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-1- TEMPERATURE TRANSM TTER W TH ON- LI NE CALI BRATI ON
USI'NG JOHNSON NOI SE BACKGROUND OF THE | NVENTI ON

The present invention relates to transmtters 5 of the type used to
measur e t enper at WS o9hsedz Pr OCESS. More specifically, the preg§Risssraoss:
invention relates 10 a tenperature transmtter having on-line
calibration capabilities. Tenperature transmtters are
used in the 10 process control industry to sense the tenperature of a
process fluid, for exanple. Typically, the tehperature transmtter is

| ocated in a renote Iocatlo o] over a 4-20
mA current | oop. ﬁ%ﬁ%@%&%&%&# ﬁﬁﬁg}r ocess fluid
and 15. provides an o u aicegh F% t t

fluid. The terrperaturelﬁlget%:'s](f:)lrQt for g%aﬁrr% R Ellr%Ieﬁg"n f@rﬁ%ﬁ%oz IE|"s a
devi ce having a tenperature depeBa&l 3 @Ntransmtter
injects a current into the TheFfJifésm tlmeheiahtéémaafé& tt@@rﬂh@ﬂ1@€é9§5

the RTD i s 20 d
[ nto a digi tal PornE SEEnSTRR HREFofO, FeaPyFEarcpetdburS SPCH Prffess.

provided to a mcr¥precepecificallhe the pnesenprmbxomombamytm a

gﬁgsured voltage i nt@mBeraturdi Githsn/ft e I SRIVATRN Bhl1¢nef chENBRLALHRE.

capabilities.
Temperature transmitters are used in the
10 process control industry to sense the temperature of a
process fluid, for example. Typically, the temperature
transmitter is located in a remote location and coupled
to a control room over a 4-20 mA current loop. A
temperature sensor is placed in the process fluid and
1s provides an output related to temperature of the process
fluid. The temperature sensor, for example, may be an
RTD which is a device having a temperature dependent
resistance. The transmitter injects a current into the
RTD and the resultant wvoltage drop across the RTD is
20 used to measure resistance. The voltage is converted
into a digital format using an analog to digital

converter and provided to a microprocessor. The
microprocessor converts the measured voltage into a
digital wvalue representative of temperature. The

25 microprocessor may perform additional calibration or
compensation on the digital voltage based upon the
particular type of RTD sensor being used or periodic
calibrations performed by an operator. The digital
temperature value is transmitted on the 4-20 mA current

- | 30 loop for receipt by control circuitry in the control
room. Transmission over the 4-20 mA current loop may be
by controlling the analog current level to represent the
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25 mcroprocessor may perform additional calibration or conpensati on
on‘the digital voltage based upon the particul ar type of RTD sensor
bei ng .used or periodic calibrations perfornmed by an operator. The
di gi tal tenperature value is transmtted on the 4-20 mA current 30

| oop for receip trol circuitry in the control room Ssion
over the 4-20 m&‘g%ﬁ%g | oop may be by controlling the ana‘f%‘gﬁ%ﬂ'rz?@ht

| evel to represent the WO 97/ 25602

PCT/ US96/ 20681 - - 2- sensed tenperature

or. through digitally nodul ating "I nforn‘BZ-i on onto the | oop.
The rel ati onshi p between resistance of a and ten?erature tends to

change over tine. SBeHHgde CepPEIRINGEs 5N 'HE"%}% ofitghFRrYlaImedEkasingit of
t he system t oi mbormat iormamucaaheoflobpe t enperat ure neasurenent.

For exanple, periodically anmQperatQy o%llxlgeb%.ﬁgé'éﬁepeé ance JS§! aP‘%%rr ant 0

the field to calibrate the transmtt e fransm IS ca t ed
by placing the RTPREn$GMPEFaturh eFQmiﬁﬁ 5P £hangn ?‘é@?ﬁ)e%r—e arthese

nmoni tori ng output changdd @an bEeperRIHIVaAUY alibrdced O of thd frstem
difference  ° betdegn; Lbgsactual Leppetalice AlulhedePYAILEAN

and the output te ure used a call fac
in menory for subsERfiE&¥aMPle hperhedically an operator may be requlred to

journey into the field to calibrate the transmitter.
The transmitter is calibrated by placing the RTD sensor
10 in a bath of a known temperature and monitoring output
from the temperature transmitter. The difference
between the actual temperature of the temperature bath
and the output temperature is used as a calibration
factor and stored in memory for subsequent use by the

1s microprocessor.
Another technique for calibrating a
temperature measuring device is described in U.S. Patent
No. 5,228,780 which issued July 20, 1993 to Shepard et
al. entitled ' DUAL-MODE SELF-VALIDATING
20 RESISTANCE/JOHNSON NOISE THERMOMETER SYSTEM. This
patent describes a technique of measuring Johnson noise
to calibrate an RTD sensor. Johnson noise describes the
AC noise signal which is generated in a resistance
element and is directly related to temperature of the
25 element. Johnson noise is the result of conduction
electrons in an atomic lattice being randomly agitated
by thermal noise displacements of the atoms. This
produces a small, wide-band AC voltage or current. In
order to accurately measure Johnson noise, the noise
30 signal must be integrated over a relatively long period
of time. This integration period makes Johnson noise
impractical for £fregquent, continual monitoring of a
‘process temperature. The Shepard et al. reference is
not directed to use with a process control transmitter.




15 mcroprocessor. Anot her technique for cal i brating
a* “tenperature neasuring device is described in U S. Patent No

5,228, 780 which issued July 20, 1993 to Shepard et al . entitled
DUAL - MODE SELF- VALI DATI NG 20 RESI STANCE/ JOHNSON NO SE THERMOVETER

SYSTEM Thi's ofssf't describes a technique of neasuring JopRsosseReksse
to calibrate an sensor. Johnson noi se descri bes the AC nol se

signal which is generated in a resistance . element and is directly
related to tenperature of the 25 el enent. Johnson noise is the result of
conducti on electrons in an atoni¢ lattica bei ng randomy agitated

by thernmal noise di nt f o] LS oduces |,
w de- band AC vol tag?g(#%%%?reﬂ}éf ?h_gﬁagé grgggfeggéaggﬁfsqtrgcijgéjneggargg?ggh
Johnson noi se, the rBixaityy whigh isyeryndel hrage And hdedlyasuecgptible

| ong peri od of tdormoikki Frbmt egubtdés ofler athaipkhe Johfison nReoise.

I npractical for frequent, congy ni t.orj o] S
tenperature. The Shepard et a#‘l.ngge %ir:%)’rlc}'e@iésﬁ{g boef r?%tendltpgét ggat 8?Es]e'aﬁnkfh a
process control %ramshemperature transmityenyhEgg@e capable of accurate,

PCT/ US96/ 20681 on-line self-calibration. - 3- Further, the

Shepard reference uses noi se rej ecéﬁ%RY OF %ﬁ%ﬁlﬁifh IS very

delicate and highly susceptible .
. A temperature transmitter for use in a process

control system includes a sensor input for coupling to
10 a temperatur~” sensor. The temperature sensor has a
resistance related to temperature of the temperature
sensor. Resistance measuring circuitry coupled to the
sensor input provides a resistance output related to
resistance of the temperature sensor. Measurement
is5 circuitry coupled to the resistance measurement
circuitry responsively provides a temperature output
related to temperature of the temperature sensor. An
analog to digital conversion circuit couples to the
sensor input and ©provides a digital output
20 representative of AC noise in the temperature sensor.
Digital signal processing circuitry isolates a Johnson
noise component in the AC noise and provides a digitized
Johnson noise output. Temperature measurement circuitry
provides a calibrated temperature output based upon the
25 resistance output and the digitized Johnson noise
output. Output circuitry transmits the calibrated
temperature over the process control loop. In one
embodiment, the temperature transmitter is powered with
power from the process control loop.
30 ' IEF DESCRIPTION THE DRAWINGS
Figure 1 is a simplified block diagtam showing
a temperature transmitter in accordance with the present

invention.




to noi se from sources other than the Johnson noi se.

Therefore, it can be seen that the art lacks 5 a tenperature transmtter
that is capabl e of accurate, . on-line self-calibration.

SUMMARY OF THE | NVENTI ON . A tenperature transmtter for use _
In*a process control systemincludes a sensor input for c | i 10
a temgerature KR HPs602 Theyterrperature sensor has a P r esi }#ﬁ'ﬂisgg’z&g'
related to tenperature of the tenperature sensor. Resi stance nmeasuring
circuitry coupled to the sensor input provides a resistance output
related to resi stance of the tenperaturé-sensor. Measur enent 15
C|rCU|try coupled to the _resistance neasurenent circuitry

responsi vel y provides a t enpBtIRER 2 obff futmore der‘@l’-&tevgdbclé’cﬂ‘eﬁlﬂéﬂiﬁﬁ‘r efof
the tenperature senherterhperaturemai-mgsmauiang|dfaIF1(gqm1\ee|15| on circuit

couples to the sensor @ﬁ %a_&d ﬁ%g?“'gf}m’& slp%&'rtaall Blengfu&gut

20 representative of AC nols at ur € senso
signal processing ¥PFEWFt f‘y’eﬂ‘é%‘l’%l’e%f at%lﬁ%d"r?lse Slﬁéﬁaéegééﬁﬁéﬁéﬁt ipnat he.
AC noi se and psovi €D Befipgratdee sensoxlohnson n0| se out put. Tenperature

nmeasurenment circuit r#}”’g—&%ﬁ%#%ﬁﬁl bpr Lﬁﬁar l‘péﬁzé)ased

upon the 25 resista
out put . Qutput circuitry tFigunetd tife %aFP—BP&PéHEd blmkpeﬂim%@“ o9Er

the process controkrhfgfittern10NecoupleResli bRt rol ha depPEr Ak HEBudin

transmtter is po t t S ntro

BRI EF DESCRI PTI mmgﬁg%@‘ogﬁﬁfﬁe%%% et r&e”%é%g 7, %’[‘a Ecg gaPCSd
bl ock di agr amt8@howvigh thezpresgrt sinventicms mﬁﬁéﬁ“ﬁlﬁt&é'cépdaﬁcéoupiﬁdt he
pres_ent invent téNRTD (resistive temperature device) 16 driven by

current source 50 providing a current I;. DC voltage

amplifier 26 is connected across RTD temperature sensor
16 and provides an output related to voltage drop across
1s RTD 16, and hence temperature, to microprocessor 22.
Microprocessor 22 converts this voltage into a value
representative of temperature of RTD 16 for transmission
over process control loop 11.
. Johnson noise measurement circuitry 12
20 includes AC coupled@ wide band voltage preamplifiers 60
and 62 which. amplify AC voltage signals generated across
RTD 16 and provide outputs to digital signal processing
circuitry 64. DSP circuitry 64 monitors the cross powerx
spectral density (CPSD) of the two noise signals and
25 identifies the Johnson noise component of the noise in
accordance with the invention. The Johnson noise signal
is provided to microprocessor 22 and is a very accurate
temperature reference signal which is used by
microprocessor 22 to calibrate temperature measurements
30 made using DC voltage amplifier 26.

Figure 2 is a more detailed block diagram of
temperature transmitter 10 shown in Figure 1 connected
to measure temperature with RTD sensor 16. Temperature
transmitter 10 includes Johnson noise measurement
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- 4- Figure 2 is a nore detail ed bl ock di agram of t he
tenperature transmtter of Figure 1. Figure 3 is a graph of
power spectral density _versus frequency of the AC noise signal
generated in a o szeNper at ure sensor. DETAI LED DESCRb¢T:$l26d81
THE PREFERRED EMBODI MVENTS Figure 1 is a sinplified block

di agr am of transmtter 10 coupled to control [oop 11 including
Johnson noi se measurenent circuitry 12 in ac.gé)_rdance 10 with the present
i.nvention. Transmtter 10 is coupled to RTD (resistive tenperature

device) 16 driven E_xrguitrgurwpt $RUT §€coRHAHY | Gritth @ tHH I SWvddSidd .
DC vol t age anpglfler,Z I s, connected_across RTD t m rfture sensor, .
16 and: provi des an SERPATFEFS 1Y PUPIEF! b PTRG S EPBEECISIO0RTH i

hence tenperature, pyowidesprpoessortd? transmitkeroplécessdr Qfec ommleidls
this voltage into ajMabiRation ILPEEASR Aldd Aandf rL SEPEEA! UbBaREmBIELAG d OF

transm ssi on over _process control | po 1. . Johnson _ noi se

aoor et i Boul bae1Ba88 S ri BiockoPe Mg, CrFRARBLA L JRTCEh 4
preanplifiers 60 foancowgl g do,afipki éyaniile,olataBTDst empesa Qe rsdrexsbr
across RTD 16 aﬂ&'.prﬁxgquoyt Qﬂwste?ﬂgﬁ%édrﬁéﬂn%rﬁ{%%ﬂé"&o RTD

circuitry 64. DSP circuitr noni t or 0SS power spectr al

density (CPSD) of th€-twSeRErte 1§ §A5 i’eaﬁ&t r Appdi OF SR SiP
noi se conponent of thansmiseermo. Taausmilee 10 tthelhdesmneltimlexeiheo

i ggﬂfg?e”‘)i S€ ibgn%ontroife@_r By HRLLBrBLELORF 058SHicd? A0dcbipRedC th

control loop 11 through input/output {(I/0) circuitry 24.
Multiplexer 20 multiplexes appropriate sets of analog
signals, including signals from terminals 1 through 4,
to positive and negative inputs of differential

i5 amplifier 26, which connects to high accuracy A/D
converter 28. In one embodiment, converter 28 has an
accuracy of 17 bits and a conversion rate of 14
samples/second. Memory 30 stores instructions and
information for microprocessor 22, which operates at a

20 speed determined by clock 32. Multiplexer 20
selectively connects input pairs to the positive and
negative inputs of differential amplifier 26. A
reference resistance Ry, 38 couples to multiplexer 20
and is connected in series with RTD 16.

25 In operation, transmitter 10 measures
temperature of sensor 16 and transmits a representation
of temperature over control loop 11. Transmitter 10
employs the following equation to compute the major
value of temperature of RTD 16:

30

v
Rpypur ™ ;::‘:’ (Rrgrwon) Equation 1
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tenperature reference signal which is wused by m cr opr ocessor 22
to calibrate tenperature neasurenents 30 nmade using DC voltage anplifier
26. Figure 2 is a nore detailed bl ock diagram of
tenperature transmtter 10 shown in Figure 1 connected to measure

tenperature with RTD sensor 16. Tenperature transmtter 1Q |

Johnson noi se YRIYECHent WO 97/ 25602 _ pdlng&%gﬁ
PCT/ US96/ 20681 - 5- circuitry 12, in
accordance with the invention. Transmitter 10 couples to process
control loop 11 which provi des  power t®transmtter 10 and over which
information is transmtted and received. Transmtter .10 5 i ncludes

term nal block 14 ‘Rﬁﬁ"ﬁg termnals 1 through 4 for coupling to, for
exanpl e, an RTD t enp&gatdir € sensdhe nomifgl Fesgistoarices lnfiveheherefleaendecal

connections to RTD 16. Sens@izilaned Re ebhhs! w,@qggal s,ggréa(t ggnal
to transmtter 10. Transmtter 10 | ncI udes mul ti pl exer

control | ed by nicroprocessor 22 WF"CHYi 30 ¢oupled to cont roI I oop 11
t hrough i nput/%ut putVepeinO) o+ rcu'rvbﬂ.yagé drop aditdss Hhexdmp® ;mairid pl exes

appropriate sets of @nalog = oieaks a i gnal s fromtermnals 1
t hr ough 4, %Ftive and negatlve kaguts of di ferential 15

anpl i fier 26, Whl c ’é’ﬁ?\‘?‘f’e(ﬁ%‘r% RiBFO%dsn £UFraAS 1 through sensor 16

{via terminals 1 and 4) and reference resistor 38.
Microprocessor 22 measures the voltage drop (Vepwpsr)

10 across PTD 16 between terminals 2 and 3, and the voltage
drop {Vpgr) across resistor 38 with MUX 20. Rpernow 1S a
calculation constant and is retrieved from memory 30.
In a four-wire resigtance measurement such as this, the
voltage drop across the connections to terminals 2 and

15 3 is largely eliminated, since substantially all the
current flows between terminals 1 and 4, and has little
impact on the accuracy of the measurement. Reynpor 18
converted to temperature units with a look-up table or
suitable equation stored in memory 30.

20 | Johnson noise measurement circuitry 12 is
.shown in greater detail in Figure 2. AC coupled wide
band voltage pre-amplifier 60 includes differential
amplifier 70 with negative feedback through resistor 72.
The non-inverting input of amplifier 70 connects to

25 terminal 2 of terminal block 14. The inverting input of
amplifier 70 connects to terminal 3 of block 13 through
AC isolating capacitor 74 and switch 76. The output of
amplifier 70 connects to digital signal processing

circuitry 64. Similarly, amplifier 62 includes
30 differential amplifier 80 having negative feedback
through resistor 82. The non-inverting input to

amplifier 80 connects to terminal 2 of terminal block 14
and the inverting input connects to terminal 3 of
terminal block 14 through AC isolation capacitor 84 and
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converter 28. In one enbodi nent, converter 28 has an accuracy of 17
bits and a conversion rate of 14 sanpl es/second. Menory 30 stores

i nstructions and i nformati on for mcroprocessor 22, which operates at
a 20 speed determned by clock 32. Mul tipl exer 20 sel ectively

connects input paj he positive and negative inputs of ;
differenti al arrpHi?’tggstZG. A reference resistance R err]P%;lgussmosm
couples to multiplexer 20 and is connected in series with RTD 16. 25
In operation, transmtter 10 neasures tenperature of sensor 16

and transmts a representation of “tenperafure over control |oop 11.

T i tt 10 h I ] | . Lar.
val ue of 't emor at ur e WR R4 Tap RS (EAAL AL AP UL TR e
1 . WO 97/ 256pFovided to digital signal processing parcustey?ossil

wher e _ R[ﬁrr] Aﬁp/lifberélomr&drmiﬁ@mﬁcdéwmefﬁmq&l. In a
(s sy o o, BPAEaLsgh bafnhtmyy,  appiiers o SHVSh Boppige
drop across R[erB]. operational amplifiers.
Digital signal - processing circuitry 64
connects to clock 80 which may, for example, operate at
a different frequency than clock 32 and may be derived
from the clock signal generated by clock 32. In the
10 embodiment shown in Figure 2, an AC reference signal is
generated by reference 92 and the inverting inputs of
differential amplifiers 70 and 80 may be selectively
coupled to reference 92 through switches 76 and 86,
respectively. The output from amplifier 70 is provided
15 in a digital format to DSP circuitry 64 by analog to
digital converter 78. Similarly, the output £from
amplifier 80 is provided in a digital format to DSP
circuitry by analog to digital converter 88. In one
embodiment, analog to digital converters 78 and 88
20 sample the amplified AC noise signals provided by
amplifiers 70 and 80 at a sampling rate of 200 kHz or
more.
One aspect of the invention includes the use
of digital signal processing circuitry to obtain and
25 identify the Johnson noise signal generated in RTD 16.
This Johnson noise signal tends to have a relatively
small amplitude and is difficult to identify and
separate from other noise which may be provided to the
inputs of amplifiers 60 and 62. _
30 Digital signal processing circuitry 64

N performs a spectral analysis on the noise signals
received from amplifiers 60 and 62. Digital signal

processing circuitry 64 operates in accordance with well
known signal processing techniques. For example, input
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Current source 50 provides current |Is through sensor 16 (via termnal s
l-and 4) and reference resistor 38. M cr oprocessor 22 neasures the
voltage drop (V[ierr]) 10 across P.TD 16 between terninals 2 and 3, and
t he vol t age drop (Verr]) across resistor 38 with MU 20. Rerr] is a
cal'cul ation constant and is retrieved from nenory 30. In a four-wire
“resistance nea™ @ ¥R such as this, the vol tage drop acr%@”?’ﬁ@“‘sl
connections to termnals 2 and 15 3 is largely elimnated, since
. substantially all the current flows between terminals 1 and 4, and has
little i npact on the accuracy of the mBasurenent. Rlerr] is
converted to tenperature units with &1 | ook- u&) t abl e or sui tabl e

on as lm

" equation stored i FiE0RS a¥E opgrate VRdiues dRathee frdne
circuitry 12 is and/s:ltoﬁmequegcpaicmaidm_t.aioné ryPegof esiimaAiCprodieisedny de
band vol tage pre- B 1Y) Eﬂ‘é' & a%féﬁ&r%{fﬁl a.llowsa'gﬁlr'cfu'l@’r?jg?\’\”th

negative feedback t roug resj stor non-i1nvertin RE
anplifier 70 conné& ©Rgrate inokhe nél domaing o phth PR SW@H’“ e the
inverting i nput ofspectraarrIAnanl}&q:.smm:opeeﬂbﬁnédb usingnal Bast [Foathed3

through AC | gl EtB%’i‘)torﬁ ra%@%é%&&? 'fﬁanér?SrB“&B”E %

anplifier 70 connects to I giLtal roces
Simlarly, anpliffeshnigpe i?ﬁ?uM %mlﬁgf fabrEHFFEFalarﬁﬂa}lﬂ‘rse‘rs 8UhPr§¥7| ng

negative feedbackdentitfiesu@requeniyt @bmﬁanentghennaﬁr iAC/esidmegl . i npHt  to

anplifier 80 connggts to t%gd?ﬁrlen% of t%é@é@]t r?ﬁézﬁ"‘f is g%g’f Eﬁough AC

i nverting input connects to te
i sol ati on capdci t ®5igg wayelet analyszs Wavelet theory 1s descrlbed in

Wavele i Vibration, Part I: Theory, D.E.
Newland, JOURNAL OF VIBRATION AND ACOUSTICS, October
1994, Vol. 116, pg. 409. A specific application of
wavelet analysis and explanation of a Discreet Wavelet
15 Transform (DWT) is set forth in Wavelet Analysis of
Vibration, Part 2: Wavelet Mapsg, D.E. Newland, JOURNAL
OF VIBRATION AND ACOUSTICS, October 1994, Vol. 116, pg.
417. In one embodiment, wavelet analysis is preferxrred
to Fast Fourier Analysis because wavelet analysis
20 provides a more efficient method and consumes less
computational time when identifying spectral 'components

in a known frequency range.
One aspect of the present invention includes
using two separate analog noise signals generated by
25 amplifiers 60 and 62. Using these two signals, digital
signal processing circuitry 64 calculates the Cross
Powered Spectral Density (CPSD) and reduces the affects
of uncorrelated noise on the Johnson noise measurement.
For example, assuming that the incoming signals are
30 processed using data blocks having 1024 samples and the
sampling rate is 200 kHz, the highest possible gross
bandwidth of the system is 100 kHz. Due to the non-
ideal nature of the various components, such as the
anti-aliasing filters, the actual gross bandwidth will
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-7- swtch 86. The output fromdifferential "anplifier 80 is

provided to digital signal processing circuitry 64. Amplifiers 60 and
62 are connected in parallel. In a preferred enbodi nent, anplifiers 60
and ‘62 conprise tional anplifiers. Digit |
processing ci rcw& rg?B? connects to clock 90 which may, f%hg%gﬁ{p@él,
operat e at a di fferent frequency than clock 32 and nay be derived
fromthe clock signal generated by clock 32. ._In the 10 enbodi nent shown
in Figure 2, an AC reference signal is’ ggnerat ed by reference 92 and

thelnvertlnglnput td ales@ I fi qg;ég,

sel ectively %)’lo&%ﬁkfla'%‘gégﬁgg dgstoh%l% h @é\iét z% é:§'0r§§éégﬁlon
respectively. The OLHbUf he GhowkpRPP; Be - 70The W’a@d ofs thej grosgi grwer
forrr:at Ito DSth rcuué;see?hzbﬁeamatggwﬁ.m be bxbisid dlnteonvext dat&8points,
SSmlarly, the outp 8 PG | el
format to DSP c%gr%%l %? ;cgng@g:%%%ﬁ%s ??gﬁtcg%ée??grag&gaghﬁaggé'
enbodi ment, anal®g tHRAYY ¢ EB‘Pﬁfe‘F‘%"ér’ss 78E ¢ apd inghpdes: pegative

anplified AC noi se Sﬁ:gatp.iaxqirwl dele bross powx f ispéetfﬂlaﬁiér&lt@t ®ill

sanpling rate of 20 9. R f e

i nvention includes the usey contagﬂ I gl "f al é aﬁé er%%g% [ n Cl rguFPrByH?o
obtain and 25 i dertegsiuti©mohAbenanbi sl Rging at"éé rffgotively
Thi s Johnson noi se sh@nathignds tRabfve aHee! ihaEl ¥ross powdd aspebtisde

and 1 il culie o dRNYY YaRifiacy S PREFSEGHL B 86RO oY allue"2 B
Digital si gnal pr Q@%,mnt(ﬁ ﬁéght ayremlut:.on of 200 Hz. It should be

understood that other combinations of block size,
sampling rate, and number of blocks processed can be
used and may give better results for the specific

15 implementation and environment.
Figure 3 is an example power spectral density
versus frequency spectrum as output by amplifier 60 or
62. Narrow band interference such as electromagnetic
interferenée, microphonics, etc. will cause a departure
20 in the flat region of the spectrum and will be ignored
by digital signal processing circuitry 64. This will
reduce the gross bandwidth to a smaller net bandwidth.
The smaller net bandwidth is used in the cross power
spectral density measurement. The peak in the cross
25 power spectral density measurement is indicative of
Johnson noise in RTD sensor 16. Thermal noise signals
which arise in the system, such as noise generated in
the wiring or in the AC coupled amplifiers 60 and 62,
will tend to be reduced to zero in the cross power
30 spectral density measurement because they are
- uncorrelated. The effects of uncorrelated noise are
reduced by longer averaging times for the cross power
spectral density calculation. The only correlated noise
which appears in the cross power spectral density
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perforns a spectral analysis on the noise signals received from

anplifiers 60 and 62. Di gi tal signal processing circuitry 64 operates
i n accordance with well known si gnal processing techniques. For

exanpl e, i nput WD 97/ 25602 e
PCT/ US96/ 20681 signals are operated on as discrete val ues in t
tinme and/ OWOPM%ncy domai ns. One type of signal’ processr $96/20681
algorithmis the z transformwhich allows circuitry 64 to operate in
the z donain. In one enbodinent, the 5 spectral analysis is perforned

usi ng a Fast Fourier Transf ornt (FFT) -~1A-Fast Fourier Transformis a
known technique for perform ng a spectral analysi s V\/m ch

i dentifies freque'ﬂﬁ S¢H nt$ ?thrPgACFl!ﬁ fitpsor |ifself, fxamdihe DC

enbodi ment, a spectraéntnabyrsies 505 amelr ianyrredea:ﬂrozusgﬂilg:wvﬁitﬁérﬁﬁéﬂ& S.

Wavel et theor S | e Part 1|:
Theory, D.E. Y mﬁ&%ﬂg}%@fkj& wRﬁRf"&#’ ¥FBR%T$%%'EB§5\({EJ§#%§%%U§&

1994, Vol . 116, pdf B inventian may keprrhieven by reducipg @ny niEey si s
and expl anati Bn ogeneﬂlsmaqz diirrenet sﬂ:ﬁrcIraostFm ( DWI) ls set forth in

Wavel et Anal ysis of | et Newl and
JOURNAL OF VI BRATI ON /flé%ﬁ%%s t}% fo 6%@ P’@ ”ff@ Byyrex
417. In one enbocﬁmra:\/\/&?ﬂséFYanﬂP%lgaéﬂssoﬁr@ﬂéﬂrfé@rs 50 and 62 must

be known. Determination of these gains is accomplished

by connecting the inverting inputs of amplifiers 60 and
10 62 to an AC reference signal source 92 by appropriate
positioning of switches 76 and 8§, respectively. With
switches 76 and 86 connecting amplifiers 70 and 80 to
reference .92, the gain of amplifiers 60 and 62 can be
determined if the value of reference 92 is accurately

15 known.
In operation, microprocessor 22 periodically
determines the temperature of RTD 16 by using the
Johnson noise in accordance with the following equation:

20 . Te—= : Equation 2

where: T = temperature of the sensor;
K = Boltzman constant;

C = a fixed capacitance; and
25 Vy = Johnson noise.

Microprocessor 22 calculates the difference between the
temperature of RTD sensor 16 measured using circuitry 12
and the value calculated using the look up table and the
Ryper Vvalue calculated with Eguation 1 as discussed
30 above. This difference is used to calibrate temperature
measurements. The difference between the two
temperature measurements is stored or "logged" in memory
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to Fast Fourier Analysis because wavel et analysis 20 provides a nore

efficient nethod and consunes | ess conputational tinme when identifying
spectral comnponents in a known frequency range. One
aspect of the present invention includes usi ng two separate anal og

noi se signals gewarﬁ;zg& by 25 anplifiers 60 and 62. Using the .lt 6/20681
signals, digital S|gnal processing circuitry 64 calcul ates t 0SS
Power ed Spectral Density (CPSD) and reduces the affects of uncorrel at ed
noi se on the Johnson noi se neasurenent. Qr exanpl e, assum ng that the
Lncom ng signals are 30 processed using dafa bl ocks having 1024 sanpl es
and the sanpl i Mot N8I ) ssi Pl S

bandw dt h of the sys eﬂi‘éﬁ% m:te tﬁg %rhengﬁ?@ TP ﬁp‘gaeénaft‘ﬁcruereof

the various corrpone‘?ﬂ@e%ﬂﬂf%ls pepsurementd | -of | JEPRBEFR YRS s, MBRE adMial
gross bandwi dt h wi ltheasuring the WRI¥&AgéhGlkbp across RTD sensor 16 using

PCT/ US96/ 20681 pr eht&‘é? 1,086l s 50
kHz. ‘The frequency repso"'lfltelronzs’ For el"%"‘Z’ bo&?‘%ﬁiz J}_ srf)elctrum 0

the cross powerS ~ adiytqd allfdeﬁﬁsp?“ﬁiel | the BRLReIRYEH o @(ﬁf@@i’tc& pditt s,
each of which repressiipensdiad £30inEcairdeiwbvadihdrift Snnehet Sens@ecte um

s “Tolded” and |nciyiQGf Uddikene, midlGOHSNESY 22"8:6£055% Miler of

spectral density 'w
temperature differences taken over time with RTD sensor

16 at different temperatures to develop a more

10 comprehensive and more accurate characterization curve

of RTD sensor 16. The additional data points provide

improved accuracy in the compensation and calibration.

Although the present invention has been

described with reference to the preferred embodiments,

15 workers skilled in the art will recognize that changes

may be made in form and detail without departing from

the sbirit and scope of the invention. For example,

other types of digital signal processing techniques may

be employed. Further, in some embodiments it may be

20 desirable to implement the digital signal processing
using analog circuits.
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actually contain about 512 unique data points at 200 Hz resol ution.
The anti-aliasing filter wll "effectively cut this in half. The

final cross power spectral 10 ' | | is therefore about 50 kHz
of about 256 data points mmam'[ ﬁn W‘I jof 200 Hz. It should be

under stood that other conbinations ©f tbl eckssize, . sanpling rate, and

number of bl ocKR¥O878¥8%sed can be used and may give bettegcf’é@%ﬁ”t”g“for
~the specific 15 inplenentation and environnent. Figure 3 is

an exanpl e power spectral density versus frequency spectrum as out put

by anplifier 60 or 62. Narrow band i nt22ference such as

el ectromagneti c I nterference, mcrophonics, etc. wll cause a

departure 20 in tWHAT|ES CQIAEMED JS:t he spectrumand will be ignored

by digital signal pyocessing ctiamghitterd.idha Sprbbess contedlic syistengr 0ss
bandw dth to a Smléﬁé . bandw dt h. The smal ler net bandwi dth is
used in the cross ‘f) % g: spectral density neasurenent. The peak in
the cross 25 power spectrala cransiayy igpusufereepupkingdic & itp@psrature

Johnson noise in RTD sensor 16. Hmigtd H/TR Sd J8ahperaturdhidepenidiane i n
the system such as noi se generated.in the wiring or in the AC coupl ed

anplifiers 60 and 62, Wil | trtﬁfd'sttgnBS"reduch to zero in the cross
power 30 spectral densi t reskstancenpaasuring siFeuitnyycoupked to the

uncorrelated. The effects of unGErsRatBHUIO BErBiF resiseahicéed ougputnger
oniy correl ated noise - which ditated R or Rl Rh e sintiative 7,
. ' dependent resistance;
an amplifier coupled to the sensor input
providing an amplified output having an
AC noise component and a Johnson noise
component ;
analog to digital ‘conversion circuitry
coupled to the amplified ocutput
providing a digital output;
digital signal processing circuitry coupled
" to the digital output for isolating the
Johnson noise component and providing a
digitized Johnson noise output;
temperature measurement circuitry coupled to
the resistance measurement circuitry and
the digital signal processing circuitry
providing a calibrated temperature
output based upon the resistance output
and the digitized Johnson noise output;
and
output circuitry for coupling to a process
control loop and transmitting the
calibrated temperature output over the
loop.




WO 97/ 25602 PCT/ US96/ 20681
-10- . measurenent is that. of the sensor itself, fromthe DC

current source 50 and any el ecu ml'H“":"'mH"ference m cr ophoni.cs.
Therefore, inprovenent in the t he invention may be

achi eved by red%%?,g{s noise 5 gene at &d by current source @rm%sgnmn

For accurate co 'on of the cross power spectral density,
gains of anplifiers 60 and 62 nust be known. Determ nation of these
gains is acconplished by connecting the inverting inputs of anplifiers

60 and 10 62 to an AC reference signal solfte 92 by appropriate

positioning of swjiches 76 d 86 [esi CtIV vm tches 76 and
86 connecting anpl %f iers 70%%8%@5'1 er ?gf%}%ﬂﬁ 9’2°c1t‘f1 rb%l n of
anpliftiers 60 and 62 can be a sedendr niwhdebandt h&CraPuplef r cmplifiee192 i s

accurately 15 known. coupl et SRHES HeAGorTLAPAE FESPSIng an
periodically determ nes the te rature of RT 139)/ usi the .,
Johnson noi se in accordance Withat“WnI;1 SR oV PHPHqu Rg any noise
[err] degqpaneoh #nhd a Johnsonimeise conponent;
tenperature of the sensor; and K = Boltzman constant;

C = a fixed capacitance; and 25 ecr] = Johpson ,noi se.
. P second analog to dig\llt:as. ltonvers:{]on circuiltry

coupled to the amplified output of the
second amplifier and providing a digital
output to the digital signal processing
circuitry.
3. The transmitter of claim 2 wherein the digital
signal processing circuitry calculates Cross Power
Spectral Density based upon the digitized outputs.
a. The transmitter of claim 1 wherein the digital
signal processing circuitry performs a Fast Fourier

Transform on the digital output. _
5. The transmitter of claim 1 wherein the digital

signal processing circuitry performs a wavelet transform
on the digital output.

6. The transmitter of claim 1 including a power
source coupled to the process control 1loop for
generating power for the transmitter.

7. The transmitter of claim 1 including a memory
coupled to the temperature measurement circuitry storing
a calibration wvalue related to a comparison of the
resistance output and the digitized Johnson noise
output.

8. The transmitter of claim 1 wherein the output
circuitry transmits a signal related to the digitized
Johnson noise output. '

9. The transmitter of claim 1 including a
reference for calibrating the Johnson noise output.
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‘M croprocessor 22 calculates the difference between the t enperature of

RTD sensor 16 neasured using Cifcuitry 12 and the val ue cal cul ated
using the | ook up table and th e cal cul ated with Equation
1 as discussed 30 above. This I“I"ﬂm[e“ﬂml ed to calibrate tenperature
measur enent s. di fferen ettwedn st he tenperature

measur ement s i YOsY: é?goa "| ogged" in nenory WO 97/ PEHYS96/20681
PCT/ US96/ 20681 - -11- 30 by

m croprocessor 22 and used to update future t enper at ure neasurenents
of tenperature made by - ‘nmeasuri ng t he-yolt age drop across RTD sensor 16
usi ng anplifier 26. For exanple, R err] of Equation 1 can be 5

adjusted in redfonse toTheal sypasmitterf fefenckaino 1 whexmipensied f or

i naccur aci es and xégifdtante RRasarsa éﬁrcuztryléb i gd@odi ment
m croprocessor 22 stores a iy ﬁg e di fferences t aken
e

over time with RTD sensor %ngf%ngts?ﬁ:f‘?eerc@ﬁ’ Mt BEtet PR dthey a

nore 10 conpr ehensi ve and nor &engenr drputhar acteri zati on curve of

RTD sensor 16. The additiopal gi#farlacihs p"a%'l‘i?ier £ QEetheRRGWACY 1N
t he conpensation and calibration, pr.esent

h fhe
i nvention has been descri bBGFRFEntPer29R5R% ’t‘f?‘lth% Qr"r‘é’(}ng a
enbodi nents, 15 workers skill edifferémcardutput; raggbgni ze t hat changes

conversion circuitry coupled to the
differential amplifier providing a
digitized difference output related to

resistance of the sensor.
11. The transmitter of claim 10 including a
multiplexer for coupling the sensor input to the
differential amplifier.




may be made in formand detail w thout departing from the spirit and

scope of the invention. For exanple, ot her types of digital signal
processi ng techni ques may be enpl oyed. Further, in sone enbodinents it
may be 20 desirable to inplement the digital signal processing usi ng
anal og circuits, WO 97/ 25602

PCT/ U%%/ 20681 WO 9725602 120 VAT IS CLAI VED SRR
A transmitter in a process control system conpri si ng: a
sensor input for coupling to a tenperature sensor havi ng
a tenperature dependant - resi st ance;

resi stance neasuring circuitry coupled tos3he sensor

i nput havi ng resistance out put ‘related to resistance of
the tenperature dependent resistance' an
anplifier coupled to the sensor input provi di ng an -
anplified output having an AC noi se conponent and a
Johnson noi se conmponent ; analog to digital
conversion circuitry coupled to the anplified

out put '
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providing a digftal out put ; di gital signal processing

circuitry coupl ed to the digital output for isolating the
Johnson noi se conmponent and providing a digitized Johnson
noi se out put ; tenperature nmeasurenent circuitry coupled to
the resistance grasiHsgFENt Ccircuitry and theﬂ,éi{),ggggﬁgﬂl
signal processing circuitry providing a | brate
t enperature out put based upon the resistance output
and the digitized Johnson noi se out put; and '
output circuitry for coupling to a process control | oop
and transmitting the i brat ed t enper at ure out put over
t he | oop. WO 97/ 25602
PCT/ U396/ 20681 - 13- 2. The
transmtter of claim2 including: a second w deband AC-coupl ed
anplifier coupled to the sensor input providi an
anplified output having an AC noi se conponent™and a
Johnson noi se conponent; : and éi,

-y

W R SN
{
PN R :
: :
| R |
x N& |
:;,\‘ i%"% %' .
| N - N |
s O 0 ] |
AR RS VS——
| P
| N i }
- |
| S L
Q [ 1!-
l / ' ! :
= N
I8 b
) E5ﬁ(:>_ ; |
K g
&/




second analog to digital conversion circuitry coupled to

t-he anplified output of the second anplifier and providing
a digital output to the digital signal processing

. circuitry. 3. The transmtter of claim2 wherein the digita
signal processing circuitry calculates Cross Power Spectral Density based
upon the digitizggs Pﬂk&yts ) The transmtter of clai PCTAS262088N
the digital si gha roceSS|ng circuitry perforns a Fast Fourier
Transformon the digital output. 5. The transmitter of claim1l
wherein the digital signal processing circuitry perforns a wavel et
transform on the digital output. 6. The transmtter of claiml
i ncl udi ng a power source coupled to the Rrgcess control |oop for
generating power for the transmtter. 7. The transmitter of claim1l

i ncluding a nenory coupled to the tenperature neasurenent circuitry
storing a calibration value related to a conparison of the resi stance

out put and the digitized Johnson noise out put . 8. The transmtter
of claim1l wherein the out put circuitry transmts a si related to the
digitized Johnson noi se out put. 9. The t er of claim 1

including a reference for calibrating the Joh put put .

Fig.3
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-14-  10. The transmtter of <claim 1 wherein the rea%t!éMefe«"!
‘measuring circuitry conpri ses: a current source connected i Ao o
series with the sensor i nput; adif fz‘.‘;;&ip i al

anpl | f | er for connﬁré,'ipn 4% mmmu_am"_%ﬁ&rog&%&%mﬁ%ﬁor | NPUR
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A temperature transmitter "1 : o CLOCK i EIl
(10) and a process control N

systern includes a sensor input
{1, 2, 3, 9 for coupling ;o
a temperature sensor (16) : o :

having a temperature dependent 5 N /'#
resistance. Resistance measuring < o F7
circuitty (20, 26, 50) couples o
to the sensor input (1, 2, 3 K]

4) and provides a resistance A R
output related to resistance 0

of the temperature dependent ]

resistance.  Analog to digital . —

conversion circuitry (78, 88) ’ {-.

couples to the sensor input (I, b ot 4 ) -é-r

2, 3. 4) and provides a digital )

output related to AC signals 3 "MI

across the sensor input. Digital - 7 |

. signal  processing  circuitry %5 2~
(64) isolates a Johnson noise i—? S’ 4 ]

component of the AC signals ]

and provides a digitized !

Johnson output. Temperature

measurement circuitry provides

2 calibrated temperature output |

based wupon the resistance

output and the digitized Johnson @~ = =0 @b e —

noise output. Output circuitry

(24) transmits the calibrated

temperature output over the process control loop (11).




