MD 97/12347 ' - PCT/ US96/ 14661 PROCESS
"CONTROL TRANSM TTER BACKGROUND OF THE INVENTICN The present invention
rel'ates W& H B ¥cess control transmitter having an andiCISIpRI6Y; gi tal |
5 converter providing a digital representation of a sensor input signal.
More specifically, the present invention relates to a process control
transmtter having a sensor ‘producing.a gensor signal representative of a
sensed parameter which is converted i nt ot digital representation 10  of

Sonsed parameter . T anBROCHES: EONFROR UANSMERRRIL 1) (Vo call y

. communi cate with a control |gef{cRvebulbCof 2RE! WRvENTESNS r om whi ch they
receive power. A transmtter 15 recelrves conmands Troma controller and

sends output signal's rePPEs@ReRse dNVENEARBeF LIRSS aFOpar BEPEREBack .t 0 |
~the control | eEontfolONERANSHITEEHTEIROE G aaﬁuraeauoboortdmedﬁgimlsensed

paraneter S re resented b current \var n I.tude between 4 and 20.
A 20 RVE2ER: Draidi i h Pt o prsheTitish 668 35750 Phy o) cal
- paranet er relanpdttslgnaloceMsre Stheciticallyput phe preseamal Dyvengieh whi ch

s Tepresentaliyg. gl 0% Ofrsauel donialdiabl eenitnendagian LheeRabre of

“the process to con se variables Inc exa
pressure, tenpeﬂdUGiégfacﬁﬁn%$¥ SGB@@&t%ﬁEﬁﬁﬁ%ﬂﬁﬁ%ﬁW@eﬁimﬁ|%ﬁnsed Sonel

vari abl es havgagai€tkr! #h9Eh Uy JBrR - UGE inteCigStall AUprabontbeisnt he
‘s|gnal 1 of the -sensor _51gna1 The sensor signal is
representative of a sensed parameter. ' '
Transmltters in the process control 1ndustry o
'typlcally communicate with a controller over the same
two wires from which they receive power. A transmitter
15 :receives'cemmands from a controller and sends output
signais representative of a sensed physical parameter
back to the'contrdller - A commonly ‘used method'is a
current loop where the sensed parameter is represented
by a current varylng in magnitude between 4 and 20 mA.
20 The transmltter includes a sensor for sensing
a phys1ca1 parameter related to a process The sensor:
outputs an analog s1gnal which is representatlve of one
of several varlables, depending on the nature of the
process to be controlled. These variables'inciude, for
25  example, pressure,_temperature, flow, PH, turbidity and .
| gas concentration. Some Variablesehave a very large
dynamic range such ‘as flow rate where the signal
amplitude of the_senser oﬁtput changes by a factor of
© 10,000. o
30 -~ . An analog to digital converter in the
transmittex'_converts the analog sensor signal to a
digital representatidn'of the sensed physicai'parameter
for subsequent analysis in the transmitter or for



arrplltude of .the sensor. output changes by a fact o of 10, 000 30

anal g digital <converter in the transmtter converts the anal og
sensor s?’%ﬁgﬂ 12347 a” di gital representation of the sensed pfﬁ%’i”@%ﬂmp@ﬁlameter
.for subsequent analysis in the transmitter or for . WD 97/ 12347

PCT/ US96/ 14661 transm ssion to a renote | ocation. .= A m croprocessor _
typically conpensates the sensed and di gét I zed si gnal and an output ci rcwt
in the transmtter sends an out put repre entative of the conpensated

hysi cal "par apeter ‘5 _ the remmte Qver hetwo wire | oo The
Pyl oal - bar anEeapmi8sion 184 “HBhEres e i oy A mictoniddendil T
dependi ng on typinaiﬂlyec@inneMame@caslsetsebeedoandoldllgitlmdj gignahal og to
digital Conveéﬁarahsoﬁ%;sueaél%aeawr{% el 0-0aKR; L8R Lsngh fgsgiegien and a -

10 -l'ow sensitivit nol se ar ge al ance converters ar e sed -
transnitters r@p;;fasvnaetaﬁm 0§ tbe@gpransetéﬁdeﬁﬂéyshsal @ersru%ﬁetdr:mrter

i s descriged tReU. sfemditéd enloddtidn 0%%&91theenﬁ\hé| Qﬁ.re Coapged TiRal anced
- Feedback 15 . Measurenent Circuit" whic sued, Jan 21 1992 to Frick.
ot Al SonsoPRYPRCRRCRRERIRERF TR Y RARE Te SPIARSHARLY AHEEH GieRe i n
response to tperpsecesd, depemding dm tthe matureowft bhei ppedassetosbe - '
converted by controlled, and the analog to digital converter is
typ:l.cally requlred to have 16 bltS of resolut:.on and a
10 - low sensitivity to noise. _ -
- Charge balance converters are u.s-ed in
transmltters to prOV1de analog to digital convers:Lons
One such converter is described in U.S. Patent No )
5, 083' 091  entitled  "Charged Balanced Feedback
- 15 Measurement C:chult" which issued January 21, 19 92 to
Frick et al. Sensors in such transmitters prov:.de a
imp_edance which varies in response to the process
variable. An output from the impedance is converted by
the charged balance  converter into a digital
20  representation of the impedance. This digital
representation can be transmitted across an isolation
barrier which isolates the sensor circuitry from the
other transmitter circuiti'y. Charge balance converters '
_ are a type of sigma-delta (ZA) converter. The output of
25 such a.. converter is a seria’l bit stream having a width
T of 1 bit. This 1 b:Lt w::.de b:Lnary signal conta:.ns all of
the information necessary to digitally represent the
amplltude and freq_uency of the output signal from the |
sensor - impedance. The serial format.of the output _is.
30 well suited for transmission across the isolation
 barrier. The sigma-delta converter also provides a high
 resolution output with a low susceptibility to noise.



the charged bal ance converter into a diﬁgital 20 lre'present ation .-of o
the i rrpeq? ‘This "~ digital representation can be transmtte :
across an @%?’H“?)n barrier which isolates the sensor ci rcu??%J ?@dﬁ@t he,
other transmtter circuitry. Charge balance converters are a type of

sigma-delta ([err]) converter. The out put of 25 such a converter is a
seri al bit streamhaving a width of 1 bit;- This 1 bit wide binary signal
contains all of the i'nformation necessaryto digitally represent the

anpl i tude and frequency of 't Oﬁl.gﬁ IIM thR. sensor i npedance.
The serial format of .the out for transm ssion-

across -the isolation Here meseﬂtelmgml@a paovddesra dreisioiys dwirdes a

hi gh resol uti h 0 CeRki t i 97[12347
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a techni que f GHgAR3 ARGS9 BhERABABIEFGRA OB PTRFARILEFtEe i gi tal

converter g.n as;ié@étﬁm tiheisef eﬁ.g&amsomaerbéomé c&utfputsmt&ﬁna pRegesy gnal s
may be the OUt\gart om a rocess vari abl e sensqr, 2 r ef erencei f ot her -

sensors used. f T @ I5F eéf%ﬁ’ ?’?1 e§ FERSOTE 858k £8%ed to
as -sensed par artpessat ddwe. tlmnganeraﬂ |nhéadeslgnn@lls/amjmaﬂeme¢mary for

‘coupling to a apé °§é‘z§§e&°;§%£££heéé’£’£ The transmitter J.ncludes :anut/
- output circuitry for coupllng to a process control loop.:
| .10 A first sensor has a first J.mpedance which varies in
| _response to a. sensed parameter, for example a process
varlable of the process. A second sensor has a second
impedance which varies. in response to another sensed
'_ parameter A first exc1tat10n 51gnal is provx.ded to the. o
15 first sensor and a second exc1tat10n signal is provided
' to the second_sensor. Outputs from the first and second _
sensors are_. responsive to the first and second
excitation signals and sensed parameters. ' A summing
_ node sums the outputs from the first and second sensors.
20 An analog to digital converter converts the summe_d'
signals into a digital format. Digital signal .
processing circuitry extracts the sensed parameters from .
the _digitai output of tne .anallog to digital converter.
The - digital signal processing circuitry provides an
25 output based upon- ‘the sensed parameters, to the
inpnt/output circuitry for transmission over the process
control loop. | ' '
W
Figure 1 is a simplified block diagram of a
30 transmitter in accordance with one embodiment of ‘the
' present invention. o _
'Figure 2 is a more deta:Lled block dlagram of
the transm:.tter of Flgure 1 showing s:.gnal convers:.on K
- c:chuJ.try in accordance with one embodlment



10 A first sensor has. a first I npedance whi ch varies in reéponse-to a -
sensed p for exanple a process variable of the pr second
sensor qgagﬁéééond i npedance which varies in response to gﬁﬁ@ﬁgvlgﬁhsed
paraneter. A first excitation signal is provided to the 15 . first sensor
- and-a second excitation signal is provided to the second sensor. CQutputs:

fromthe first and second 'sensors .are _pesponsive to- the first and
second excitation signals and sensed paraneters. - A sunmi ng node suns the

outputs fromthe first cgn |
converter converts the gg%m%% 2 q‘r?;%gs‘%rc}toolz%la@%@{q&%ﬁ &E‘%&%D gital
si gnal proces§pngtUpr§apaF}tG&tﬁ@ﬂﬁ?ﬁ%ﬁ;sensed paraneters fromthe digital
out put of the anal og topdiggiredls §Qn¥eéiﬁpl1fh§dds€héﬂat§b9&§agi?éﬂcﬁﬁ5' ng

circuitry provides an 25 out put pon t sensed araneters
to the input AEGPFERNERr Wty prokh zfﬁ‘g?ﬂ cRxértkE?\enbY%‘cE%%ncontrol_

leOp BRI fEF DESCRI PTI O\IF@EuBéEs@RAW H@r&pguoﬁ émphaudenvéréuedtbineck
I agr am ol a

32 E Etg | accor %nce 5 r}_f(:orenbodl e, h I:\ t he
present - i nvenPforft %?‘ﬁ prted) SInyRQis ta’F‘P’SE H“oc di a§Fam o he
transmtter ot:_rEsgmtelhvalm:\nnmg signal conversi on circuit ry in accordance
- W th one enbodi ment. Flgure 5B is a graph of amplitude versus time
| for'a.dlstorted s1nus01da1 waveform shlfted 90° relat1ve
10 to :he waveform of Figure 5A. '
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Flgure 1 is a simplified block dlagram of a

'transmltter 10 in accordance with one embodiment of the
present invention coupled to process control loop 12 at
15 connection terminals 14. - Transmitter 10 includes .
measurement - c1rcu1try 16 and sensor -c1rcuitry i8.
Measurement circuitry 16 couples to two-wire loop 12 and _
is used for sending and receiving 1nformatlon_on loop".'
_ 12. - Measurement'circuitry 16 also includes circuitry
20 for prov1d1ng a power supply output for transmltter 10
o which 'is generated from 1oop current I flow1ng through
loop 12. In one embodiment, measurement c1rcu1try 16 -
and sensor circuitry 18 are carried in -separate
_ compartments in transmitter 12 and electrlcally isolated -
25 by isolator 20. Isolator 20 is an 1solatlon barrlerj
required for electrically grounded = sensors. Sensor
circuitry 18 includes a sensor {showh as impedance) 22
which has a plurality of variable 1mpedances responsive
to sensed.parameters As used herein, sensed.parameters
30 include process varlables representative of a process
(i.e.. temperature, pressure, differential_ pressure,
. flow,' strain, ©pH, etc.), reference levels and _
'compensatlon varlables such as sensor temperature used:
to compensate other sensed varlables Exc1tatlon



VO 97/12347 I . . PCT/ US96/ 14661 -4- Figure
3isav granlshomﬁng outputs for two capacitor SepSh ure 4
s a s nﬁﬁﬁf’bﬂ‘? FECDgSsettsdt

chematic diagramin accordance w th anot her nent of
the invention. - - Figure 5A is a graph of anplitude versus time
of -a distorted 5| nusoi dal waveformfor use with the present invention.
Figure 5B is a graph of anplitude versus.tine for a distorted sinusoidal
wavef orm shifted 90[err] relative 10 t0 the waveform of Figure 5A

DETAI LED DESCRL P]']I N %e%@?ﬁ%‘ﬁ?ﬂh@%é@ﬁsb@ gyEethtiionaiabae! i fied |

bl ock dlagran1o trans I'n accordance w th opne enbodi nent of the
present i nventqlmq!u(;@l]fm &t yen s ekephrbral ogpraechions2é - coRRBEEI on

termnals 14 oy o VANYH 14 84nald cb{lmdud.@ﬁ:lwwml cméenahwalw and

sensor circuitry 18. Measurenent. circ 6 _cou re_|oop 12
‘and is used f&RE&tdiSg St r FREFARSGS %&%’P&ﬁs EU% Js.ign Vl\l\lngagﬁrerrent

‘circuitryslé ghagputhciudes EeépdneeytEOthé(ﬁxqmtnmrbmglapuomsugsaﬂp

out put for tr sn1tter Q. whi ch; e! ated o] c mnng
-t hr ough | oop Iﬁxgﬁgagﬁﬁ&iﬁ%ﬁPg gégsurene%tq%| It%iiﬂ?aﬂd sensor
o circuitry - 18vammablﬂﬂbasﬁﬁ ppns@@@r%@@séénparﬂﬁéﬁ§§sln transmtter 12
and el ectricall y | sol at e.ﬂ'l %%e ?¥Séﬁel fﬁ@én@@on, |§ﬁ§é’d£ﬂic@%l‘e‘ine%ft |2§O| at | on

barrier required for electricarly grounded sensors. ?e
: ' includes one or more separate variab 1mpedances -

.10 coupled to dlfferent exc1tat10n s1gnals from exc1tatlon
. input 24. Each individual. 1mpedance provides an. output _
.s1gna1 to. conversion circuitry 28 which combines- and
-'dlgltlzes the signals into a single digital output
stream .Conversion 01rcu1try 28 provides an output on-
15 output 11ne 30 to isolator 20 which electrically
‘isolates conversion c1rcu1try 28. Isolator 20 reduces
._ground loop noise in measurement of the sensed
paraheters Isolator 20'provides an isolated output on
line 32 to measurement c1rcu1try 16 . Measurement
20 | c1rcu1try 16 transmits a representatlon.of the dlgltlzed
'31gnal received from conversion circuitry 28 on loop 12.
In one embodiment, this representation is an analog
ourrent_ level or a digital_ signal. In a preferred
' embodimeut, measuremente circuitry 16 receivesdfthe
25 digital signal and recovers the findividual 'signals
generated by the separate impedanoes 'in impedance
- element 22. Llnes 26, 27, 30 and 32 may comprises any
suitable transmission medlum including electrical
conductors, fiber optics cables, présSure passage.ways
30 or other coupling means. '

' ' ~ Figure 2 is a more detailed block diagram of
transmitter 10 which shows transmltter 10 coupled to
control room circuitry 36 over two-wire process control'

Tloop 12.. Control room circuitxry 36 isrmodeled'as,a



C|rCU|try 18 . |ncludes a sensor (shown as |npedance) 22 mhlch has a
pluralit abl e i npedances responsive.to sensed para used
herein, s X¥§5332%2raneters 30 i ncl ude process varlables_rggiﬁééﬂygﬁ1ve of
a process (i.e. tenperature, pressure,. differential pressure, flow,

strain, pH etc.), ‘reference levels and conpensation variables such as . |

sensor tenperature used to conpensate o%her sensed. varlables
Excitation WO 97/ 12347

PCT/ US96/ 14661583 tignales, Uiy RIS éaufggegaﬂce P tfib&@ | nput

circuitry 24 over the electrical conrection her “excitati 6n srgnals
could i nclude &pemcdloopndndhinangh aaramittex c10. | npedance 22 produces

output signals on 5 outpuln 2hei Bmb8aRABHE sRoWhei @ iddd @) sBRebrskgnal s
fromexcitation input 24. . The out ut signals are v |ablﬁ%aﬁs§d ypon the

sensed paranet éNS1udes CRRRGEESH ¥ rFe??E@%aﬁ and 3VILAG| udes
one or noreg- S@:ﬁ@a&h&an&r I@bhﬁdl mgedhmchsréepondoupl oot elsaudticfef @&,eahd .

excitation S|g?@Is %%%ﬁ% %lon |@ﬂgt gé ?Egnéﬁd' |dqﬁkilqpedggge
put

-prOV|des an ou Aver sion C|r ¥ ch conbi*nes™and
digitizes the megzxassenbata.\ee @fngaesgngeﬂapr@mme aff earProceaser §Psn- -

_circuitry 28 piy gﬁ\%“gﬂ% aanﬁ&BS!Eo?”‘Lé-ﬁ red¥iPl exddit@ti¥h ihput 895akar 20

- Which electrlca
' S, over input 11nes 26 from 1nput c1rcu1try 24.

iO : Capacitor 40H receives excitation input 81gna1 S, over . -
input lines 26 from input circuitry 24. -Capacitors 40H - -
and 40L responsively.generate output signals-og:and O
on output lines 42H and 42L, respectively. Outpﬁt_lihes
42H and 42L are coupled together at a summing node 44
- .15 whlch couples to conversion circuitry 28 over 11ne 27.
Conver81on .circuitry 28. includes ~high
'~ impedance input ampllfler 46. . In one embodiment, .
amplifier 46 comprises. an . operational amplifier 48
havihg negative feedback from an oﬁtput terminai to an_.
20 invertingwinput-terminal through capacitor 50. The non-
invertiag.input of amplifier 48 is coupled to a chassis -
or earth electricallgroﬁnd 52.. The inverting.input of
operational amplifier PY: connects to summing node 44
- through line 27. The output ffcmn amplifier 46 is.
25 prov1ded to sigma-delta conversion c1rcu1try 54 which -
operates in accordance w1th. well known sigma-delta
conversion technlques ' For example, the artlcle__e
‘entitled "Theé Design of Sigma- -delta Modulatlon Analog- |
to-Digital Converters" Bernhard E. Boser et al., IEEE
30 JOURNAL OF SOLID-STATE CIRCUITS Vol 23, No. 6, December o
e1988_ pgs. 1298-1308 describes design of s1gma -delta
converters. Slgma -delta conversion circuitry 54 should:
" be constructed to have a sufficiently high sampling rate -
and resolution for the particular sensor used for sensor



| sol ates conversion circuitry 28. |solator 20 reduces ground |oop noise.
in meas %riof “the sensed paraneters. Isolator 20 provides an :
i sol ated outpdl on line 32 to neasurenent ~circuitry 16. : 1446Lnt 20
circuitry 16 transmts a representation of the digitized signal ‘received
fromconversion circuitry 28 on loop 12. |In one enbodi nent, this
representation i s an anal og current Ievet or a dlgltal signalq.' In.a
preferred enmbodi ment, measurenent circlitry 16 receives the 25

digital ~siong el S £ VRS Pkt vighal Slonghe dspgLaLehbpire ay

separate inpedances Tninp ce €l enen Ci nes
conpri ses anySigmaagedtat rcacntsweggmn PRECWHE LY ncﬁ‘ludpfifg’Vleile@t pi cait

cconductors, féE%éaﬂpéhE u€ aRAeSng s GPEAKIE JRES34ag1RYBi80on PLnotHIST :
coupllng means is a nore detai] ed b&gcgﬁg gran1of transm tter 10

~ whi ch shows t?9ﬁ§m4%$%tﬁb EBEBREd TP LRHRT of FAgui A5 rEmbeR
two-wire s/r (icaseeseatryotoIcmmt:lally%ﬁf&éeﬂtﬂmnecampmntuue%has?n@ﬂ@I ed as
a WO 97/ 12 US96/ 14661 -6-
osistor a6 ERSTUSPEX 9 5hF APERE SighR} RFCTIdRS bY AR FIeF 48s 10
~‘through transmtter 10. Eknlta&l@mb@ilgmﬂts shovend rSFifgiome €xcitapton = 22
"”C'Udes Capaihbﬁ& PIEYE RFNSPE S ﬁ@§-3ﬁ§a40§eﬁé¥599d using - any

'approprlate technlque In the embodiment shown, signals
10 - 8, and S, are generated using a dlgltal s:.gnal generator ..
60 whlch provides dlgltal 31gnal outputs D, and D, to a
digital to analog converter 62. Digital to analog
:converter 62 responsively generates analog signals S,
and S,. Generator 60 is coupled to conversion c1rcu1try.'
15 54 and prov1des clock 51gnal to circuitry 54. In one
' 'preferred embodiment, 51gnals S, and S, are sinusoidal
signals hav1ng a frequency of about 10 Hz to about 100'
H, and a relative phase shift of 90°, In one
a émbodiment the output of -signal_lgenerator 60 is
20 'adjusted to compensate for manufacturing procese
'varlatlons in capac1tors 40H and 40L. For example,"'
phase, frequency, waveshape and amplitude"can_ be .
adjusted .Signal generator 60 reCeives clock and
communication signals through 1Solator 20B. The clocku
25 51gnal is also used by power supply 61 to'generate.an
isolated-supply voltage Vﬂ.which powers circuitry 18.
Measurement circuitry 16 includes a.
microprocessor/digital- signal processor 70 which -
 receives the _output 'from.:sigma-delta conversion
30 circuitry 54 through isolator 20A and decimating filter
72. In-one embodiment, the output of filter 72 carried
on data bus 73 is 16 to 24 bits in width having 24 bits:
of resolution; Decimating filter 72 reformats the
-'single bit wide data stream on line 32_having a-lower



- termnal throu

5 capamtance Cerr] and CJerr] which respond to pressures P[err] and

Plerr], nPoRgAsdgyel y. The capacitance C(ferr] and Clerr
representative of a sensed pressure of a process, for exa Fi}._’u.%eﬂb‘éﬂtor

40L receives excitation input signal S[err] over . input lines. 26 from

I nput circuitry 24. 10 CapaC| tor 40H receives .excitation i nput si gnal
S2 over input lines 26.fromi nput circuigry 24. Capacitors 40H and 40L
responsi vel y generate output si gnals Jerr] and err] on output |ines 42H

and 42L, resp@eta vedye a@wall mea 42byeadwide ABEaCauRleath tﬂa&et\ﬂ% at a
summ ng node 44 15  which c ?@ to conversion Ci r?gltr 58 over line-27.
ncludes :

Conver si on %Yrgl&f"frf’? o%ssq H P ARt edighbel afigmaler 46.
I n one enbodipemtesaimyi tiscwidmonpli sdso anecpivesi aml iappti firm 48.

havi ng negatiy ,g%&ﬁeeﬁé Babgy 24 QHLBH' pEBOTRA d Or8Rofdace! 1 gvlgr{agpg | nput

capacit non- "I nverting I npu 48 i:s’
coupl ed t® a ¥dbakiveortear ?PFCéItQ@tlmcallrm@uncBmalS'heSi n\asndl ng . nput of

oper ational ak;éhescdSsEPNARC Srdde SoE eaen%%_:;ﬁﬁééu Oyggnghn%:ﬁa? The

output froma %Ilfler 46, 1s 25 rovided to sig del'ta conversion
circuitry 54 SEFERCHPerthes FRIBRLS, dIRRETRIEA wgermknGWi’hm g’rﬁa_&é}eca_- -
conversi on tRedividesl capEﬁitogsaEpHeandt heL.ar rtiyphieagnki,t lrerk "thike Design.

of 5o deLtay RO o Q01 80T L DGRl ANV GLURLS, 4 R ‘%aeeeﬁﬁifr
1988, pgkl 12b8dicdgingscthéesphasegn ﬁrequgnaydeland campdritterde of AT
Signma-delta COPYEESE LS ClLEGhLTIY S, shai d p,. Microprocessor . 70
calculates absolute pressure sensed by capac:Ltor 40H
absolute pressure sensed by capac1tor 40L' _-and_ _
differential pressure M:Lcroprocessor 70 prov1des this
15 "1nformat10n to J.nput/output (1/0) circuitry 74 over data |
' bus 76. 1I/0 c1rcu1try 74 couples to processor control
loop 12 through terminals 14 and receives loop current _
L. I/0 circuitry 74 generates a power supply voltage_ -
Vg for powerlng c1rcu1try 16 transmitter 10 from current |
20 'IL. I_/O c1rcu1try 74 transmits information related to.
sensed pressure to control room 36 over loop 12.
Transmission of this information is through control of
current I,, by d:.g:.tal transmn.ss:.on or by any’ sultable ,
transmission technique. - L
25.- o F:Lgure 3 is a vector dlagram 51gnals OH, OL.
~and Ou+0,. - Figure 3 shows the combination of Ou+0,’
generated' by the analog summation at summing node 44.
The individual signals Oy and O, can be recovered 'bjr
determining amplitude at +45° and -45°, respectively.
30 This allows the pressur-es" P,,'and_ P,. sensed by cap_a'-citors :
40, and 40, to be determined. The phase shift of the
' combined 0,+0, signal, 6,, can be measured in the time
domain in 'o_r.der' to determine Py;-P, with maximum_a_ccura;cy _
_and”resolution. ' o



be constructed to have a sufficiently hi gh sarrpl ing rate and resol ut|on for
the particylar sensor used for sensor .. WD 97/12347

PCT/ Us96/ 1¥8HN2347 22 across the dynanic range of the sensorPca'(HSBQi““l
Signae-delta conversion circuitry 54 provides a bit stream output having a
wi dth of a single bit on.line 30. This digital output contains all of the
i nformation 5 necessary to digitally rep§esent t he anplitude phase and
frequency of the input signal provided by anplifier 46. Exci tation signals
S[err] and S[err] from ex t C ep er at ed.
usi ng- any appropriate te?h&%é{}ﬂnk{}ﬂg %hS%{xm%% I%L&Aéh 20 kS %%u?

Slerr] and S[er'ﬁ}faaﬁ@lgenegat@j uBRRges diodi taﬂllgfgmmtge@@ﬁmlﬁo Q\f]l ch'
provi des digi tatnsb%atleﬁt ButesHl &f Gling1d Fe1dedO #h A Gdfaéﬁsrt&@é@' og

converter 62. Digital to anal og converter 62 responsively generates
anal og si gnal s BP&r PKaBR4es| Ehe| Senspar Sisicuddnys o | SRRV IR 8RN

circuitry 186 ﬁéaaaeepranydeseﬁée@k pagafetéd Cilichi tdy Fhffdre@ieal
preferred enbodi ne are_sinusaqi dal

d s
havi ng a frequeﬁﬁ?sgt“rgiﬁg[}ﬁ% "h'zerr%rggﬁﬁf %B]ﬁ%’?‘-ﬁ 3Rd %“P%?‘gl?l?%z

‘phase shi ft - o&bseljtertemperaturemnd sentiorehempetrhéureut Additofonsl gnal

gener at or ggrg{?‘eteég,l g§gegse§qﬁ> a%@é@e F&Pf fef@ﬁ\f’{aﬂf tﬁ’fé@@ure

process" varl atl ns .1 n_capacitors exa
absolute pressure' read:.ngs : In the present _

10 :anentibn,- cupacitor sensors may be employed for all _
channels of. information and excited using s::.gnals of
 differing _frequen01_es_, phase_s, amplitudes, or wave
shapes. Outputs of these capacitor sensors are summed
in the analog domain and .digi-t:ized using an analog to.
15 digital converter. '.t‘he digital signal  is then
transmitter across the isolator to the measurement
circuitry where the individnal signals are identified
using digital signal process:.ng These s:l.gnals may be -
. ‘compensated and used in. computatlons “prior _tc
20 transmission-over'the proce's's control loop. The digital
'signal processing computes the amplitude and phase of
each frequency component. For example, digital filters ,
_rnay be employed to separate the s:.gnals - The outputs
‘can be further processed to measure ampl;_l.tude and phase. '
25 A discrete fourier transform 'DFT.implernentea with a fast
fourier transform FFT'may b__e' used to provide a spectrum.
‘of the signal which is examined to determine the
magnitude of the individual ' signals at desired
frequencies. In one embodiment, analog filters 'are_use-d
- .30 to recover the individual eignals, “however, analog
' fllters may have limited resolution. '
In one embodlment exc:Ltatlon 31gnals are
signals of different frequencies generated relative: to
‘the fre_quency of ‘a system clock. Digital signal



bhaSe, frequency, waveshape and anpli-tude. 'can " be adj ust ed. Si gnal

gener at e| ves clock and comunication signals thr L:.sol at or ZOB
The cl oc ?g E§S| gnal is also used by power supply 61 to 8’%&&53?’96%

i sol ated supply voltage. V[err] which powers circuitry 18.. Measur ement
circuitry 16 I ncludes - a microprocessor/digital signal processor .
70 which receives the output from_gpgma-delta conversion 30
circuitry 54 through isolator 20A and deci nating filter 72. In one

ermbodi ment , e duEPiig ofcﬁéﬁﬂrﬁ 68651 eghen dabakbusigdals 46 ta 24 bits
in wdth’ haV| 24 bits of, reso] ution Decimating . filter 72 reformats the
ol o bi 1 WARESEATES (ARSI %S LnALT, SEnarRbed, i’ Toppanreoter

PCT/ US96/ 146&he &1 fdatrentaescdtgittian shgnadsbytin Wtdaerdaﬁ\bodﬁmeﬁlﬂfsf,or ‘use
by m croproce rORLO g tal rQcessi.ng_circuitry
70 al so recel(\?/esf%ljnon%ﬁhtlgsf%ro%g %’gﬁ??{él{lrgggl %@ t]gé4% |c§%t ogvs&ggags SR
referenc® si geay B usedative to excitation input signals S[err] and

S[err]. Mcroprocessor g{blp,_tgqeg_geg éiﬁpﬂiﬁié&%é&ﬂi@il g%hgcj‘:—t s the

signals generated from™ each he .i ndi vi dual capacitor and 40L..
Typi cally, 't {RERSRY di FEFRRETYsi éﬁ&l s iy Aaceqrdanged Wﬁ%bnganpﬁ\h&rrrat ion"
10 indi catidigbodftRentohassenddreqeenenitepd 1501 hé Uddes Otapacitor

_ sensors 152, 154, 156, 158 and 160 Capac1tor sensor
10 . 152 measures pressure P,,. capac1tor sensor 154’ measures
"pressure P, and the combination of ‘sensors 156 and . 158
measure pressures_ P, -.B,. Capacitor sensor 180
provides a calibration' cap’acitance which - 1s.used to .
. calibrate the system and measure' - system 'er-rors;__
- 15 Variable resistances 162 and 164 vary in responSe.'to
temperatures T, -and T, and are coupled to the non-
inverting input of operational amplifier 166 which is
connected with negatlive feedback and provi_des a buffer';_ L
'The output of amplifier 166 i.s_ connected. to capacitor
20 - 168. Variable impedances 152 through 164 are connected
'~ to signal sources 172, 174, 176, 178, 180-and 182 which
provide excitation signals e,, ‘e, €3, €, es -and es,
respectively. Figure 4 also shows the waveforms of
‘signals e, through e; adjacent each signal generator_l‘?z' =
25 through 182. Signal e, has a frequency. of £, and 0° of
phase shift. Signals e, and e; are also at a frequency
f, but shifted 180° and 90°, respectiveiy, in phase
Signal e, is at a second frequency £, which is shown in
the example as being equal to f£,/2. _Signals e, and e
.30 are shown at a third frequency f, which is shown as
-zxfi. - Signal e J.S shifted 180° relative to eg. In
'.embodiments in which the excitation signals are 180° .
'apart s1gna1 processing circuitry will not be able to
1solate the. :|.nd:|.v1dua1 excitation s:.gnals



excitation signals Derr] and Dlerr]. . Mcraoprocessor 70 cal cul ates. .
absolute ressure sensed by capacitor 40H, absolute pres ed by
capacrt 6£47and differential pressure. M croprocesso?gggsﬂgﬁgghes this
15 mforrratrontornput/output (1710 crrcurtry 74 over data bus 76. 1/0 .
circuitry 74 couples to. processor control loop 12 through termnals 14 and
receives | oop current I[err] 1/Ocirg htry 74 generates.a power supply
vol tage V[err] for powering circuitry 16 transnitter 10 from current 20.
Iferr]. 1/Ocircuitry c?\#tpﬁé‘é‘sfrhﬁ | RITRdAN 163 agggo{@hsg@%egrﬁ essure -
to control room 36 over . Transm ssion of this informtion 1s-. - _
through cont ri#8 o?r%u‘FCPWC‘E?‘érF‘P sypmang; peder A4Rs Mts $hsn 1&”9637-1&}%/
3UI table tra | NSiph$e | OF -t iﬂy@r 21%4 Am 11f1e]Er guee as SsﬁoﬁﬁCtaQih .
~ diagram signal s err err and err S wst e .
- combi nati on oqp?f%ﬂ‘]"‘lﬁ‘& erd LRSS gb&% ra%allbegq% gf 2K ng
node 44. dhe tebwghluanh Sngegrathgr c]apan:dtdrerlre]s galvelme arsecover_ed by
determ ning anplitude at +45[err] and -45[err], respectively. 30 This
- allows the pressures Plerr] & Rperr] sensed by capacitors 40[err] and
- 40[err] to be deterni nBger = e shift of the combined ( er +qerr]
~signal, [err, can be neasured I the time domain in order to- determ ne

Plerr]-P[err] with maxi nmum accuracy and resolution. - V\D 97/-12347
PCT/ U896/ 14661 '

where: e, = exc1tatlon signals from 172-182; |
Cp = capac1tor values 152-160 and 168; and
o
10 Ampllfler 184 prov1des an output to analog to digital -

capacitor value of 188.

converter 190 which is representative of a summation. of
the outputs from capacitors 152 through 160 and 168. _
Temperature is sensed by res:rstors 162 and 164
_ wh1ch vary in res:r.stance in response to temperatures T,
15 and T,. Re91stors 162 and 164 selectlvely weight
s1gna1s es and e¢ in a mixing operat:Lon and prov:.de the
‘mixed s:_.gnals to .capac:.tor 168 through amplifier 166.
Digital s'i'gnal processing circuitry (not shown in 'Figure
_4-) identifies outputs from capacitors 152 through _16_(__)_'
'20 and 168 and determines pressures P,, P,, P, - P,
reference capacitance Cy and differential temperature
T,-T,. All of t_hese_ ‘are representative of sensed
parameters. In one embodiment, the sensed parameter Cp
which is”r_epresentative_ of a reference capacitance is
25 used to compensate and determine errors in other
' measurements N ' _
o Although the example 'in Figure 4 shows sine
waves - at integral . frequency multlples, ~ other
- non sinusoidal signals could be used and signals which
30 are non- 1ntegral frequency multiples, aperlodlc random
' or pseudorandom, band 11m1ted oxr any desired comb:.natlon'



-9- The technique shown in Figure 2 is useful for transmitting a nunber
of di ffevpgg.;/ 3§j,1annel s of information across a si ngle isolator in a '
transmtter. B3 exanpl e, the sensor circuitry of a t.r ansnPETUSGA44615
measure any sensed paraneter such as differential pressure, absolute - -
- pressures, change in tenperature, absolute tenperature and sensor '
tenperature. Additional parameters mel§fdtocmmmwauamffmeM|m
pressure and absolute _pressure readlngs In the present 10 .

i nventi on, éﬁ?j = e _§ggw 0, h Sp .

I nformati-on aﬁ% exci't %g ng s?ﬁgn}gl df??ier%ln%]l%%%qggﬁgies Sges,

anpli t udes, OFQMEQP%ﬁﬁﬁ%S11H9iﬁnn§°Bfhﬂﬂ%ﬁ?cﬁba qgﬂ*kkhﬂkﬁsp \agesunmed -
in the anal og @ity .and dingilitARIbalS| NEréudi@) 00ot 0 BRasedi gkt akne -

converter-. The . di.gital, . si.gnal t hen tr ns tter across the
i sol ator to tﬁ&qﬁﬁiﬁﬁbﬂnﬁﬁs 1%%6¥¥?§f&ﬁ%F8nF 'ég'ﬁ?dﬁa?ugFﬁﬁRPsogre
identified usisemsddi tphramgneh:spr otesmg@efﬁt&se siegialesl mayrhfisfer

corrpensat ed r&li% Ooplé'l}%&ggy I&taéa%é) {éé){c otror%%do t%gg?géé& on ovef ,

the process con processing co
anpl i tude and sgigmed sofcasade ussqlu&;ncynsmpéﬁenmmunoutYenanpaerom bandl

filters may b%n%@%f@i%ééese%{:aéfamﬁfes'ﬂé@l& r%&yea%en%%é fu'r'ther

. processed to npeasure_anplitude and phase. I screte Tourrer transform

DFT |nplenent@&\Mﬁq@a?$a§F°PSGFF€Pt%%ﬁﬂﬁkﬁﬂ1FéhlﬁquHQQﬁkﬁi%ocBﬁGV|de a
spectrumaef Hie,-lssagﬁﬁtnumwlelﬁ@avsnedx s9milkaer 66 Nchat hi%ed inthe . -

multluser communications systems (CDMA).
Determination of the sensed parameter may be
through any. approprlate signal proce531ng technlque
For example, the instantaneous frequency ~shift
- 15 associated with a change in phase may be employed to
detect change in pressure. This is expressed with the
' following equations that hold true during the ohange:

oy a8

fOUT = + K—az . o ) .. Eq. 2 '

[(forr - £mpdt - 8 - . Eq. 3

' _ (£ - ) dt .
20 A-P'o‘ce-f "_WK_EX Eq. 4

Where f,, is the frequency of the excitation signal, fo
is the output from a capacitor semnsor K 1s a constant
and 6 is the phase: ‘shift. C is a constant of
proportionality which converts K-6 into change in
25  pressure. ' o | '
o Distortions to sinusoidal'signals-may also be
_.empioyed'as excitation signals and used to optimize o



nmagni tude of the individual signals at desired frequencies. In one -
enbodi nent, analog. filters are used 30 to recover the inglyi. .
- signal s, 932@ analog filters may have linmited resol uP#igH.nglﬁ'ﬁ%lne
enbodi ment, exci tat ion signals are signals of different frequencies :
‘gener at ed reI ative to the frequency of a systemclock. - Digital si gnal :
WO 97/ 12347 : S 13- ~ PCT/ US96/ 14661 -10-.
processi ng circuitry uses the clock signal as a reference to

identify si gn§e%sqed1%6ctfdofn $1BS PYRIEIP Ui'%cdhi:&?f ent F¢Ci bahipllesi gnal s.
I n other enbo

ments, differing, phases’ r | itudes ,of the ation -
Slgnals 5 L SAIShRREA LPYar o8 AT AR b A ARoLF A8RAR of
sensor CierSBW%h&ﬁQ thﬁ sxnnna&d&h nghhl anbt BRr strilfadidrenv e inSensor

CLICHLEY 150, U SRR 0L SRR GRSy A2 dRdm D PR 451000

‘Capacitor sen ut e capa or SEnEOF 154

‘nmeasur es . [ esEB dnereaske thd sémsibbbvibutébthe n@@ﬁsmeg\eIEGCaweuiSS‘Yrreasure _—

pressures P[%.rr{]thepk‘éé& g%cl_tqj %egsob 18@ proviges; g ealddbration
us to Tal

capaci tance whiich 1S rate system Yand ‘neasure system
Cerrors. 15  \ressible reai 3dinsés tiey %‘ﬂeﬂ_%mvapy‘ |r\'—haésp"t}r%reetbs a

tenperatures H&gdi@Hwid [?éllitﬂaﬂsﬁftﬁ souUMRI dwcplte Sgnal and the
_ analog to digital converter does not need as large a
- 10 dynamlc range .

: It is also possible to use a reference waveform
in the measurements. In this embodiment, Cy and CL are
dr1ven.w1th excitation 51gnals which are 180° shifted in -

o phase. A reference capac1tor is driven w1th a waveform,
15 shlfted 90° relative to either of the waveforms used to -
. drive C; and CL.' The resultlng output amplltude is as
follows: '

Amplitude = ;FCH -C)%+ CF o . Eqg. 5

Where C,; and C, are the capacitance values of the high

20 and low pressure sensors and G .is a reference
capacitance. In another embodlment, phase is measured

- twice per cycle to eliminate 1/f noise and zero offset
errors in zero crossing detectlon. .Zero offset errors'

will add and subtract the same amount of phase shift to

25 the two signals and therefore cancel each other out.

| The present 1nventlon overcomes a number of -

' problems associated with the prior art. For example,
one prior technlque uses time multlplexing which
increases the poss1b111ty of aliasing noise and limits
30  the ability to adjust resolutlon.versus response time of:
| the-conversion circuitry. . Using multiple analog to

-digital converters increases power . consumption.-



inverting input of operational anplifier 166 whic¢h is connected with _
. negative_feedback and provides a buffer. The output of an'%l ifier 166 is -
connect W% E%i‘ﬁaci tor 20 168. Vari abl e i npedances 152 F&E{H‘ ¢4 are
connected to signal sources 172, 174, 176, 178, 180 and 182 which provrde
excitation signals e[err], e[err], e[err] e[err], e[err] and e[err],
respectively. Figure 4 also shovrs t he vefornms of signals e[err] through
e[err] adjacent each signal generator ]%e - through 182. Signal e[err]

has a freque [err and S nal and e3 are
~also at a frequeﬁ'f[er}rh] bquLﬁE% 180f§§r @aé\%el@ tEérr]"&t?gspgglt|veI y, _

i n. phase. Si gimpredictakle a‘@é&ﬁ)nénﬁr cgoEREFCRDe N SPLABIQRORE | Fhehe
exanpl e as beldyeualy hpi dhe! 1 172 aadditaiel s xehefgr kwadndoahRiritlerd) to are

shown at a third frequency f3 which is Xflerr -Si_gnal e[err]
shifted 180[ éreé}sqlé?;ﬁ Fi&é%%eélf@r pignaj 3@% Jéfﬁ%‘] PTARRS qt‘h’é

excitati gn simmal §r§geni};8q[xﬁrédt:eqimr t.1se3| gnalopr poeesi Ngechniguer owi | | not
be able to |soI £ the individual 7 7

PCT/ US96/ 14681142 %%tH atF IS S%r&i'pélcr ?o{r' g{‘%%ﬁe bal%%)"%ﬁiﬁ% are.
connected to tsherram@lm@dtao 1ddgital heonnee‘r-erngpiaﬁpep Araypl fsiemarss .
Anplifier 184315 SNOWL &S QPET didyiAlpa AW ldid ezrequli&%dﬂ@:\edmlgeeqﬂlwe

feedback 5 throough_an rntegrating capaC|tor gl ven
. a s1ngle converter is utilized In eractlons between

16 various components are minimized and are more i
predlctable Aliasing is 11m1ted because - all of . the
sensed ‘parameters can be monitored at the high sampllng
frequency of a s1gma -delta converter and ant1a11as1ng
digital filters can be 1ncorporated - before the

15 microprocessor. samples the sensor output . '
| X Variations on the particular J.mplementat:r.on set
'fortn herein are cons:Ldered within the scope of the '
' 1nvent:|.on For example, any or ‘all of the functlons may
be 1mplemented in analog or dlgltal c1rcu1try such as

20 signal generatlon, transm1351on. across an. 1solator,

' " filtering, ,signal ~ processing, compensatlon,
transmission, etc. These techn:r.ques are well suited for
reducing noise during measurements, even if a s:Lngle
sensed parameter is being - measured . Further, any

25 appropriate 1mplementatlon of the varlous features are
considered within the  scope of the invention. = The
generation of the excitation signal may'be.throughiother -
techn:Lques than those disclosed. The particular
technique for summing the outputs from the 1mpedance

30 elements may be varied, different types of filters or
dlgltal to analog and analog to ‘digital converters may -
 be employed Any'approprlate impedance or any number of -
‘elements may be used hav1ng an impedance which varies in
response to a sensed parameter may be emplo_yed_ Other



['err] where: e[err] = excitation si gnal s from 172-182; c[err]= capacitor .

val ues 1{gyds@sand 168; and clerr] ‘capaci tor val ue of 1%{%%6112&§rpl ifier

184 provides an output to analog to dlgltal converter 190

representative ‘of a sunmati on of the outputs from capacitors 152 t hr ough .
160 and 168. Tenperature is sensed by resistors 162 and 164 which vary in . .
resi stance in response to tenperaturesigferr] 15 and T[err]. Resi stors
162 and 164 sel ectively weight signals e[err] and e[err] in a mXing

operat i on an’de@hﬂilqdést o eteitdme) Sahl CipaetiHyi ﬂ@ Sty pcd gl i fi er
166. Digital nal . processi. mrcgtrylii%egt shown Ilr;]n gure 4) |dent|f|es
out put s fron?%% 3ti t(?l”g grp%ﬁgh F60 afi§ 16% &t erhHRS

_pressures P[eym]:hr@{mza]:;.oﬁ’[err@oweP[@me}rat:ecblert&rmmn@msltaswgznaCR and
differenti al ggggg%gr etgéﬁﬁi%g%eréicfh t#el sens£esle /e re %%s tative

~of sensed pa? ers.”In one e i men par rre‘te ichis
represent at i RetWPrlss; efetienceayapkie abee ¢mpoyed ysedotherc gkt e . and

deternine %f@ééssiﬁgo'f hIcHIB iné’se”eBﬁéh Alatéﬁoumckbhexamﬁ f{éfl gure 4
shows si ne waves i ntegra frequency. mul tiples, ot

’non- si nusoi d%?CEPB%%gX' cd‘tﬂfbllqi‘éertk%‘%l dRd &1 gher s digiitalzgor aﬁféalog
‘non-int egral técnqumsgyeﬁuinaypheso beeempdioyed. anqlmaakornp%@nﬂqrﬁ&%n band’

l' mited or a£¥e éﬁ.esulgggl @gtrl (:?ﬁentlfylng and 1solat1ng a signal
10 among other 51gnals using a reference 31gnal
.' Although the present invention has been
described with reference_ to preferred embodimentis,
workers ‘gkilled in the art will r_ec_ognize-'that.: changes
_ _ '_'may be rﬁade in form and detail_'without' departing fre'm _
| 15 the spirit and scope of the invention. '



WO 97/ 12347 R : ' PCT/ US96/ 14661 - 12- may
be enplo ; ﬁﬁyrsinusoidal si gpaks—coul d he used to gen near, non
l'i near 'ow!(%larl t hmi ¢ phase out pyiffBIS SHERMABtREENS, fre e SJ qgﬁqpha.se___

of the excitation signals coul dfbe cqﬂngcgyd as fa function of 5 sensed
paraneters: to generate -desiret——transter—uretons.

~determ nistic or random excitation signals can be used toolemmumum“mlru |IIJ/

to narrow band interferences..For exanple, pseudo randon1sequéhcés &an®be*

used as exci LhiroRSicg D iEhIS woul d be a code 10 division’

mul tiplexing hat used in the nultiuser comunications

systens ( CDVA)-. Deternfhaﬁ¥%ﬁﬁ%#t¥ﬁ§ 4&ns2dPPAFERE GOHEP heSYRESUgh any.

. appropriate gi 15@&@peSSIng techni que. For exanple the instantaneous

~-frequency shif , assdplated w th a change I n phase nqr be enployed to

“det ect change in pre OURRUL | SCLRpPEEEE &FFhiﬁﬂ?R%ﬁ %wi 73 efuations

that -hol d true during qimoddssunbnﬁfml]léapr] [err] V%ere flerr] -

is the frequency of t hef sctj_ tgé%ggrshgp fa[ %th]nse Sﬂéﬁ@d&ﬂ%@”%\rhfltﬁm a

capaci tor sensor K i$ a ‘constant and
constant. of proportlmuaanSMMth naannnae Kp[eﬁﬂ fir&% cﬁanged|r125

. pressure. parameter,

- a second sensor having a second 1mpedance whlch:
varies in response to a second sensed'
'parameter, ,
a- first excitation AC  signal coupled to the
first sensor,n' v
a_second excitation AC 51gnal coupled to the”
"~ second sensor; ' -
a summing node coupled to outputs of the.first
 and second sensors combining the AC outputs'
‘of the first and second sensors; '
an analog to dlgltal converter coupled to the
summlng node providing a dlgltal output
representatlve of summed AC outputs from the
first and second sensors; and
_ dlgltal signal proces51ng circuitry coupled to
.the output from the analog to d1g1ta1
- converter which processes the dlgltal output
and prov1des an output related to the first
and second  sensed parameter to- the
i 1nput/output 01rcu1try for transm1531on over
the process control loop ' o
2. | The transmltter of claim 1 or 15 wherein the
flrst sensor comprlses a capacitor.
-3. The transmitter of claim 1 wherein the flrst and
second excitation signals are phase sh;fted relative to
each other. |

This Sheet Has Been RTlaced

L




Di stortions to si nusoi dal signéls may also'be enpl oyed as excitation
si-gnal s 6%}?&9 7t o optimze . WO 97/12347 _ :
PCT/ US96/ 4l sensitivi ty ‘of the sensor circuitry.. W%Q’Afﬁﬂe

Fi gure 5A shows a distorted si nusoi dal signal and Figure 5B shows the

si nusoi dal signal of S5A shifted 90[err] in phase. The di st

shown in Figures 5A and 5 5B increase iZe sensitivity of ﬂmﬂﬂuﬁmmMﬁm
circuitry in the region of [err]P =0 (T Jerr] = Jerr]]J. ttid afso”

possi bl e to agj ust tha{ﬂ@‘{:‘ifa%sm Sc'{:cé}torfatltag [§ wlf Pedlr?QfH% tfhg.l \C}:eP{lgr does

rel ati onship |n t he output s] and the ana
~not .need as | @spond mccﬂaﬁam clicnides ane of dn§£epr@@§| bfrequengdiesa

reference waveformin §{ie ¢RASHHOIELE Sof tDalRl 8. @HEQHHEB&- Cferr] and |
‘Cleri] are driven with excitation.signals which are 180[efr] shifted in

phase. A reference cafacPi@rtad &FEP@A\HQW?EFW%&e$%Fﬁ¥§§1ngsﬁ#ﬂﬂé&lgo[erﬂ
relative to either of trﬁaﬁ%muﬁmmrgecﬁﬁﬂ éncilthvton] sighaasd &harr]. The

the. capaci tance. val uest oRLBHER 5 AR LehSoP R S P bt 4L nEs Eheny " °
Clerr] is "a reference ﬁnm@mltamﬁe seooadotsensenbodCQBNErtphgsethe
p”easured | digital. exc1tatlon signals into the first and
second exc1tatlon s1gna1s p |
6. ~ The transmltter of clalm 1 whereln the - flrst
exc1tatlon signal comprlses a dlstorted gsine wave.
7. A transmltter in a process control. system,j
comprlslng : _
1nput/output c:chuJ.try coupling to a process :
control loop for sending information over the
loop and receiving power from the loop to
.power the transmltter, ,
a sensor having a 1mpedance respon31ve to as
. sensed parameter; _
a'dlgltal signal generator generatlng a tlmei
varying excitation signal; ' . _
a digital to analog converter converting.thef
digital excitation' signal to an analog
'exc1tatlon_ signal coupled to the sensor
thereby excxtlng the sensor to cause a sensor
output s1gna1 ' ' _
analog to dlgltal conversion c1rcu1try coupled -
to the sensor output and responsively
~ providing a digital sensor signal; and
- digital  sigmal processing circuitry
' synchronized with the digital signal
generator for identifying and measurlng the -
sensor output signal and transmlttlng an-
output representative of the sensed parameter



twice per cycle to elininate 1/f noi'se and zero offset errors in zero

trossin on. Zero offset errors will add and subtr e .
amount %? phasebshlft to 25 the two signals and therefoﬁg&ggigkﬁgggch
ot her out. The present i.nvention overcones a nunber of problens associated

Ul 11 pl exi ng. whi ch | nor eases the possiggl i1y of al ZS?ngHmILIHIILIIIQI !

30 . the ability to adjust resol ution versus response tine of® t He

conversion circuitry. ovids nﬁh@“'kab%s%ﬂabgﬁtkgldlgbb§| uEQﬂ&erEﬁéS
| NnCr eases power consggﬁ}lgn WO 97/ 12347 _
PCT/ US96/ 14661 -14- Fu outpt CrREY¥s may interact with in
unpredlctable way s amuecmmdnsmﬂmtesobﬂtbmalmf%rmncmn&Xﬁgcmuruiplﬁ In

addi tion, usi ggsbgg %ﬁgvtﬁﬁgg}él nve B2 &é&ae]{se%%%&%g%% 1& lE' | es the

error” nagnltu res I 0N use e by -
utilizing a Baggelpgepe@nt@&uthe avai | abl e band wi dth of the analog to

di gi tal convgrter, pahld evbakh tded YPc1d8hi 8 fREYEEheEne FAYEL 4 1pget > are

requi red because only a single converfer. s utillzed teracti.ons between-
10 vari ouseX€3fpsren $iomads Rawei ikl ezinre Eﬂ%ﬁeﬁnre predi ctabl e.

Aliasing is hignted heca;mgﬁitggrt hgnsease@rwéygat Qf@-ng:la;m belagﬁl tor ed
at the hlgh sang lsqng : | |
a plurallty of sensors hav1ng a plurallty of
varlable impedances respon31ve to a plurallty

‘of sensed parameters;

a plurality of exc1tat10n 51gnals applled to.

- each of the plurality of sensors causing a
plurality of sensor output 'sigﬁals;' the_
exeitatieh signals < generated . by signal
generating eircuitry, each of the exc1tatlon

"51gnals hav1ng dlfferent waveforms,. '

a summed signal representatlve of a summatlon

. of the plurality of sensor output signals; _

signal proce331ng ‘circuitry -coupled to the .
summed signal hav1ng an output related to the
sensed parameters, and - '

output circuitry coupled to the proceSs control

- 1oop and the 51gnal proce551ng c1rcu1try
transmlttlng the output related to the sensed
‘parameters over the process control loop.



ffequency of a signa-de{ta'converterﬁandzéhtjaIiasihg digital filters- can
be incorporated before the 15 = mcroprocessar sanples ro
out put . \MP92?¥As on the particul ar inplenentation set fgk?ﬁ’sﬁﬁf@f’)h are
considered within the scope of the invention. For exanple, any or all of
the functions may be inplemented in analog or digital circuitry such as 20

si gnal generation, - transﬁission'acrobé4an,isolator, filteri:ng, . signal
processi ng, congensation, transmission, etc. These techniques are well
sui.ted for reduci noi during neasurenents, sgven i a single sensed -

parameter is being a d.  Further,” any 25\ -
i npl ement ati on ?L garious features_are copsi 'IiﬂILIh$ scope of
Th

t he inventi on. neration of the excitation ghal may be%through
[

p priate =

ot her technique$' thaa t hose ' discl osed. The rticul ar te€&hni que for
summi ng t he outTu.s fromthe inpedgnce 30 elenents may D¢ varied,
different: typeslof filters or digit&l to analog and analogjto diygital
converters may be| enpl oyed. Any .ap i ate inpedance or afy number of

el enents may beluped having an inp e which varies inr sponfe t o™
sensed paranete1 ey ‘be enpl-oyed. EFH WO 97/ 12347 : o
"PCT/ US96/ 14661 - 1pb- techni ques forEQQ&FCtQSQ and identifying inbiviE%E?
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sensor = outputs may be used as well as other synchronlzatlon or . .
power ge%@,}' ‘Q techni ques. Signal processing techni qygs; %kyf&dis fuzzy .
| ogi c, neura networks, etc. may al so be enpl oyed. ég er signal :
processing techniques such as lock-i.n anplifier technology, -
i.nplenmented in either ‘digital or ana%?g technol ogi es may al so be enployed
Lock-in anplifiers are-well suited f identifying and isolating a signal
10 anpbng other signals using a reference signal. A
i nvention -‘has been described with reference ' rred enbodi ments,
workers skilled in the art will recognize that
and detail w thout- departing from 15 the spirj.

i nvention. - VWHAT IS CLAIMED I S: 1. A tpdl

be made in form :
-of the -

n-a process .
control system conprising:. input/output circui or].c g%hng to ‘a
process control loop; a first sensor having a™i | npedance i ch varies

hough the present

in response to a first sensed paraneter; a secony S havi.ng a second -
i npedance whi chfVarT €S i response—to~a Secon 3-ionm meter-— —
| Hcrewirry - |
| . N T | |
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a first excitation AC signal coupled to the first sensor; a second . - .
excitati nal coupled to the second sensor; a sunm upled'
to outpuﬁgogﬁh?%g first and second sensors conblnlng t he AEgWﬂggﬁﬁg of the
first and second sensors; an analog to digital converter coupled to the
- sunm ng node providing a dlgltal outggt representative of summed AC out puts
fromthe first and second sensors digital signal processing circuitry
coupled to the output fromthe analog to digital converter which processes
. the digital output and provides an output . related to the first and second
sensed par amet er to - the input/output circuitry for transm ssion over
the process control |oop. 2. The transmitter of claim1l wherein the
first sensor comprises.a capacitor. 3. - The transmitter of claim1l
wherein the first and second eXC|tat|on signal s are phase shlfted relatlve
.to-each other. WO 97/12347
PCT/U896/14661 17-
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4. The transmtter.of claim1 wherein the first and second excitation
.s1gnal s ! j fferent frequencies. 5. . The transm r g @J im1l
includingﬁsgﬁg?g%tal si gnal ~generator generating digital %%ﬁgﬁglh 6gecond_
excitation signals; and a digital to anhalog converter coupled to the first
and - second sensors converting thg gigjtal excitation signals into the:
first and second excitation signals. é. ' The transmtter of claim1 -
wherein the first excitation signal conprises.a distorted sine wave. 7.

A transmitter in-a process control system conprising: input/output
circuitry coupling to a process control |oop for sending information over

t he -l oop and receiving power- fromthe |oop to power the transmtter; a
sensor having a inpedance responsive to a sensed paraneter; a digital

- si.gnal generator generating a time varying excitation signal; a digital to
anal og converter converting the digital excitation -signal to . an analog
excitation signal ‘coupled to thef® sensor thereby exciting the sensor to

cause a sensor output signal; al digital conversi oRegi rcuitry
- coupled to the sensor outpuég."méQ rgsponsi vely .
< | .

750




p:‘r oviding a digital sensor si gnal and digital . . signal processi ng

cire C I zed digit-al . signal or__for
i denM gl?nggngé%asurl ng t ﬁ*m""' rgg'gmplr%nf&?wk Ty Ysi“gnal and t?é%g%h ¥ tPing &rf2e2
out put representative of the sensed ﬁar anet er 6/ 1 L 6 6 1

S e i i '°°mﬁs?§ g

mul ti pl e sensors and multiple excitation si gnal s generated by the signal
generator. 9. The transmtter of” ¥§aim8 wherein the nultiple
excitation sj I i ersrl ng phases. 10. A transmtter in a
process co ng: a plurality of sensors having a

plurality oft-vari abl e & nmmbét?’ésﬂansi ver%eaSplcmnﬁruqu B¥sEeMsed

par anet ers; comprdéaild:y of excitation signals applied to each of the

plurality of sensorgn(c! ggmol U Ald i derPf £88NSBEL plUhut col gpals, the
[ [ [ [enerat

excitation signals si_gnal® generating CI rcuitry, each of.
t he excitation process control loop;

a first sensor having a first impedance which
varies in response to a first sensed
parameterxr; |

a second sensor having a second impedance which
varies 1in response to a second sensed
parameter;

a first excitation AC signal coupled to the
first sensor;

a second excitation AC signal coupled to the
second sensor;

a summing node coupled to cutputs of the first

" and second sensors combining the AC outputs
of the first and second sensors;

an analog to digital converter coupled to the
summing node providing a digital output
representative of summed AC cutputs from the
first and second sensors; and

digital signal processing circuitry coupled to
the output from the analog to digital
converter which processes the digital output
and provides an output related to the first
and second sensed parameter to the
input/output circuitry for transmission over
the process contrel loop.

2. The transmitter of claim 1 wherein the first
sensor comprises a capacitor.

3. " The transmitter of claim 1 wherein the first and
second excitation signals are phase shifted relative to

each other.
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(57) Abstract.

: A transmitter (10) in a process control system includes input/output circuitry (74) for coupling to a process control loop (12). A
{irst sensor (40L) having a first impedance is responsive to a first sensed parameter. A second sensor (40H) having a second impedance
is responsive to a sensed parameter. First and second excitation signals (S1, S2) are applied to the first and second sensors (40L, 40H). A
_smt_u:}ing node (44) sums the outputs (Or, On) of the first and second sensors (40L, 40H). An analog to digital converter (54) provides
a digital output representative of the summed signals. Digital signal processing circuitry (70) coupled to the analog to digital converter

transmission ‘over the process control loop (12).

(54) provides an output related to the outpiits (Or, On) of the first and second sensors (40L, 40n) to the input/output circuitry (72) for | - -




