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-1-                TEMPERATURE TRANSMITTER WITH         ON-LINE CALIBRATION
USING JOHNSON NOISE                   BACKGROUND OF THE INVENTION
The present invention relates to transmitters  5  of the type used to
measure temperature of a process.      More specifically, the present
invention relates to a      temperature transmitter having on-line
calibration      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 15  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 voltage 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 value 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            WO 97/25602
PCT/US96/20681                                 -2-       sensed temperature
or through digitally modulating      information onto the loop.
The relationship between resistance of a RTD      and temperature tends to
change over time.   These  5  changes can be periodically calibrated out of
the system      to maintain accuracy of the temperature measurement.
For example, periodically an operator may be required 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 



15  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 frequent, continual monitoring of a     process
temperature. The Shepard et al. reference is     not directed to use with a
process control transmitter.            WO 97/25602
PCT/US96/20681                                 -3-       Further, the
Shepard reference uses noise rejection      circuitry which is very
delicate and highly susceptible 



to noise from sources other than the Johnson noise.
Therefore, it can be seen that the art lacks  5  a temperature transmitter
that is capable of accurate,      on-line self-calibration.
SUMMARY OF THE INVENTION                A temperature transmitter for use
in a process      control system includes a sensor input for coupling to 10
a temperature 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 15
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
BRIEF DESCRIPTION OF THE DRAWINGS               Figure 1 is a simplified
block diagram showing     a temperature transmitter in accordance with the
present     invention.      
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-4-                 Figure 2 is a more detailed block diagram of      the
temperature transmitter of Figure 1.                Figure 3 is a graph of
power spectral density      versus frequency of the AC noise signal
generated in a  5  RTD temperature sensor.        DETAILED DESCRIPTION OF
THE PREFERRED EMBODIMENTS                Figure 1 is a simplified block
diagram of      transmitter 10 coupled to control loop 11 including
Johnson noise measurement circuitry 12 in accordance 10  with the present
invention.  Transmitter 10 is coupled      to RTD  (resistive temperature
device)  16 driven by      current source 50 providing a current I[err].
DC voltage      amplifier 26 is connected across RTD temperature sensor
16 and provides an output related to voltage drop across 15   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 power     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            WO 97/25602
PCT/US96/20681                             -5-       circuitry 12, in
accordance with the invention.      Transmitter 10 couples to process
control loop 11 which      provides power to transmitter 10 and over which
information is transmitted and received. Transmitter 10  5  includes
terminal block 14 having terminals 1 through 4      for coupling to, for
example, an RTD temperature sensor      16. Figure 2 shows the electrical
connections to RTD      16.  Sensor 16 can be either internal or external
to      transmitter 10. Transmitter 10 includes multiplexer 20 10
controlled by microprocessor 22 which is coupled to      control loop 11
through input/output (I/O) circuitry 24.      Multiplexer 20 multiplexes
appropriate sets of analog      signals, including signals from terminals 1
through 4,      to positive and negative inputs of differential 15
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 R[err] 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               [err]             Equation
1          WO 97/25602                                     PCT/US96/20681
where        R[err]  =   the nominal resistance of the reference
resistance in ohms, and/or stored in                     memory 30;  5
V[err]   =  voltage drop across the input; and        V[err]  =   voltage
drop across R[err]. 



Current source 50 provides current Is through sensor 16      (via terminals
1 and 4) and reference resistor 38.      Microprocessor 22 measures the
voltage drop  (V[err]) 10  across P.TD 16 between terminals 2 and 3, and
the voltage      drop (V[err]) across resistor 38 with MUX 20. R[err] is a
calculation constant and is retrieved from memory 30.      In a four-wire
resistance 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.   R[err]  is
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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-7-       switch 86. The output from differential amplifier 80 is
provided to digital signal processing circuitry 64.      Amplifiers 60 and
62 are connected in parallel. In a      preferred embodiment, amplifiers 60
and 62 comprise  5  operational amplifiers.                Digital  signal
processing  circuitry  64      connects to clock 90 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 



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          WO 97/25602
PCT/US96/20681          signals are operated on as discrete values in the
time      and/or frequency domains. One type of signal processing
algorithm is the z transform which allows circuitry 64      to operate in
the z domain.  In one embodiment, the  5 spectral analysis is performed
using a Fast Fourier      Transform (FFT). A Fast Fourier Transform is a
known      technique for performing a spectral analysis which
identifies frequency components in an AC signal.  In      another
embodiment, a spectral analysis is performed 10  using wavelet analysis.
Wavelet theory is described in      Wavelet Analysis of 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 Maps, D.E. Newland,
JOURNAL      OF VIBRATION AND ACOUSTICS, October 1994, Vol. 116, pg.
417. In one embodiment, wavelet analysis is preferred 



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            WO 97/25602
PCT/US96/20681                          -9-       probably be closer to 50
kHz. The frequency resolution      will be about 200 Hz. The spectrum of
the cross power      spectral density will be broken into 1024 data points,
each of which represents about 200 Hz of bandwidth.  5 Since the spectrum
is "folded" and includes negative      frequencies, the cross power
spectral density will 



actually contain about 512 unique data points at 200 Hz      resolution.
The anti-aliasing filter will effectively      cut this in half.   The
final cross power spectral 10  density bandwidth is therefore about 50 kHz
of about 256      data points with a resolution 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      interference, 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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-10-       measurement is that of the sensor itself, from the DC
current source 50 and any electromagnetic interference      microphonics.
Therefore, improvement in the operation      of the invention may be
achieved by reducing any noise  5  generated by current source 50.
For accurate computation of the cross power      spectral density, the
gains of amplifiers 60 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 86, 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
[err]                            Equation 2          where:    T   =
temperature of the sensor;                K   = Boltzman constant;
C   = a fixed capacitance; and 25             V[err] = 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      R[err] value calculated with Equation
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            WO 97/25602
PCT/US96/20681                          -     -11-       30 by
microprocessor 22 and used to update future      temperature measurements
of temperature made by      measuring the voltage drop across RTD sensor 16
using      amplifier 26. For example, R[err] of Equation 1 can be  5
adjusted  in  response  to  calculated  difference  to      compensated for
inaccuracies and drift in the sensor 16.      In one embodiment,
microprocessor 22 stores a number of      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 spirit 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.          WO 97/25602
PCT/US96/20681                        -12-     WHAT IS CLAIMED IS:    1.
A transmitter in a process control system,    comprising:              a
sensor input for coupling to a temperature                   sensor having
a temperature dependant                   resistance;
resistance measuring circuitry coupled to the                   sensor
input having resistance output                   related to resistance of
the temperature                   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
output 



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                              -13-    2.       The
transmitter of claim 2 including:             a second wideband AC-coupled
amplifier                  coupled to the sensor input providing an
amplified output having an AC noise                  component and a
Johnson noise component;                  and 



second analog to digital conversion circuitry                  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.   4.        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 loop for
generating power for the transmitter.   7.       The transmitter of claim 1
including a memory   coupled to the temperature measurement circuitry
storing   a calibration value 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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-14-    10.       The  transmitter  of  claim  1 wherein  the   resistance
measuring circuitry comprises:             a current source connected in
series with the                  sensor input;             a differential
amplifier for connection                  across the sensor input and
providing a                  difference output; and             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.    


