting the bandwi dth of the filter
and a, 20 is tlge paranmet er sought after through adaption. Assune la,| <2

and thep note a 1,0 e zero
poi nt s E‘f %tp(%éé] ée'sg‘?aké\wageoc?% %@qua P\é\ﬁ g— 2 %Q?ﬁla?%h%ﬁﬁ%ﬂ@%@%a@;m
poi Dt s; conyertioat aRirigivhs suvth asvRESI BNVA, .orTB@Nef Thes, mihezsesthd bignal gnal s
are expressed in the follow ng equation:
energy.
In step 902, the signal frequency of each signal is determined. In order to
determine the frequency of the signal, a normalized frequency with respect to the

decimated signal is determined using the following equation:
15  Fo=(1/2IT)arccos(-ai/2);
Where:

F,= normalized frequency with respect to decimated signal; and
a, is current adapted value of the notch filter parameter .
The frequency of the signals can then be determined in step 902 by multiplying the
20 normalized frequency by the decimation frequency (F: = F, X F:). In step 903,
quadrature demodulation is performed on the signals. Quadrature demodulation is
performed by choosing the demodulation signal as shown below the signals dominant
frequency is shifted to zero. In process 903, the dot product of a demodulation signal
and the received signals is calculated. The modulation signal is represented in the
25  following manner:
w,= 2MF,;
Where:
w,= a pulsation of the modulation signal; and
F.= the frequency of the normalized signal computed above in step 902.

30 As noted above the received signals can be shown as:

xp(k) = A cos(wok + @p) ; where B = each signal from a pick-off sensor 105-105'".
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p =aexp(i(v) In step 902, a, is calculated for each signal. a, is

cal cul ated using one of many 10 conventional algorithnms such as RLS, RM,
or SGN. W e1/emo8d m zes the signal energy. In step 902, tHRCEUNAH06]
frequency of each signal is determned. In order to determne the

fr eque“ﬁgorﬂfmé Bﬁo% ggaémor?s ROL e‘e!gu%%fit ef&x?%’cfr?ﬁ}fe‘ﬂe%&&étﬁ%ﬁ?k to the

deci mat e etermned using t oW ng equation: 15 Fo =
(1/211)arccos i/ V\her nonmal i zed.£requencywlwi th respect to
deci mated sig %{165 :Xﬁ%f 97{?‘8‘1{&;}%&’{%@_%@@@ %@ﬁp e notch filter
parameter . The frequency of the signals can then be determned in step 902

by mul t!W&Me?%?@%eraﬁcﬁgégﬁhé%%aﬁ LAY, DieditidAqs 'E%?ﬂo%efjﬁﬁ%wcy (Ft
= FO x ). I'n step 903, quadrature denodul ation is performed on

Si gna: seo@la\c&@nemreedj@rﬂﬁb@dlraentoihls @eCl@@ﬁlﬁm&@&‘lQﬁe@ﬁ@@%H@attlfﬁ@e'd@fm@ijl ation
T Br 0cB3E38048 12RO YeonBoRbHEY Ird Be AR rip  f o B Bbc i ek ME T U

SI gnal SrdsuiiteAltigelcatrpibx Jiedrangaldematulsticgnl is represented in the 25
following manner: w,, 2 f1 Fo; Were: w,= a pulsation of the nodul ation

si gnal : zaffd Fda tHexplédaency of the normalized signal conputed above in
step 902. 30 As noted above the received signals can be shown as: X 6(k) =
A cos(waRerth@3jecimationds Redowneth & phase diffesemce pi tie-sgnals émperfonrosd 05" .

16 WO 01/ 0 us 61  F f th
quadr at HE8 Dot eacranan upRf i g Bi4se AHFhER: pofiatdi Btne” e
j (2g000foliswiigdhihnén Farstene tfeorh eithBetheilgic o edge pidkeois sgmsdr, oitbolreddivey a
decimation is performed in step 904. Ina preferred enbodinent, this

deci mat $'6Ha|i3§350531&’@5‘&%&”%069*13'1%‘@’““ @%@r”f’w%%q“@'%h both the | and 0
conponent s | s. This decimation reduces the result of
(R malihar iF S ERSIHPA

t he conpl'® ion to:
Then, the signal is multiplied with the second signal to perform a complex correlation

between the pick-off signals as shown in the following equation:
15 q(k) = 2a(k)Z2a(k) = (452)exp( (g = 92na))

Therefore, the phase difference is given by the following equation:

o(k) = arg(q(k)) = Pro - gaua

The phase difference can then be used to calculate mass flow rate and other
properties of the material flowing through the material.

20 The above is a description of a digital transmitter 20 for a Coriolis flowmeter 5
and the processes for determining data about signals received by the transmitter 20.
It is expected that others will design alternative digital signal processors and
processes that infringe on this invention as set forth in the claims below either literally

or through the Doctrine of Equivalents.
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zo(k) = (a /2)exp(jo) . After the decimation is perforned, a phase
difference of the signals is perforned in step 905. In an exenplary

enbodi nemQ ot/é1e8phase difference is calculated in the 10 HaUsseil6ng1 manner .
First one, fromeither the left or right pick-off sensor, of the received
signals I S con at d |n accordance with the foll ow ng equatlon z rpo(k) _
(Arpo/2 4?%‘ * Then, the signal is nmultiplied with the second
signal to peﬁformAarrfé@rﬁw %o@a%rrqira&éﬁlng @ﬁjﬁw@meééi@edm% Qf firsipiikabi® as
shown in the foll ow ng equation: 15 q( ) = zis:(k )z d(k) = (a)exp j(otst
- 02nd) sqhgqrefl @bk and Wesquep'akﬁffe‘ieémé 1@5'ymeasuBng tvrtéah@ns el ggneyibiat i on:
o(k) = e f1en8 e d to
cal cul a @én%géé? %‘5@@% I-F‘l-ge‘r"jrl%larggseoerr{écmzt M%gﬁmf%%ﬁ}gﬁ oW ng

t hr oughmdiernaﬁﬁtoamm@throagh Shid czmlmd\ae (1 &3/&-1@68(} ragid method (40Qjcogmpesing the

tra smtter O for a Coriolis flowmeter 5 and the processes for

det 8 mi AIGRS Yat a about signals received by the transmitter 20. It is
expect ed t hateddliifg £304) |sbrrﬁﬁ§sl SsighdISfroat 4@ fiFkit ?ldkaéff SRl 1 0%)QrRSH S and
processes that |nfr|nge on this invention as set forth in the cl ai ns bel ow

ei ther FeeIhpicy- ofmenwém eha fic samnie rate; Equi val ents. 17 WO 01/ 01083

ci gnals v ccer Rl 1T B3 Frf PEReIss o AdRist B fialdh RERERSAMR o1

sensor (a1t65ar)d measuring vibrations of a conduit (103A- 1038) using a
i sign processor out put. i nf or t| on abo% a,

{1 SR ng ¢ hr oUBIEHIE0 CGRBL A Tect 3RO (ayioret afe FRBCOABES GSriF olRg ¢ he

5 st epspek:off(#6 é{h@atéée?s)ec%a &8offl(165 PnBhSsdit ARnfRb sl of baidlsighAK 2pf f
sensor (?05o ?sald second gﬁ:k gff segsor ?1|05 at gf|'rsstldﬂﬂ}saJ"r(r%l | e

rate; deaid alrﬁgqammyr@@ud sanples fromsaid first sanple rate to a
desired sanple rate; and 10 determ ning (405) a frequency of vibration for
said conduit at said first pick-off(105) and at said second pick-off
(105") from 2ai d $hamhehodf(480) of daignalfgrtiadr comprising the step of:

demodulating (403) said signals from said first pick-off sensor (105) and said

second pick-off sensor (105') to translate said signals to a center frequency.

3. The method (400) of claim 2 further comprising the step of:

calculating (600) an normalized frequency of said signals.

4. The method (400) of claim 3 wherein said step of demodulating
comprises the steps of:
calculating (701) a normalized pulsation of said normalized frequency of said
signals; and
5 calculating (703) dot products of said normalized pulsation and said signals
from said first pick-off signal and said second pick-off signal to translate said signals

to said center frequency.

5. The method (400) of claim 3 wherein said step of calculating said
normalized frequency comprises the steps of:
demultiplexing (601)said signals into | components and Q components;

integrating (602) said | components;
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said desired sanple rate. 2. The nmethod (400) of claim1 further conprising
the step of: denodulating (403) said signhals fromsaid first pick-off

sensor (Wbpi1mmg3said second pick-off sensor (105') to trpopussctieeal d
signals to a center frequency. 3. The nethod (400) of claim2 further
conprising the step of: calculating (600) an nornalized frequency of said
sigmils. 4. TREEHRRINHDEPORI 8 QFCHMRAMRMS wher ei n sai d step of dempdul ati ng

conprises t hemﬁfh%ié&pﬁi‘mn&@d&‘)”sﬁ?d I%rﬁﬁ% 8 aRaraR P{?ﬁ?ﬂg rjee?gé tc9§0<?<§uc°ea' d

normal i zed frequency of said’ signals; 5 cal cu products
of said m@Iﬁafﬁllh@@datﬁdI%malﬁrﬁmd sai d si gnal s fromsaid first pick-off

signal and s ns at.e said signals o, said
center frequariadiy gD AEF R ReaD N PRR T ek S afeptie

cal cul atafngnig aligitallyointedrareed sigha il en pyodumepsaisiesorinigizeHepsqunicy of said
denul tiplexing (601)said signals into | conmponents and Q conponents;

i nt BYr at3i9R'3602) said | conponents; 18 WD 01/01083 PCTI USOQ 16061 5
integrating (602) said Q conponents; rmnutliplexplexing (604) said I
conponents and said O conponents to produce digitally integrated signals;
and cal cul atifahg (60® methadi( éOB)atowmrraﬁ whpiein sae sfeps af dakiugatagssaidd an

anpl i tude f. t inte rat |s to produce said normalized
frequencriprgﬁhégﬁ?kfgq%%y Wé cop! L?ﬁa #%dgf( 400) of claimb5 wherein said
step of cal culpplying (608)Gaidtegrhieted donfsBiMey td 4 EbRPens IR FesifhsiVeaost ep

of : applying (603) said integrated Q conmponents to a corrpensat or responsive
to sai Fad gfﬁp( (682) OB‘P’“?Q*Y?B'QQ éﬂﬂl@é'%l‘ﬂisﬂﬂl%ﬁ?p ObMYHiRIeNna ). nul ti pl exi ng
(604). 7. The nethod of claimb5 wherein said step of calculating said
normal i zed frequency further conprises the step of: applying (603) said

i ntegrated | 7conpdiennsthas &f adainpemderein saesgopof calcutating said normalized

frequency further comprises the step of:
applying (603) said integrated | components to a compensator responsive to
said step of integrating (602) and prior to said step of multiplexing (604).

8. The method (400) of claim 1 wherein said step of determining said
frequency of vibration of said conduit comprises the steps of:
determining (901) a normalized frequency of said signals;
modulating (902) said normalized frequency of signals; and
5 performing (903) a complex demodulation of said signals using said modulated

normalized frequency to determine said frequency.

9. The method of claim 8 wherein said step of determining said frequency
of vibration of said conduit further comprises the steps of:
decimating (904) said demodulated signals;
performing (905) a complex correlation of said signals to determine a phase
5 difference between said signais.

10.  The method of claim 1 further comprising:
determining (910) a phase difference between said signals from said first

pick-off sensor and said signals from said second pick-off sensor.
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said step of integrating (602) and prior to said step of nmultiplexing
(604). 8. The nethod (400) of claim1l wherein said step of determ ning said
frequencyw@p1/41i08¥ ati on of said conduit conprises the stepPGHUSME6H M ni ng
(901) a normalized frequency of said signals; nodulating (902) said

normal i zed frequency of signals; and 5 performng (903) a conpl ex

denodul ati on of said signals using said nodul ated normalized frequency to

determ ne said fregsiawgbod 8f clalve 1MakRedcompeibiigth8 stiigy 6f:n sai d step of
determ ning said frequency. of vibration of said conduit further conprises

the steps ofdetgERINVAARRGC(ISSL) saidirartgaabiYIRg oyl SRICCONGEHIRINANSYE 905) a
Con'p| e . I . 1 1 . 1. X 3 I I e

Dot neor O 4R AL bR Sy R B SR P ARHED e A AR

det er nmi fndmgaj®@$6dorad pieksdl. di f f erence between said signals fromsaid first

pi ck-of f sensor and said signals from said second pick-off sensor. 19 WO
01/01083 PCTI USOO 16061 11. The nethod of claim 1l further conprising the

steps of: detzer m Thaghai@pPerdiaiest Pivhedislon@besaialpropsribs s hasoHeW rai d
conduit responsive to determning said frequency of said signals from said

first prfadnatang floxing firghah saideasduitai d second pick-of f. 12. The net hod
of claim 11l wherein one of said properties is mass flowrate of said
material flow ng through said conduit. 13. The nmethod of claim 11 wherein
one of sai d 83.operhe gwtihad dedain i1 videreitheneref baid wbpelti@sns denbigr.ei n sai d
step (401) of decimating said signals fromsaid first pick-off and said
signals fromsaid second pick-off conprises the steps of: performng (401)

a prelim naryg decThgimetRofirsinelaiat d WhessinssHi®! Rep a1} of dcinbatiny eaikedi at e
sanple rate responsive to receiving said signals fromsaid first and said
second 9°¥s ¢rom3 saigefirstrpiskrash arsdisaigaignals doam aritssegeadiek-gHicomprigesof
deci mtth@%téé&'éﬁ?er conpri ses the steps of:
performing (401) a preliminary decimation from said first sample rate to an
5 intermediate sample rate responsive to receiving said signals from said first and said

second pick-offs.

15.  The method (400)of claim 14 wherein said step of decimating further
comprises the steps of:
demodulating (403) said signals into an | component and Q component; and
performing (404) a secondary decimation of said | component and said Q
5 component of said samples of said signals from said intermediate sample rate to a

final sample rate responsive to said demodulation of said signals.

16.  Anapparatus (20) that receives signals from sensors (105-105') affixed
to a conduit (103A-103B) that is vibrated by a driver (104) and measures properties
of a material flowing through said conduit (103A-103B) from signals received from said
sensors (105-105') wherein said signals indicate motion of said conduit from at least

5  two points, said apparatus (20) comprising:

an analog to digital convertor (203-203') that converts samples of said signais

to digital samples of said signals; and

a processor (201) configured to:
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denodul ati ng (403) said signals into an | conmponent and O conponent; and
perform ng (404) a secondary decimation of said | conponent and said Q 5
conmponentwof019Hi8gd sanpl es of said signals from said internRdl/E8e/15861pl e
rate to a final sanple rate responsive to said denodul ati on of said

[ I
(105105 ) arHoBBR S eal At O ke T S RIER: B o BPeaRaB erate; e
(igg() ag}sd"re?sures propert| es or;l a material flow ng through sai d conduit
A-1 f d
gl gnal s i nzjl rom’ﬁ’:?%r}ﬁﬂgb? r(égbér?%yocﬁfr ?P? %Sﬂ‘??or it %ggmg&%%vgr]%mgalsgl
appar at Usici- 89)(1 65BHd §t'eﬂ§1ecdﬁ'<‘j rﬂ@l@-bﬂ‘Q1 09) eHof| éaﬁh SEOPVEY diWaid 20RaRAA shid hat

converts sanples of said signals to dlglta sanpl es of said signals; and a
pr ocessotesiredsansplafratpur ed to: 20 WO 01/01083 PCTI USOQ 16061 deci mate
(401) said sanmples froma first sanple rate to a desired sanple rate, 10
and determ ne (405) a frequency of vibration for said conduit (103A-1038)
at a first pizk-ofie éﬂx@érhtmdz(ntofalesmctﬁwdhprenksarhfpr()&@@orf 2om rseiurdhsrarrpl es

f d | t d des d
Cl ai m 16MIBPEh (& 4TS5 Sekb SNERO TP SaRLioh Ik D RERBRr LS T AHE at e
said 5! nglohdl Okt (1 ockoalr renseio/(109) and sald second

pi ck-of f sens to a center frequency.” 18. The apparatus (20) of
claim17 wher e| n said processor (201) is configured to perform sai d

translating o sal | cul af.i (7 ugncy of
sai d signals. ﬂp]g ag%%éstg? é@z@f Cgé'h‘gﬁgi Vn‘%%%e'ﬁh%ﬁérﬁ‘ld&é?g { r(o se%or
(201) i scdnii Uh;ﬁto pepftringiaiettahslatingosd id sngsralscbys:agrmdttmgqyoa)aaourraahzw (701)
a nornallze pulsatlon of said nornalized frequency of said signals, and

cal cul at f@fﬁ’e(”%@ s@ist S'BP%’&uct s of said nornualized pul sation and said
signals fromsaid first pick-off (105) and fromsaid 5 second pi ck of f
(105') to translate said signals to said center frequency.

appar atus (20)9.of EherppatuhiQioh cleand wbeeis sid(roegsss ZQbhﬁlfgﬁ'ﬂ%fd to

cal cul at g, 381 b\ PR AE Lald SIHSOEY BILARTY FbP fﬁorrﬁgalﬁzgaarls%qi'oq otsgrel s

normalized frequency of said signals, and calculating (703) dot products of said
normalized pulsation and said signals from said first pick-off (105) and from said

5 second pick-off (105') to translate said signals to said center frequency.

20. The apparatus (20) of claim 18 wherein said processor (201) is
configured to calculate said normalized frequency by demultipiexing (601) said signals
into an | component and a Q component, integrating (602) said | component,
integrating (602) said Q component, mutliplexplexing (604) said | component and said

5 Q component to produce digitally integrated signals, and calculating a ratio between
an amplitude of said signals and said digitally integrate signals to produce said

normalized frequency of said signals.

21. The apparatus (20) of claim 20 wherein said processor (201) is
configured to calculate said normalized frequency by applying (603) said integrated
Q component to a compensator responsive to said step of integrating (602) prior to

said step of multiplexing (604).
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into an | conponent and a Q conponent, integrating (602) said | conponent,
integrating (602) said Q conponent, mnutli pl explexing (604) said | conponent
and sai d vo 6d/ero8ponent to produce digitally integrated si gral/ssooacnsl
calculating a ratio between an anplitude of said signals and said

digitall i i | t i mal i f id
<i gnal . yz'l%?ﬁreaiﬁ%i%@%s%@%ﬂ?gé@ﬁfn% wiREe ﬁé@gﬁa%e?g@ggé%?f’d%éi') s
confi guds@gigt%e@aé calcatafte tsalodnmma‘rﬁbdzfiﬂdqufehegwmgpl;by% &08)ysang tir(té@r&]}ecsal d

| ntegrate coO onen O a Cco ensator re onsi ve 0 Sal e orT.

e o SoBP a5 B SanPERs oL FFPOPERe P Skl SRR RG R BeAP02bERwBren/ 01083

PCTI USQY d£6Q61ep é2muktipfeanpds@i)us (20) of claim 20 wherein said processor

(201) is configured to calculate said normalized frequency by applying

(603) said integrated | conponent to a conpensator responsive to said step
of integrati (6 [ Ot QcSal.d. st f 'pb I .23. The
appar at us (2%?‘ of ?ﬁ%a%%afgm\ﬁné‘%oi (r%f ch%ngw Elpﬁ@vehgésr(eﬁ“%%@l ?@%&%géﬁ?% r'%d to

det er nmi genfRAred td aateemine sdidvfidyuaincgof oforattdrdotsaid wohdbly bydet er mi ni ng (901)
a normalized frequency of said Sj rmdkjl at | nané‘QOZ) said normalized

nal s;
frequency ofd%t&!r NG Y.a aﬂ@"@'zggﬁf‘%ﬂ‘ﬁn_ﬁbo §8%)s'9Nd8npl ex denodul ati on of
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frequency. 24. The apparatus of claim23 wherein said processor is
conbi gur ed tperformiog (PO aserraplex dguaditation of sbidigals osingsiail moddiaited by :

deci m nat i ng. 4) said dul. . sl gnal s; performng (905) a conpl ex
correl a??rgﬁgggggae%od;e&céﬁgﬁgpﬁrh@%?glpﬁf{%%ueg%ghase 5 difference between said
signals. 25. The apparatus (20) of claim 16 wherein said processor (201) is
further configured to determi ne (906) a phase difference between said

. ) : .
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performing (905) a complex correlation of said signals to determine a phase

5 difference between said signals.

25. The apparatus (20) of claim 16 wherein said processor (201) is further
configured to determine (906) a phase difference between said signals from said first

pick-off and said signals from said second pick-off.

26. The apparatus (20) of claim 16 wherein said processor is further
configured to:

determine properties of said material flowing through said conduit responsive
to determining said frequency of said signals from said first pick-off and said signals

5  from said second pick-off.

27. The apparatus (20) of claim 26 wherein one of said properties is mass

flow rate of said material flowing through said conduit.

28. The apparatus (20)of claim 26 wherein one of said properties is density.
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to determining said frequency of said signals fromsaid first pick-off and
said signals 5 fromsaid second pick-off. 27. The apparatus (20) of claim

26 wher eigo@igiosf said properties is mass flowrate of sap /ﬂgﬁo\%’gbﬁl
flowi ng through said conduit. 28. The apparatus (20)of claim?2 erein one

of said properties is density. 22 WO 01/01083 PCT/ US00/ 16061 29. The
appar atus (2@%f clre apdBawseRO)of caimd1pmdeesisaraid pranmstogisropafigoredetol mat e
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of sai dsﬁcgndlp@kf-@f(fﬂn 5 said |nterrredi ate sanple rate to a final sanple
rate responsive to said denodul ation of said signals. 31. The apparatus of
claim16 is neter electronics for a Coriolis flowreter. 23

30. The apparatus of claim 29 wherein said processor is configured to
decimate said signals by:
demodulating (403) said signals into an | component and a Q component; and
performing (404) a secondary decimation of said samples of said signals from
5 said intermediate sample rate to a final sample rate responsive to said demodulation
of said signals.

31.  The apparatus of claim 16 is meter electronics for a Coriolis flowmeter.
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