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Abstract

Instrumentation in a nuclear power plant is critical in monitoring the stability and
safety levels of a reactor. Temperature is a key measurement performed on the
core of a reactor to control the power output and sustain a safe thermal margin.
If there is a dramatic change in temperature, failure is likely to follow if action
is not taken to cool the system. Traditionally, to measure the temperature of a
reactor several resistance temperature detectors (RTD)s were placed in predefined
locations on the system. RTDs are typically coiled platinum wire wrapped around
a ceramic cylinder and encased in a metal sheath. Due to the harsh environment of
nuclear reactors, RTDs degrade and their resistance measurements drift over time.
This drift in resistance can be misunderstood as a drift in reactor temperature.
In the past, RTDs would be serviced every few years either through calibration or
replacement. To service RTDs the reactor is shut down, and a person is sent into
a dangerous environment. Using Johnson noise thermometry (JNT) will reduce the
need for servicing and provide a high-accuracy temperature measurement. JNT is
a fundamental expression of temperature that is invulnerable to drift in the RTD’s
physical condition. The signal processing behind JNT is presented in this document.
Spectral estimation methods are used to remove electromagnetic interference (EMI)
from the JNT measurement. These methods are unique to this dissertation. The EMI
estimation method is modeled and simulation results are presented. The modeling
of the EMI estimation involves locating EMI, analyzing EMI effects, and removing

EMI without bias. Finally, results from numerical and experimental verification are

vil



presented. The research presented here is important to the future of the nuclear
industry for several reasons. With this technology applied to existing systems, reactor
shut down time can be decreased, technician exposure to dangerous radiation zones
is decreased, and the cost associated with lengthy shut downs can be reduced. The
instrumentation community will benefit through the innovation of signal processing

for very small signal versus noise interference.
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Chapter 1

Introduction

Johnson noise thermometry (JNT) was demonstrated for in-core reactor temperature
measurement 45 years ago [3] but was applied for general temperature measurements
more than 87 years ago [4]. Even with a lifetime of research, JNT was never
commercialized due to the small signal to noise ratio. Johnson noise is the
desired noise signal, and electromagnetic interference (EMI) is the unwanted signal.
Measuring Johnson noise inside an environment with significant EMI, like a nuclear
reactor, has proven difficult. Mechanical vibrations, pumps, and other equipment
around the nuclear reactor contribute transient and periodic EMI to the measurement.
This measurement is heavily dependent upon the characteristic shape of the Johnson
noise power spectrum, advanced digital signal processing, and innovative electronic
measurement design. In recent years, the greatest impact on JNT research has
been the improvement in digital signal processing and the software algorithm
presented here. The principal expense in a Johnson noise measurement system is
the cost of developing the signal processing system that handles the JNT signal
and removes the other noise sources from the signal. Neither the electronics to
implement JNT nor the well-shielded transducer and cabling are especially expensive
components. Well-implemented JNT has the potential to compete economically

with other low-uncertainty thermometry techniques at high temperatures throughout



nuclear power plants. Further, JNT has the potential to become the preferred
thermometry technique throughout the process control industry due to its robustness
and low measurement uncertainty at a reasonable price. Once commercialized, other
industries outside nuclear instrumentation interested in reliable high-temperature
monitoring, such as large data and high-performance computing and automotive

electronics, are likely to adopt this technology.

1.1 Johnson Noise: A Brief History

Temperature is simply the measurement of kinetic energy at an atomic level. In
Einstein’s study of Brownian motion [5], the existence of spontaneous thermal
fluctuations in electrical circuits was discovered to be Johnson noise [6] and is a
first-principle representation of temperature that is invulnerable to chemical and
mechanical changes in a material’s properties [7]. This invulnerability is due to
the type of measurement JNT makes. Basically JNT is a continuous, first-principle
recalibration method of measuring temperature. John “Bert” Johnson published a
paper while working at Bell Telephone Laboratories (formally known as AT&T’s
Department of Development and Research) in 1928 discussing the measured effect
and problems of thermal noise within electronics [6], [8], [9]. Then in 1929, Harry
Nyquist (also at Bell Telephone Laboratories) published a paper deriving the thermal
noise effect by means of thermodynamics and statistical mechanics [10], [11]. While
Johnson was credited with the discovery, Nyquist made it relevant by developing the
following theorem about the power spectral density (PSD) of the noise voltage of a
resistor [6]:
1 1

dV: = 4hfRe(Z) 3 + cap(h Thpl) — 1 df, (1.1)

where h is Planck’s constant, kg is Boltzmann’s constant, f is the frequency, and Z



is the zero-state energy of the system. When operating in frequencies below a few

gigahertz, the equation is simplified to:

VZ = 4kpTRAY, (1.2)

where Af is the frequency bandwidth in hertz of measurement, R is the resistance of
the sensor in Ohms, 7" is the absolute temperature in Kelvins of the resistor, and V_i,?
is the measured mean-squared noise voltage [12], [13]. In 1946, A. W. Lawson and
Earl A. Long published the possibilities of using Johnson noise to measure extreme
temperatures [14],[15],[16]. Then in 1949 J. B. Garrison and Lawson published the
idea of using a resistor as the sensor in the Johnson noise thermometer [4]. This is
the method still used today for Johnson noise thermometers. This method is ideal
because the resistance and temperature are the only properties of the material that
the noise voltage depends upon [6]. However, the noise signal is very small and is
highly dependent upon the environment the noise thermometer is placed into. Figure
1.1 displays the electrical representation of a resistor and the noise voltage associated
with it. Figure 1.2 demonstrates an example of time domain JNT noise voltage and
the frequency domain JN'T noise voltage Fourier transformed from the time domain
noise voltage. Johnson noise distribution is Gaussian in three dimensions and can be

illustrated by a random walk process.

Figure 1.1: Circuit representation of noise voltage of a resistor
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Figure 1.2: Output JNT voltages and power spectral density from channel 1 and
channel 2

1.2 Brownian Motion vs. Johnson Noise

Brownian motion was originally observed by Jan Ingenhausz in 1785 while working
with powdered charcoal on an alcohol surface. However, the discovery is credited
to Robert Brown in 1827 while studying the random movement of pollen grains
suspended in water. Brown thought he was observing “evidence of life”. Brownian
motion is a macroscopic view of the random movement of fine particles in any
dimensional space [17]. Albert Einstein explained Brownian motion in 1905 in terms
of random thermal motions [18]. The theory of random thermal motion states that
any particle suspended in a liquid has equal probability to move in any direction
[11]. The noise produced by this is called Brownian noise, brown noise, red noise,
or random walk noise. Einstein’s theory on Brownian motion is based on the kinetic
theory of gases and states the mean kinetic energy per degree of freedom of a particle’s
energy is given by Equation 1.3 [11]:
1

1. —
—Muv2 = —kgT 1.3
o Vx = SNB L, (1.3)



where M is the mass of the particle, v, is the instantaneous velocity component in
the x-direction, v_§ is the mean-squared value that equals the variance for a zero mean
process, kg is Boltzmann’s constant, and 7' is the absolute temperature in Kelvins.
From this equation, it becomes obvious that the thermal noise in any conductive
material is simply the Brownian motion of electronics due to ambient temperature.
This is what Bert Johnson was observing. It turns out that most random noise is
shaped by the mean and covariance of the random processes. This is explained in

more detail in the random variable section of this dissertation (section 1.6).

1.3 Johnson Noise Thermometry Outside of
Oak Ridge National Laboratory

Several countries and research facilities are interested in JNT today. The basic
principle in Nyquist’s equation of noise voltage of a resistor is the foundation of
the research, but the method and application vary from institute to institute. Several
institutions have collaborated over the years. Research collaborations, as recently as
2014, have pursued parallel but slightly different JNT research paths.

The National Institute of Metrology (NIM, People’s Republic of China) published
an article in 2014 discussing the improved electronics developed recently at the
institute, along with the National Institute of Standards and Technology (NIST, USA)
[19]. NIST published in an article 2010 about its desire to reduce the nonlinearities in
its system. To reduce the nonlinearities, NIST developed a Josephson Junction array
probe and driver called a “quantum voltage noise source” (QVNS) [20]. The idea is
to use the QVNS circuit output voltage as a reference to compare to the JNT sensor
output voltage. NIM focused its efforts on researching the statistical uncertainty
due to the switching between the QVNS array and the sensor resistance temperature
detector (RTD). Through the addition of appropriate shielding and grounding, they

were able to remove uncertainty from the switching network and EMI [19]. NIST



focuses on absolute temperature dependance due to the ratio of the PSD of the
Johnson noise voltage to the PSD of the QVNS array. NIST only addresses EMI
rejection through a band-pass and low-pass filter /integrator [20].

The National Metrology Institute of Japan (NMIJ) has also collaborated with NIST,
as recently as 2012. NMIJ is very interested in the cancellation of time-dependent
drift in the measurement due to switching at the input of its electronics [21]. NMIJ
does not address EMI concerns in any of its publications. The National Institute
of Metrological Research (INRIM, Italy) had unique research of all the institutions
mentioned and used a completely different electronics system [22]. INRIM injects
a calibration signal into their electronics, which could be misconstrued as the same
pilot tone (PT) used by Oak Ridge National Laboratory (ORNL) [23]. To fully model
the system electronics ORNL injects a current in parallel (which ORNL call “pilot
tone”). INRIM injects a voltage into step-down transformers in series.

All of these institutions address different faults within JNT research and application.
However, none of them addresses the signal processing and software EMI removal
techniques addressed in this dissertation. Also, the test environments for their JNT
systems are clean laboratory environments with minimal EMI sources corrupting
the final overall temperature measurements. ORNL’s system is designed to endure
very harsh environments with large amounts of EMI and still compute the correct
temperature. The system and signal processing designed for this research project are
described in more detail in Chapters 2 and 3. The differences between the research

performed at these organizations and the research performed at ORNL are presented

in Table 1.1.
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Table 1.1: Comparison of JNT Methods
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1.4 Johnson Noise Thermometry at ORNL

In the late 1960s and early 1970s ORNL [3] developed an interest in using
thermometry in the High Flux Isotope Reactor (HFIR) to measure the fuel centerline
temperatures of the center rod in the core. The Instrumentation and Controls division
provided tungsten-rhenium thermocouples to measure temperatures of 1500°C [24].
Within days of the initial measurements, temperature drifts were noticed in the
system, so Vaughn Blalock (University of Tennessee) and Cas Borkowski developed
the first JNT implementation at ORNL [25]. From the background research previously
mentioned (section 1.3), they knew the resistance and noise voltage measurements
were critical for JNT to be successful. The amplifier and filter electronics, still
used in the system today, were initially designed in the mid-1970s. While working
on this system, ORNL researchers determined that EMI contributions to the noise
measurement were obstacles that needed to be overcome [23]. In 1977, ORNL won
an R&D 100 award for its work on JNT. In the mid-1980s, Dr. M. J. Roberts
(University of Tennessee) joined the team to develop much-needed signal processing
for spectral analysis of time-domain quality checks [23]. Several methods were
developed for long-term high-reliability nuclear power applications, including placing
the sensor in parallel with a capacitor to eliminate the system’s dependance on sensor
resistance. The shortcomings of this method are that the measurement requires a
large bandwidth and there is no EMI compensation. Another method developed was
placing the sensor in parallel with an inductor-capacitor-tuned circuit that narrows
the spectral range and reduces the bandwidth. The drawback to this method is
the inductor’s core loss is a noise source just like Johnson noise [26]. Neither of
these methods is still used in the system today. In the early 1990s correlation
techniques and spectral analysis were integrated into the signal processing, eliminating
amplifier /filter noise and detecting and rejecting periodic EMI. In 2002, ORNL joined
with the United States and Korean Nuclear Energy Research Initiative program to

perform correlation measurements. The temperature measurement system had a 1%



measurement uncertainty requirement at 1375 K, an 8-second response time limit, and
a requirement for 7 years of unattended operation. No conventional thermometer
could meet these goals [23]. However, the Johnson noise thermometers that had
been developed by ORNL, originally for fuel centerline measurement, were believed
to be able to meet these stringent requirements [27]. In April of 2012, ORNL led
the US Department of Energy Advanced Small Modular Reactor (SMR) Research
and Development program. The purpose of JNT in this and other projects was to
develop and demonstrate a drift-free Johnson noise-based thermometer suitable for
deployment near the core in advanced SMR plants. Figure 1.3 shows the system
developed. While it became apparent in the mid-1980s that signal processing is
critical in the measurement, it took a long time for the final version of the software
to be completed. The new software algorithm is the main subject of this dissertation.
While the early research at ORNL is critical to the current system, only the research
performed in the 1980s, 1990s, and 2000s is relevant to the research presented in this
document. This is the research period during which the signal processing aspects

were developed.
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Figure 1.3: Depiction of JNT system hardware

1.5 ORNL Signal Processing

Directly measuring temperature using Johnson noise is very challenging because so
many variables must be known or measurable and stable. The resistance of the RTD
sensor needs to be independently and accurately measured, as well as the amplifier
gain, passband, and filtering effects of the connection cabling. Early Johnson noise
thermometers measured a ratio of two noise voltages to avoid these difficulties. One
noise voltage is at the measurement temperator and the other voltage at a known
temperature. The two noise voltages are then switched onto a single amplifier /filter
channel, similar to the work presented by NMIJ, NIM, and NIST. Also similar
to NMLJ, NIM, and NIST, changing the connector of the sensor to the high-gain
measurement circuit introduced noise and decreased reliability [28].

The frequency band in which the measurement is performed is also very important.
The capacitive effect of the cable between the sensor and the first stage amplifier

will greatly impact the bandwidth of the measurement. If the cable has significant
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capacitance, it will block the high frequency portion of the sensor noise before it
reaches the measurement system. The cable capacitance is susceptible, over time,
to the temperature and radiation environment inside the containment structure of a
reactor. Because the electronics are housed outside of the containment, a 25 meter
cable is required, which adds a great deal of capacitance (many nanofarads). ORNL
currently corrects for this effect using a pilot tone (PT) sweeping technique (discussed
in Chapter 3) that measures channel gain and frequency variations. The measurement
is band limited across 15-40 kHz. Bandlimiting data is discussed further in later
sections of this document.

Two signal-processing concepts were investigated before the present method was
implemented [29], [8]. In the first of the two methods, an RTD is connected in parallel
into the input of two high input-impedance amplifier/filter electronics channels.
Because each amplifier/filter channel consists of the sum of a correlated noise voltage
and the uncorrelated amplifier noise voltage, the outputs of the amplifiers/filters
are partially correlated. The two output signals from the amplifiers/filters are
combined and time averaged causing the correlated part of the noise to persist
and the uncorrelated noise to approach zero. Figure 1.4 illustrates the concept of
cross correlation; the measured voltage from one amplifier/filter channel is Fourier
transformed (FTed) and correlated with the second Fourier-transformed channel
voltage to form a cross power spectral density (CPSD) measurement, effectively
eliminating the noise contribution from the amplifier/filter electronics.

The Johnson noise signal consists only of a flat-white spectral energy distribution.
As displayed in Figure 1.4 and Figure 1.5, the shape of the Johnson noise PSD function
is a result of the combined effects of filtering out both low and high frequencies
(outside of the bandwidth of the measurement) from the noise and the frequency-
dependent gain of the amplifier /filter channel. The low frequency filtering eliminates
the nonthermal noise generated by mechanical vibrations. These low frequency
microphonic signals are typically less than a few tens of a kilohertz. The highband-

frequency filtering minimizes the impact of sensor-to-amplifier cable capacitance,
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Figure 1.4: Power spectral density (PSD) function of each amplifier/filter channel
path containing correlated and uncorrelated noise. Also shown, the cross power
spectral density (CPSD) function from both amplifiers/filters with only correlated
noise.

restricting the high frequency signal transmission. From there, CPSD is calculated
and has the units of volts squared per hertz, (V2/Hz). CPSD conveys the power
content per unit frequency of the measured noise signal. It is derived from the
individual channel voltages (Figure 1.4).

The second method focuses on removing not only microphonics again but also
EMI “spikes” as the biggest problems for practical implementation. Depending
on the environment, these effects can completely dominate the noise measurement
by saturating the amplifier/filter channels. Grounding, filtering, and shielding
become critical to preventing these noise sources from corrupting the Johnson noise
measurement. However, the method cannot completely prevent EMI from corrupting
the measurement. To reduce these effects one must use both knowledge of the
spectral energy content of Johnson noise and digital signal processing to recognize and

eliminate interferences. Narrowband EMI always appears as spikes in the long-term
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average CPSD. They can be recognized and removed with only a small reduction in
measurement, bandwidth as illustrated in Figure 1.5. The present method of signal
processing used on the ORNL JNT system is depicted in Figures 1.6 and 1.7. The final
calculations solve for the nonpilot tone resistor power spectral density (NPTRPSD),
the despiked NPTRPSD, the pilot tone resistor power spectral density (PTRPSD),
the despiked PTRPSD, the sensor resistance (Rs), the sensor temperature, the
nonpilot tone Johnson noise thermometry temperature (NPT JNT temperature), the
pilot tone Johnson noise thermometry temperature (PT JNT temperature), and the

characterization of the pilot tone attenuator (|H,(f)[?).

CPSD (V*/Hz)

\ 4

f (Hz)

Figure 1.5: Cross power spectral density output of two amplifier /filter channels
[G12(f)] with narrowband EMI spikes. Ga(f) = JNT noise + transfer function of
electronics + EMI spikes
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Figure 1.6: Flow chart of steps taken in the JNT signal processing

Initialize Hardware Rejection
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Figure 1.7: Descriptive diagram of the “Acquire Data and compute power spectral
density and cross power spectral density” block
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Voltages are sampled in blocks made of 16 sub blocks (Figure 1.8). Each sub block
is evaluated for noise spikes. A sub block of data is considered to have an EMI spike
if the standard deviation of that sub block of data is twice the standard deviation of
the overall block data. Figure 1.9 is a flow chart of the EMI removal technique. If a
spike is detected, the sub block is rejected, as well as the sub block before and after
(total of 3 of the 16 sub blocks). The entire block of data is only rejected when all
16 sub blocks are rejected. The power of the signal is reduced due to the loss of sub
blocks and therefore needs to be corrected. The power is directly proportional to the
number of sub blocks accepted. To correct the loss of power, divide the signal by the
ratio of the number of accepted sub blocks to the 16 sub blocks (Equation 1.4). All
of the rejection performed before Fourier transforming the signal into the frequency
domain is time-domain windowed. A rectangular window is used for time-domain
EMI rejection. After the power is corrected, the signal is then FTed, and the signal
processing begins in the frequency domain. If more data points were acquired inside
a block, it would allow for more sub blocks, reducing the overall number of sub blocks
rejected versus accepted in a block. Currently in the software presented here, 2'* or
16,384 data points build the total data block. Taking more data points is preferred
but is limited by the hardware of the computer.

(1.4)

Corrected Signal = Signal ( 16 sub blocks )

Number of accepted sub blocks

€ 1 Block of data (24)

I XX XL /L €= Sub-block of data (x16)

Figure 1.8: Sample block of data with 16 sub blocks; total data points = 2'4
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Figure 1.9: Spike removal flow chart
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Since rectangle windowing is used in the time domain, the Fourier Transform
(FT) of a rectangle over infinite time corresponds to a sinc function in the frequency
domain (Figure 1.10) [30]. This EMI removal technique is referred to as “despiking”.
The despiking algorithm is discussed further in Chapter 2. Equations 1.5-1.7 display
the rectangle, sinc function and FT [30].

Rectangle Window Function
T T T

Sinc Function
T T

= rect(x)
rect(x)

05

-0.5

y(t)

y(f)

. . . . . . .
-2 -1.5 -1 -0.5 0 05 1 1.5 2 -0.5 L L L L L L L L L
Time (s) 10 -8 6 -4 -2 0 2 4 6 8 10

(a) Time domain rect window (b) Frequency domain sinc filter

Figure 1.10: Windowing function

0 if [f|>3
rect(t) =< 1 if |t =1 (1.5)
1if |t <3
sinc(f) = %}Tf) (1.6)
/ rect(t)e Il — %}Tﬁ = sinc(mf) (1.7)

Because the rectangle function (rect) samples over the entire time block, the sinc
function repeats at 0, Af, 2Af, 3Af, etc. (where A is the sampling rate divided
by the number of points in a block of data) infinitely over the bandwidth of the

measurement, as displayed in Figure 1.11. The gain of the Johnson noise and all EMI
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Figure 1.11: Graphical representation of frequency domain sampling

detected under a single sinc function are added together to equal the total noise value
of that sinc. This works perfectly if all noise falls at f, Af, 2Af, 3Af, etc., but the
problem with this signal processing technique is that noise is random and can fall
anywhere in the frequency band. If the noise falls somewhere between f and any Af,
the noise is detected by multiple sinc functions and the magnitude is added to the
noise value for all sinc functions. What if the JNT signal does not fall where a single
sinc function will capture it? Furthermore, depending on where the signal spike falls,
the multiple sinc functions detect different gains for the same noise signal. The EMI
noise sources need to be differentiated and subtracted out appropriately. To do this,
spectral estimation is used. Signals detected with a magnitude less than the standard
deviation are captured. Signals with magnitudes greater than twice the standard
deviation are removed and replaced with the baseline (or signal floor). Determining
this signal floor is critical and can be incorrect if there is too much unwanted noise.

Once the data have gone through this process, the computations can begin.
The PSD and CPSD for the channel outputs are calculated. Also, cross-frequency
responses are needed. With this information and the Callendar-Van Dusen equation,

the temperature is computed. The Callendar-Van Dusen equation is a mathematical
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representation of the relationship between resistance and temperature of a platinum

RTD; refer to Equation 1.8 [31].

R(t)=RO)[1+Axt+Bxt*+(t—100)C x t*; (1.8)

where R(0) is the resistance measured at 0°C' and A, B, and C' are constants derived
from resistance measurements across a range of temperatures. As a function of
temperature, RTD exhibits a nonlinear parabolic resistance. A table of values for
R(0), A, B, and C for each RTD and cable combination is built for testing. These
computations depend highly on clean data from each of the channel outputs and the
coherence between them. Coherence refers to how similar the output arrays are across
the given time or frequency domain. Then the signal processing starts all over with
a new block of data.

Ultimately, the goal of this research is to measure temperature reliably, repeatably,
and independently of electronics and EMI. The temperature is dependent on many
variables that are influenced by EMI corruption. The cross power spectral density
G12(f) (explained in Chapter 2) is greatly influenced by EMI corruption. Correctly
calculating G12(f) depends on good EMI removal techniques as well as a full
understanding of what this variable represents. Gia(f)’s distribution is derived in
the next section. If Gya(f)’s distribution does not follow these derivations, the

temperature computation will be incorrect.

1.6 Random Processes and Probability Density
Functions

Random processes are discussed in this chapter to fully explain the complexity of
measuring the sensor noise voltage, the EMI noise voltage, and other noise voltage
sources. The study of random variables is an approach to mapping outcomes from

random processes to numbers. The mapping of these random processes to quantifiable
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values is important because then mathematical notation can be applied to these
outcomes. There are two types of random variables: discrete and continuous. Discrete
random variables take values in a finite or countable set, while continuous random
variables take on values in an interval or collection of intervals. The most common
mathematical notation applied to random variables is the probability density function.

The probability density function represents the probability that a random variable
falls between two limits. The probability density function is given by the following

equation:

x(2) = S Fx(o), (19)

where fx(z) is the probability per unit x and Fx(z) is the probability [1]. The

probability density function has four properties:

1. fx(z) is non-negative, fx(x) >0, - co <z < 00

2. fx(z) has unit area, [ fx(z)dz =1

3. Fx(z) is the cumulative integral of fx(z), [ fx(A)dA

4. The probability that X falls between two limits is the integral of the probability

z2
density function between those two limits: Play < 2 < o] = [ fx(z)dz
z1

The probability density function is important in this research because the noise
voltage associated with JN'T is a random process. The output voltages of each channel
chnll (Vi(f)) and chnl2 (V,(f)) are complex-value random processes with a Gaussian
distribution for the real and imaginary parts and a mean equal to zero.

Vi(f) is the FT of v;(t) with both its real and imaginary parts having a mean
of zero [32]. Equations 1.10-1.15 derive the transformation of the moments or the

variance and covariance [33].
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E [v{(t)oy(7)] (1.10)
= E[{[(vrs(t) + vge(8)) * hg(8)] * hi () H{{(vRs(T) + vRe(T)) * hs(7)] % ha () }]

where

(1) = [(VR (1) + vRe(t)) * A ()] * hi (1)
= VR, (1) * h(t) % Iy (1) + V() * hg(t)  hi(E) + gy (2) + h1(2)
= Upy(t) * W7 (1) + VRo(E) * A7 (1) + vy (8) + h1(2)

t t

:/[h*(t—Tg) X Vs (T2)] d7'2+/[h*(t—7'2) X Vp(T2)] dTo
0 (1.11)

[e=]

t

+/[h*(t—72)><v L(72)] drs

/ (t —T2) X Vpe(T2) + W™ (t — T2) X Vi (T2)
0

+ hl(t — 7'2) X Ual(T2>]dT2,

with h*(t) = hi( jh t — 7)h3(7)dT [33].
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01(7) = [(VRs(T) + VRe(T)) * hs(T)] * ha(7T)
= URs(T) * hs(T) % hi(T) + VRe(T) * hys(T) * hy(T) + va1(t) * hi(7)

= URs(T) * h(T) + URC<T) * h(T) + Ual(T) * hl(T)

= / [h(T — 75) X vRs(T5)] dT5 + / [h(T — 75) X VRe(75)] dT5
0 T 0 (1.12)
+ / [hi(T — 75) X Va1(T5)] dTs5

T

= /[h(']’ — 7‘5) X 'URs(TS) + h(T — 7-5) X 'URC(TS)

0

+ hl(T — 7'5) X Ua1<7'5>]d7'5,
with h*(7) = hi(7)*hi(1) = [ hi(T—T73)hi(73)dTs [33], hs(T) is the frequency response
0

from the sensor to the amplifier inputs, and hy(7) is the amplifier/filter combination

frequency response of chnll.
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[i(®)oa(7)] =

/ (t — o)V (T2) + R (t — T2) Vg (T2) + R (¢ TQ)UZl(TQ»dTQ] X
L0

o\

(1 — ) + b — 7+ b — ) <Ts>>d75]

- / / (b — )l (72) + B*(t — )0 (72) + Rt — o)l ()X
(h(T — 75)vRs(75) + A(T — T5)VR(T5) + A1 (T — T5)Va1(75))]|dT5dT2

= //[h*(t — To) (T — T5) Vs (T2) Vs (T5) (1.13)

~
|
o
=
—~ —~
B
|
=
~—
<
* ¥
Q
—~
o
~—
<
=y
)
—~
=
~—

T — 75 )Upc(T2) VRe(T5)

+ hi(t — m2)h(T — T5)V}; (T2)VRs(T5)

(t =)
(t =)
(t =)
(t = 72)
+ B (t = o) (T — T5) V(7o) Var (75)
(t =)
(t =)
(t = 72)

(
(7 — 75)va1 (T72)VRe(T5)
(

T — T5)Uiy (T2)Va1 (75)]  dTsdT2
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E vy (t)"v1(7)]
= E[// [0 (t — T2)h(T — 75) Vs (T2) VRS (T5)

+ h*(t — 1) h(T — 75) Vs (T2)VRe(T5)
+ Rt — 12)ha (T — 75)VRs(T2)Va1 (75)

(
(
+ W (t — 1) R(T — T5)Uhe(T2)URs(T5)
+ W (t — 1) (T — 75) 0, (T2)VRe(T5)
(
(
(
i

)
)
)
)
+ Bt — 72)ha (T — 75) VR (72) Va1 (75)
+ Bt — 1) (T — 75)0k (T2)URs(75) (1.14)
)
)

(
+ hi(t — 2) (T — 75) V5 (T2)VR(T5)
+ it — 1) h(T — 75)v51 (72) Va1 (75)]  dTsdTs]
— // (t — o) (T — 75)dT5d | E[vg (T2)VRs(T5) + Vi (T2)VRe(T5)
+ Vs(72)Va1(75) + VRe(T2)VRs (T5) + Vie(T2)VRe(T5) + VR (T2)Va1 (75)]

+

o\

/ [h1(t = 72)h(7T — 75)|E[vg, (72)vRs + vg1(T2)VRe
0
+ v (T2) Va1 (75) | dT5dT)].

if 5 # 1, E[vh,(m2)vrs(15)] = 0 because E[v},(12)] = 0 and Efvgs(ms)] =
0. Also, E[vg,(r2)vre(7s)] = 0, E[vg,(m2)vai(15)] = 0, E[vg.(r2)vrs(15)] = 0,
E[v(72)0re(75)] = 0, E[vg(72)va1(75)] = 0, E[v7, (72)vRs(75)] = 0, v (72)vRe(75)] =
0, E[vg1(72)va1(75)] = 0, E[v;1 (72)vRs(75)] = 0, E[v,(72)vRe(75)] = 0, E[v7, (72)var (75)] =
0 because E[v},.(12)] = 0, E[v},(12)] = 0, E[vg.(75)] = 0, E[v},(75)] = 0. Therefore if
Ts # To, all of the signals are uncorrelated.

If 5 = 7, E[vh (m)vrs(ts)] is correlated, E[vh.(72)vre(Ts)] is correlated,
E[v},(72)va1(75)] is correlated. All other expected values equal zero since the voltages

are uncorrelated even when 75 = 7. This simplifies Equation 1.14 to Equation 1.15
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[33].
E [v] (t)vi(7)]

/ / (t = 12)h(r — 75)drsdnalBluh. (72)0ma(7s) + v (72)0e(75)

+ / / Bt — ) (7 — 75)drsda] B0, (72) v (75)]
= / / [0(t — T2)A(T — T72)drad o) B[, (72)vrs (T2) + Ve (T2)VRe(T2)]

+ O/O/[h*{(t — 7o) (T — o) drod | E[v} (T2) Va1 (T2)] (1.15)

= /[h*(t — T2)W(T — T2)dTe] E[vR (T2)VRs(T2) + VRe(T2)VRe(T2)]

t

+/WW—DMU—wMMEMNM%Mﬂ

= /[h*(t — o) (7 — 72)d7a|E[|vh (72)]* + [V (72) ]

+/hW—w (7 — ) dm Bl ()2,
0

Therefore, the assumption can be made that Equation 1.10 simplifies to Equation

1.16.
E [vf(t)vi(7)] = (E UURS(t)ﬂ +E [|URC(2f)|2] +E [|va1(t)|2}) * h2 * h3. (1.16)

The [vh(72)]?, [Vh(T2)|?, [0} (72)]? have chi-square distribution with a mean equal
to zero and a variance equal to the square of the standard deviation. Therefore,

[vf(t)v1(7)] has a gaussian distribution when 75 = 75 because the product of two
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gaussian distributed random variables is another gaussian distribution [34]. Also, the
variance of [v}(¢)va(7)] has a gaussian distribution when 75 = 7. It can then be
concluded that:

(1.17)

G~ 8 [ 400

A
G12(f)’s real and imaginary parts have a chi-square distribution when normalized
because G12(f) is an estimate of an expected value of the random process. The chi-
square distribution is a specific case of the Fox H-function. The Fox H-function or
the “H-function law” is a symmetric Fourier kernel to the general Meijer G-function
(Figure 1.12) [35], [36]. It is transformed by means of the Mellin integral transform.
The H-function distribution was introduced by Charles Fox in 1961 [37]. Cornelis
Simon Meijer introduced the G-function in 1936 with which his name is associated.
The definition of the H-function is given in Equations 1.18 and 1.19 [35]. There are
some slight variations of this definition, but this will be the one used here, where
0<m<q0<n<p a;>0forj=12..p, B >0forj=12,..q Note, o; >
0forj=1,2,..,p, B; >0forj=12, .. ¢ are complex numbers and therefore no
pole of I'(b; — B;s) for j = 1,2, ...,m occurs with any pole of I'(1 — a; + a;s)] for j =

1,2,...,m.

Meijer G-Function

f

Fox H-Function \

Gamma Maxwell Half-Cauchy
Distribution Distribution Distribution
Weibull Chi-Square

Distribution Distribution

Figure 1.12: Flow chart of distribution functions
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g | | () (@ o) = H(2) (1.18)

e (bbﬁl)v >(bqaﬁq>

[ﬁlr(bj _ 5].5)] [.nlf(l 4+ ays)

H(z)= 2%” ; ; 2°ds
c [:HHF(l —b; + B;9) [':HHF(% - ozjs)]
(1.19)
[ﬁ L(b; + B;9) [ﬁ I'(l—a, ozjs)]
|
[.:HHF(l —b; — B;s) [‘=H+1F(aj + a;s)

where M™! is the inverse Mellin transform [38]. The H-function distribution is
specified by its probability density function, and the relevant range is equal to one
due to multiplying the H-function by a normalizing constant. It is a transcendental
function that does not have a unity integral over a given range. What makes it
relevant to this research is that it is a generalized form of many special cases of
classical distribution, as shown in Figure 1.12. It allows for simplified handling of
algebraic functions of “mixtures” of these special variables [37]. Equation 1.20 defines

the special case of the H-function chi-square distribution [35].
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Let 6 = g and ¢ = 2 for the gamma-distribution

x@—le—x/qﬁ
f(ill') = (ber—@, forx > 0;60,¢ > 0.
Therefore the chi-square distribution is (1.20)
2—1,—x/2
f(x):%,forx>0;v>0
221(3)

J(@) = 2r1(§)H(1’3(1) Bx ’ (% - b 1) ]

An evaluation of the H-function properties is another way to prove that Gya(f)’s
real and imaginary parts have a chi-square distribution when normalized. It is also
important to understand the mixture of chi-square distributions for the computation
of H,. First, determine if the product of two H-function random variables is another
H-function random variable. Then, determine whether the ratio of two H-function
random variables is another H-function random variable.

Deriving the product of H-function random variables, using Theorem 6.4.1 from

i1, O Qin.y O
mim; ( j1s jl)a 7( Jp;jo Jp)
ijpqujJ CiT; ! ! y Ly > 0

fj(ajj) = (bjl,ﬁjl), ,(quJ'J/Bj(Ij) (121)

0 , otherwise.

where 7 = 1,2,...,n and then for the random variable Y = H?:l X the probability

density function is [35]
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n n

hy) = = J;pj}; R (b1, P11), - a(bnqwﬁnq]’)
0 , otherwise.

(1.22)
where the sequence of parameters (aj,, j,) is v = 1,2,...,n; for j = 1,2,...,n, and
v=mn;+1,n;+2,...,p; for j =1,2,...,n. And the sequence of parameters (b, B;,)
ist v=1,2,...m;forj=1,2,... ,n,andv=m; +1,m; +2,...,¢q; for 5 =1,2,....n
[35].

From [35] PROOF: The Mellin transform of f;(x;) is:

Lﬁl by + ﬁujs)} ijl I(1 = ay; - Oévjs)}

k.
M{fi(z)} = c—i " . , (1.23)
’ [ [T T(—by— 5113'3)] [ [T T(ay, +04ij)]
v=m;+1 v=n;+1
using
c+i00 n
ha(y) = QLM v [ Ma(fil))ds, e <c<oc (1.24)
c—100 i=1
ht(y) = M~ HMS{fj(mj)}] , Y>>0
Li=1
ey )] [Tra-a, - o)
=M c_i qq'):1 T Dj 7
o [ [[ T(—b, —@st)] [ Il F(avﬂr%js)]
L v=m;+1 v=n;+1
fory >0
(1.25)
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Therefore, from the inverse Mellin transform

ctioco

QLm' 511_}1{)10 7 M(f(2))ds. (1.26)

c—100

Equation 1.25 can be derived across the integral (¢ — ioco, ¢ + i00):

[ﬁ Tﬁ I'(by; + 5ij)] [ﬁ ﬁ I'(1 —ay; — Oévjs)]

’Ll k; j=1v=1 j=1lv=1
ht (v) = HJZm / n qj n D
[H [T D=0y - ijs)] [H [T Tlay+ %js)]

j=lv=n;+1
~ T (1.27)
y) ds

j=1
n Xj:m]7§n3 n a ,Oé 9 ) an 7an
_ <H k,j) szl ]n_l (H CJ) y ( 11 11) Pn pn)
7j=1 ann7 6'”/‘177,)

J§1Pj7j§1Qj 7=1 (bll7ﬁll)7 (R

j=lv=m;+1

—_

Therefore, the product of two random processes with chi-square distribution is

another random process with chi-square distribution. A general derivative of chi-

square distribution is given here. “x2” represents the chi-square variable with n

degrees of freedom [39]. The PDF of x2 is given in Equation 1.28 [40].

n -1 n —
p(x?) = [2"°T(n/2)] ()P 7DeX*2. (2 >0 (1.28)

where I'(n/2) is the gamma function. The mean and variance of x? are given in

Equation 1.29 and 1.30 [39].

B[] = e (1.29)

E[(x; — )] =0k (1.30)

30



0.8 7

N=1
/
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Figure 1.13: PDF of chi-square distribution [1]

Next, the ratio of two random processes with chi-square distribution is evaluated.
If 41 is a chi-square distribution with k;-degrees of freedom and - is a chi-square with
ko-degrees of freedom; then the density function of w = y,ys is displayed in Equation

1.31 [41]. Where y, independent of y;.

1 1 1
skit+ska—1 5
w22 K%klfékz(wQ)

Q%kﬁ%krlr(%kl)r(%@)

h(w) = (1.31)

If y; and y, are independent chi-square distributions with degrees of freedom differing
by one (i.e., ks = k; + 1) then the distribution of h(w) is also chi-square with 2k-
degrees of freedom [41]. Where K1 (wz) = %[(2%)%(3_“’%10_%] and T'(3k)T (3514 3) =
m221 R (k) [41].

The chi-square distribution with n-degrees of freedom converges to gaussian
distribution as n — oo. From this the ratio and product of the distribution is based off
of gaussian mixtures. The product of two gaufssian distributions is another gaussian

distribution [34]
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1.7 Direct Contribution to Research

e Contribution: Develop, optimize, and validate JNT signal processing with EMI

removal techniques

e Key Attribute: The ability to remove the EMI without biasing the noise

measurement

e Novelty: White noise is the signal of interest. Typically, systems focus
on minimizing the effects of white noise, whereas this system relies on it.
This makes the measurement uniquely difficult. The application of this
signal processing to JNT will limit human exposure to hazardous radiological
environments, will allow for shorter nuclear reactor shutdown times, and

therefore will save money.

To achieve the goals listed above, the following tasks were completed

1. Review data obtained while performing measurements with JNT system before
any EMI spikes have been removed and after EMI spikes are removed. Remove

EMI spikes without biasing the overall temperature measurement
2. Analyze effects of the removal of EMI spikes on the resistor PSD (RPSD)

3. Estimate where the EMI spikes are located and how large they are (demonstrate

accurate mode)

4. Perform numerical and experimental verification

e Compute G1a(f), Gio_g(f), and PDF of RPSD
e Validate algorithm though MATLAB simulations

(a) Simple EMI case (single TD sine wave)
(b) Complex EMI case (multiple TD sine waves)

(¢) a,b with multiple EMI spike to find limits of the model
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(d) Simulate testing the limits of the model

(e) EMI environment similar to JNT environment (ambient, broadband,

Sandia, and single sine)
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Chapter 2

Existing Signal Processing

Technique: Rejection Method

2.1 Spectral Estimation

Two techniques of spectral estimation are parametric and nonparametric. Parametric
techniques are generally used when there is a known functional model of the system
and the only thing lacking is a parameter value or values within the model. Parametric
techniques assume that, while using a small number of parameters, a model of a
fundamental stationary stochastic process can be fully defined. These parameters
must then be found or estimated. Nonparametric techniques do not rely on a known
functional model of the system. Instead, they estimate the spectrum of the process

without assuming any parameters or fundamental stationary stochastic structures.

2.2 ORNL Techniques for Spectral Estimation

For the signal processing used in the JNT project, a nonparametric technique is
applied within the JNT software. In principle, a parametric technique could be used

if the amplifiers and filter hardware were modeled accurately. However, it is not
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known whether these parameters are reliable over extended periods of testing. One of
the goals of the signal processing is to detect if/when the amplifier gain or the filter
poles and zero locations change. These parameters could be used with this technique,
but that requires a nonlinear least-squares fit approach to the parameter estimation.
The nonlinear least-squares approach causes problems with convergence due to the
number of estimated parameters and the amount of time required to perform the
computation. In addition to these parameters, we have EMI that complicates the
parameter estimation of the amplifier gain and filter poles/zero locations. EMI adds
further complexity to the signal processing. Using nonparametric techniques for this
temperature measurement allows for better PSD and CPSD estimates. The longer
the temperature measurement runs, the better the estimate becomes [2]. A discussion

of this follows in this chapter.

2.3 Power Spectral Density and Cross Power
Spectral Density

PSD is the signal power within a unit bandwidth. Estimation of PSD is commonly
done by sampling a stochastic process for a finite time and analyzing the samples
with the discrete Fourier transform (DFT) [1]. The PSD of white noise is constant
for a given temperature. In other words, the PSD of white noise is constant power per
frequency. The double-sided PSD of the open-circuit noise voltage of any resistance
is given by Equation 2.1 and is derived from the noise voltage in Equation 1.2. This
equation was developed by Harry Nyquist while working at Bell Telephone Laboratory
[10].

G’U(f) =

ohfR ] o)

pr(hf/ kt) —1
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where at low frequencies (f < 100GHz), the PSD is approximated by
G,(f) = 2kTR. (2.2)

This is true for any resistance at any temperature regardless of its composition or past
history [2]. Because the application is to reliably measure absolute temperature over
a long period of time regardless of degradation of the sensor, the resistor temperature
measurement is possible using only two of the following: (1) the PSD of the open-
circuit noise voltage, (2) the PSD of the short-circuit noise current, and (3) the
resistance of the sensor. For this application, (1), the open-circuit noise voltage PSD,
and (3), sensor resistance, are used for absolute temperature calculation. Even though
the sensor resistance drifts over time, it is still possible to use it as one of the variable
for resistance-temperature measurements. The real-time DC voltage of the resistor
must be monitored as well as the averaged JNT resistance. Corrections can be made
along the way to re-calibrate real-time DC voltage measurement. A few important
properties of PSD [32] used in this research are listed in Table 2.1. These properties

are explained below [1].

Table 2.1: List of Important PSD Properties

3. G(f) = real

4 [ Gu(f)df = [E{G.(H)})

5. [ Go(£)e™mdf = [Ry(tt +7)]

Go(f) = [ [Raltst + 7)) e2I7dr,

—00

where G,(f) = time average of the auto-correlation function, forms a FT pair.
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Intuitively, when thinking about EMI detection it seems natural to work in
the frequency-domain. However, when analyzing random time-domain processes or
signals with frequency-domain techniques, the F'T are not as straightforward. The
FT of a stochastic process does not exist because x(t) technically exists for all time,
and its energy is infinite. Therefore, the process must be truncated and then FTed.
Analyzing a continuous time stochastic process, xa, the following steps are taken to
approximate the FT. First a new function is defined with a finite energy level.

()= 4 T i< El w(t)rect(t/A) (2.3)

A
0, [t| >3

The strict sense FT of xo with A infinite therefore is

za(f) = Flza(t)) = / za(t)e I* s, (2.4)
Using Parseval’s theorem:
A2 o
[ wsopa = [ (Faatfa. (25)
—A/2 —00

Then dividing through by A to get the average signal power over A,

A2 o0
5 [ @atra=5 [1Fs@Pd (26)
~A/2 —o0

As A approaches infinity, the left side of the equation becomes the average power
over all time, and so is the right side of the equation [1]. Even though the FT does

not exist within those limits, the expected value of the FT does exist:

A/2 00
E %/(mA(t))th =E %/|]—"(mA(t))|2df (2.7)
—A/2 —00
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or

AJ2 o
5 [ EGa@®) =5 [E1F@awF (2.8)
—A/2 o

Now, taking the limit as A approaches infinity, the expected value of 22 becomes

A/2 00
Jm 5 [ BGH© = Jim 5 [ BRG] 4 (2.9
—A/2 —00

(E(z2(t))) = / lim E[M} df = X2(f), (2.10)

A—00 A

where the integral in the right hand side of is the PSD. This is the PSD because it is

a measure of the average power per unit frequency of a random process [1].

_/—" 2
Gx(f) = Jim & | (211)
and .
/ Gx(f)df = signal mean - x(t)*> = average power of z(t) (2.12)

In the PSD for this research all the power is accounted across all frequency space,
also called double-sided [1].
Analyzing a discrete time stochastic process, xa, the following steps are taken to

approximate the continuous time FT":

A=NxTs (2.13)
et - g 2 (TP o1y

and ,
/GX(F)df = signal mean - [n)? (2.15)

0
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where the FT is in discrete-time (DFT) defined by

o0

zln] = FHX(F)) = /X(F)ej2”F”dF < X(F) = Fla[n)) = Z a[n]e 92T Fn
0

or (2.16)
2T o0

2[n] = FHX(Q)) = % /X(Q)ejﬂndQ 5 X(Q) = Faln)) = Y aln)e
0 n=-—0o

Johnson noise is a continuous time stochastic process that has a constant PSD. It

R \R
where A is Amperes and the open-circuit noise voltage PSDis G,(f) =2k T R (};—i) .

is known that the PSD of a short-circuit white noise current is G;(f) = 2&L (A—2>,

In the measurements performed for this research the JNT PSD is referred to as the
RPSD. The RPSD calculated here is constant over the band-limited frequency range
from 15 kHz to 40 kHz and is defined in Equation 2.33 below.

PSD is the FT of autocorrelation, and CPSD is the F'T of cross-correlation. The
CPSD properties are listed in Table 2.2 [32].

Table 2.2: List of CPSD Properties

L. Rxy(t) = Gxy(f) or Rxy[n] ¢ Gy (F)
2. Gxy(t) = Gyx(f) or Gxy[n] = Gy x(F)

3. Re(Gxy(f)) and Re(Gyx(f)) are both even
4. Im(Gxy () and Im(Gyx(f)) are both odd

The next few sections illustrates how the algorithm developed in this research
approximates the PSD theory to calculate the absolute temperature of a system being

measured by an RTD.

39



2.4 Sampling Property

An important property to review when discussing PSD is the sampling property of an
impulse. The sampling of a stochastic process (for a finite time) is most commonly
used for estimation of PSD. The samples are analyzed using a DET [1]. The definition
of the sampling property is, if g(x) is finite and differentiable at z = x(, then

(e}

/ g(x)d(x — x)dt = g(x0), (2.17)

—00

where the product of g(z)d(z — xg) = g(xo)d(x — x¢) because

g(x)d(z — x9) = g(x0)0(x — x0), T =29

g(x)d(z — x9) = g(x0)0(x —20) =0, T # 19

(2.18)

The importance of the sampling property becomes apparent in the section
discussing the estimation of a power spectral density. When computing the PSD
and CPSD the expected value is found causing the function to no longer be random.
However, for this research an estimation of the expected value is computed. This is
due to the sample mean property. X, is a random process with N samples evenly
distributed at n = 1,2,3,..., N. The estimate of average N samples is found using

Equation 2.19 [32].

- 1
Xy=+>_ X, (2.19)

where X ~ is a function of the set of samples {X,,} and is the estimate of the mean of
the random process. Equation 2.19 represents the effect of averaging over the random
process and is called the sample mean. This allows for the probability density function
of the resistor PSD to be found in chapter 4. In equation 2.20 the expected value is
solved for [32].
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%Z Xn] = % Y E[X,] (2.20)

The variance is solved using Equation 2.21 [32].

7, =B | (- x)]

—E | X} - 2X Xy + X?|

1eh 1 &
T X D Xm] (2.21)

where E [X,,X,,] = E [X?] for n = m [32] and —X? = mean = 0. For Johnson noise

the mean is zero and the variance is defined by the limits of the integral.

2.5 Mathematical Derivation for Power Spectral
Density and Cross Power Spectral Density

The following information is from an unpublished document, by Dr. M. J. Roberts,
discussing the mathematics behind the correlation techniques utilized in this research.
After transient EMI is removed from the measured data (or the signal is windowed),
the signal is FTed and periodic EMI is removed from the data, the PSD and CPSD

are calculated from the output noise voltage of each amplifier/filter channel. This
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process is derived in this section. Full derivation of these equations is in Appendix A

2].

U1 (t) = {[vRs (1) + vre(t)] * hg(t) + var (8)} * ha(2)
v2(t) = {[VRs(t) +vRe()] * hs(t) +vaz(t)} * ha(t),

(2.22)

where v;(t) is the output voltage measured from amplifier/filter chnll, vs(t) is the
output voltage from amplifier/filter chnl2, vg.(t) is the cable noise voltage with
resistance of R.(t), vgs(t) is the sensor noise voltage of the RTD with sensor resistance
of Ry, va1(t) is the input noise voltages of chnll, and hy(t) is the impulse response of
chnll. Function hg(t) is the impulse response of sensor resistance in series with the
cable resistance, and the cable capacitance in parallel with the input capacitances of
the amplifier /filters, to sensor or cable resistance noise voltage. Figure 2.1 shows the
JNT system with the noise sources. The FT of Equation 2.22 is given in Equation
2.23.

VRe Rc

Figure 2.1: Simple electrical representation of JNT system and associated noise
sources 2]

‘/l(f) = {[VRs(f) + VRc(f)]Hs(f) + Val(f>}H1(f)
Vé(f) = {[VRs(f) + VRc(f)]Hs(f) + Va2(f>}H2(f)

(2.23)
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Denoting these output voltages in the frequency domain, V,;(f) is the FT of the
input noise voltage of chnll. Hi(f) is the frequency response of chnll to its input
terminals where Hy(f) = Vi(f)/Va(f). And H(f) is the frequency response of the
sensor resistance in series with the cable resistance, and the cable capacitance in
parallel with the input capacitances of the amplifiers/filters, to noise voltage of the

sensor resistance or cable resistance, where

1
- j2nf(Rs+ R.)C + 1

H,(f) (2.24)

The capacitance in the denominator is the parallel combination of the cable
capacitance and the input capacitances of the amplifier/filter channels: C' = C. +
Ca1 + Caa.

All of these calculations assume an ideal environment, which is not the case for the
application environment. As discussed previously, there are many sources of EMI that
contribute to the measurement and cause errors in the final temperature calculations.
Hardware filtering and signal processing remove a large amount of EMI. The two
sources of EMI spikes are transient (removed in time-domain signal processing) and
periodic (removed in frequency-domain signal processing). Figure 2.2 is an electrical
representation of the system with the noise sources and added EMI.

Taking into account the extra noise source for EMI, Equations 2.25 and 2.26
are the updated output voltage from each amplifier/filter channel and the updated

frequency domain expression.

v1(t) = {[vrs(t) + vre(t) + vE(t)] * hs(t) + var (£)} * hy(t)

va(t) = {[vRs(t) + vRe(t) + 0B ()] * hs(t) + vas (1)} * ha(?)

(2.25)
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Vi(f) = {lVRs(f) + Vre(f) + Ve(N]Hs(f) + Var (f) M1 (f)

(2.26)
Va(f) = {lVes(f) + Vre(f) + V() Hs(f) + Vaa () } Ha(f)

VRe Re

/

Cu Vi

Ca

=1

Figure 2.2: JNT system, associated noise sources, and EMI source [2]

The PSD and CPSD are calculated from the measured output noise voltages.
CPSD, Equation 2.27, is calculated using a cross-correlation function and two signals’

PSD. PSD, Equation 2.28, is a special case of CPSD where the two signals are the
same. The full derivation of PSD and CPSD is given in Appendix A.

where
z(t), —5<t<%
TA = )
0, otherwise

and the other signal has a similar definition. The PSD of chnll and chnl2 are defined
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in Equations 2.29 and 2.30.

Gu(f) = Jim B (me)Avl,A(f)) .
6utf) = Jim B (vmf)Aw,A(f)) 230

Using these equations and applying our signals Vi(f) and V,(f), the CPSD for JNT
system (with EMI) is:

Gua(f) = Jim E <VA<f>AVA<f>>

<({[VRS,A(f)+VRc,A(f)+VEA(f)] )+ Vara(F) YL () )
= lim E {Vrs,a(f) + Vre,a(f) + Ve,a(f)Hs(f) + Va2, a(f) Y H2(f)

A—o0 A

(2.31)

All mutually independent noise voltages, the following CPSDs are zero: Ggs gre(f),

GRS,E(f)a GRs,aZ(f)yGRc,Rs(f)a GRC,E(f)a GRc,aQ(f)y GE,Rs(f)y GE,Rc(f)y GE,aZ(f)a
Ga1re(f), and Ga12(f). This is because E [Vgs(f)Vr.(f)] = 0. And the CPSD

simplifies to

Gra(f) = [Grs(f) + Gre(f) + Gu(H)Hy (f)Ha(f)Ho(f)
= [Grs(f) + Gre(f) + Ge(f)]Hia(f),

(2.32)

where Hio(f) = Hi(f)Ha(f)|Hs(f)|?, is the cross power frequency response of the
(sensor + cable + chnll + chnl2) to the noise voltage of the sensor, Grs(f) is the
PSD of the sensor noise voltage, Gr.(f) is the PSD of the cable noise voltage, and
Gg(f) is the PSD of the periodic EMI voltage. The PSD of the RTD (sensor, R;),
the cable resistance (R.), and the EMI (F) are given in Equations 2.33- 2.35.
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GRs7Rs(f) = GRS(f) = Alg%oE (VES,A(f)VRS,A(f)) (2-33)
GRc,Rc(f) = GRc(f) = AIEI;OE (VR*C,A(f)VRc,A(f)) (2-34)
Gpe(f)=Ge(f) = AIE};OE (Ve a(H)Vealf)), (2.35)

as t — oo : averaged over and over again.
Rearranging Equation 2.32 to solve for the PSD of the sensor or noise voltage of

the sensor, without EMI:

G12
Grf) = 20 = Gl
= 2kT,R, from equation 1.2. (2.36)
2kT,R, = ffmgg — Gre(f)
Solving for temperature:
_ [ Ge(f) 1
T, = [Hu(f) — GRc(f)} X |:2kRs:| . (2.37)

Note that the sensor PSD E{%z%}— Gre(f) can be estimated at all frequencies
as it is the same across the entire bandwidth of the measurement. While this
seems straightforward, the additional EMI complicates the above calculations. A

full derivation of these equations is given in Appendix A.
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Figure 2.3: Flow chart of despike algorithm
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CPSD between chnll and chnl2 (Gy2(f)) is greatly influenced by unwanted EMI
noise. To remove this noise, a “despiking” algorithm is used on the frequency domain
channel voltage data (Figure 2.3). The despiking algorithm is actually a form of
outlier detection. First the data are normalized by dividing the data by its maximum
value. Then the data are fit using a least-squares fit. Next, the mean and standard
deviation of the inliers are calculated. After that, bandpass filtering is performed to
identify high energy spikes and eliminate the leakage caused by these spikes. Finally
the data is reversed back to its original shape. The performance of the despiking
algorithm depends on the recursivenss of the software. This means the longer the
software runs, the more spikes are removed.

Coherence between the two output channels is very important; Equation 2.38 is
the definition of coherence [2]. Early in the signal processing, when the first block of
data is acquired, the coherence is very good. However, as more data are averaged,
the coherence decreases. If coherence between the two output channels is very good
(or equal to one), the EMI removal technique will be very effective. For a good
coherence, the phase of the two Fourier-transformed signals need to be very similar;

in other words, the phasors need to point in the same direction.

|Gay(D)?

Calf) = G he, @ (238)
o |G12<f)‘2

Cvin(f) = EXTIERtd) (2.39)

48



Chapter 3

New Signal Processing Technique:

Subtraction Method

An alternate method to the EMI rejection method discussed in Chapter 2 is an EMI
subtraction method. This method uses an output signal from an antenna. The
original four signals are the two output voltages from chnll and chnl2, the measured
output of the PT, and the DC resistance measurement. The antenna runs the entire
length of the cable and RTD sensor to detect EMI. Figure 3.1 is a block diagram of

the system used in the subtraction method.

Antenna
Amplifier Analog Signal o
JFilter Digitizer
Digital .
Communcation Processmg
computer
Sensor and
Interconnect
AC-DC
Power
Supply

Figure 3.1: System diagram with antenna for EMI subtraction method
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This system is identical to the original system with the additional channel. The
antenna channel electronics are as identical to the two noise voltage channels as
physically possible, allowing for comparable measurements. The circuit shown in
Figure 2.2 displays how the effects of EMI are modeled electronically. Equations
2.22-2.35 explain the voltage and PSD and CPSD results from the EMI. As a known

EMI signal is calculable through those equations, the signal is subtracted.

3.1 Subtracting EMI from the Output Channel
Noise Voltages

As stated in Chapter 1, the JNT measurement consists of output voltages from
two amplifier/filter channels each consisting of the sum of a correlated noise voltage
and an uncorrelated amplifier/filter noise voltage. As the PSD/CPSD are combined
and time averaged, the power of the uncorrelated noise approaches zero. Figure 1.4
displays the cross correlation concept. This same technique is used in the subtraction
method. However, the subtraction method does not solely rely on cross-correlation
and averaging over time to remove the EMI noise. The signal acquired using the
fifth high-speed channel is then used to subtract it from each amplifier /filter channel
output voltage.

The signal processing steps required to remove EMI with the subtraction method
are displayed in Figure 3.2. The sample data from the amplifier /filter channels and the
antenna form a block made of 16 sub-blocks. Letting V4 represent the antenna signal
output voltage, Equation 3.1 represents the antenna voltage. The CPSD between
the antenna and amplifier/filter channel voltage outputs is solved with Equations 3.2
and 3.3, and the PSD of V}, is found with Equation 3.4. The full derivation of these
equations are in Appendix B [2].
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Initialize Hardware S u bt ra C t I O n
[ Define Global Variables ] M et h O d

Set-up Front Panel Inputs
Acquire 5 channels of data

( Turn on Pilot Tone )
] Window Time-domain Signal

Fourier Transform

Acquire data & Calculate Transfer function of
Compute PSD/CPSD Electronics

Subtract EMI utilizing Antenna
__Compute PSD/CPSD__J PSD & CPSD

V Calculate PSD & CPSD

Start Calculations: (outputs) NPTRSD, Despiked
NPTRPSD, PTRPSD, Despiked PTRPSD, Rs,
Temperature, NPTJNT Temperature, PTJNT

Temperature, Calculated |Hp?|, First Frequency Out

Figure 3.2: Descriptive diagram of the “Acquire data and compute PSD/CPSD”
block from Figure 1.6 for subtraction method

va(t) = [zp(t) * hpa(t) + vas(t)] * has(t)

FT :Va(f) = [Xe(f)Hea(f) + Vas(f)]Has(f),

(3.1)

where Hga(f) is the frequency response of the EMI-to-antenna voltage, V,3(f) is
the antenna’s associated amplifier channel electronics noise voltage, and H,3(f)
is the frequency response of the antenna channel electronics. Also, zg(t) is a
general excitation signal composed of conduction and induction EMI where vg(t) =

xg(t)hes(t) and hys(t) is the impulse response of the EMI-to-sensor voltage [2].
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Gare(f) = AlglgoE (VX’A(f)XlE’A(f))
— lim E ([XE,A(f)HEA(f) + VaB,A(f)]*H:3(f)VE,A(f)Hs(f)Hl(f))
A—00 A

= Gr([)Hpa(f)Hes(f)Hes(f)Hs(f)Hi(f)
(3.2)

GAZE(f) = lim

A—00

. (VX,A(f)XzE,A(f))

A
= Ge(f)Hya(f)Hs(f)Hes(f)Hs(f)Ha(f)

A—00

~ lim E ([XE,A(f)HEA(f) + Va3,A(f)]*H;3(f)VE,A(f)Hs(f)H2(f))

Ga(f) = lim E <|VA,A<f>|2)

A—00 A

(3.4)

A
= Gp(N)Hpa(f)Has(f)|* + Gas(f)| Has (f)[*

A—00

Cn <|[XE<f>HEA<f> ¥ n3<f>JH:3<f>|2>

Equation 3.5 shows the output voltages from the amplifier/filter channels with
EMI. Equation 3.6 shows the CPSD between the antenna to the amplifier /filter output

chnll and the antenna to the amplifier /filter output chnl2.
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Gaie(f)

Vie(f) = “G 0 Valh)
(3.5)
Vae($) = V()
Gulf) = Jim E <VA,A<f>;v1,A<f>>
= [Gars(f) + Gare(f) + Gap(H(f) + Gaat (f)Hi(f)
(3.6)

A—00

Vaa( V1 Alf) )
= [Gars(f) + Gare(f) + Gap(f)IHs(f) + Gaa(f)Ha(f)
Removing terms with zeros because of independence, Equation 3.7 updates the

CPSD between the antenna and the amplifier /filter outputs. This proves Equation
3.5 to be true.

Gai(f) = Gap(f)H(f)H.(f)
Gao(f) = Gap(f)H(f)Ha(f)

(3.7)

The EMI detected by the antenna and the EMI noise corrupting the channel
output voltages are coherent. Equation 3.8 demonstrates how the output voltage from
the amplifier /filter channel without EMI is calculated where H1(f) is the frequency
response from the output voltage of the antenna electronics to the amplifier/filter
chnll output voltage. Similarly, H1(f) is the frequency response from the output

voltage of the antenna electronics to the amplifier /filter chnl2 output voltage.
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Viee(f) = Vie(f) = Hai(f) x Va(f) = {[Vrs(f) + Vac(H)IHs(f) + Var ()} H1(f)
Vou(f) = Vie(f) — Haz(f) x Va(f) = {[Vrs(f) + Vre(H)Hs(f) + Vaa (F) Y H1(f)

(3.8)

The attractiveness of this method versus the rejection method is that subtracting
the antenna signal is a linear mathematical computation. The rejection method is
not linear and therefore more difficult to analyze. The detection of EMI is simplified
and more accurate. To compute the antenna to amplifier/filter channel frequency
response, use Equation 3.9. G4i(f) is the CPSD between the antenna and chnll

voltage outputs.

~ Galf)

Hall) =2
(3.9)

Hao(f) = (éf((;?

Once the EMI is subtracted from the output voltages from chnll and chnl2, the PSD
and CPSD is computed.

3.2 Computing the Power Spectral Density and
Cross Power Spectral Density

Performing the calculations in the correct order is critical for the signal processing
to be successful. Figure 3.3 demonstrates the necessary order of operations for
the subtraction method. Note the order for computing the CPSDs: Gi_gi,(f),
Go—pip(f), and Gra—p4p(f) are computed; then the PT is subtracted from Vi_g(f)
and Vo_g(f) and finally Gyo_p_,(f) is computed. This order is very important

because the EMI noise and PT can cause a large impact on the final temperature
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calculations if incorrectly handled. The CPSD between chnll and chnl2 output
voltages with EMI subtracted is calculated in Equation 3.10. Likewise, the CPSD
between chnll and chnl2 output voltages with EMI subtracted and the PT subtracted

can be seen in section 3.3 [2].
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Figure 3.3: Flow chart of despike algorithm
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A

(({[VRS,A<f) + Vaea (F)IHs(f) + Var-e(f)H1(f))* )
({Vrs,a(f) + Vrea(N)Hs(f) + Va—pe(f) }Ha(f))

A—00 A

Gra-p(f) = Jim B <V1*E,A<f>V2—E»A<f>)

(3.10)

Eliminating zero terms, as before where E [Ggsge] = 0:

Gio-p(f) = [Grs(f) + Gre(NNH ()P Hi(f) Ha(f)
= [Grs(f) + Gre(f)]|Hi2(f)

(3.11)

The CPSD between the two channels with EMI properly removed is important
for the calculations leading to the final JNT temperature calculation. Before the
temperature can be calculated though, the PT must be removed from the signals.

The next chapter discusses the generation of the PT and how the PT is removed.

3.3 Pilot Tone Generation

As mentioned in previous chapters, a PT is required for accurate modeling of the
electronics. Since the JN'T measurement is applied to a system that will be running
for extended periods of time, the CPSD His(f) must be known at all times. Applying
a PT allows for monitoring Hy2(f). The PT, has an amplitude spectrum that
encompasses the entire bandwidth of the temperature measurement. An Agilent
33220a arbitrary waveform generator supplies the PT signal that is then converted
from single-ended to a differential current source. The converter circuit is a balanced

series R,C), network in which R, > Ry and C, > (C. + Cy1 + Ca2).
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It is important to properly select the component values for the single-ended to
differential converter. Figure 3.4 displays the PT circuit. The corner frequencies
need to be outside the frequency range of interest for the JNT temperature. The
capacitance C, needs to block DC currents but also set the low-corner frequency,
Equation 3.12 (from PT generator f e = 1, fstop = 131072 which is band of interest).
The frequency band for JNT temperature determination needs be well above f,
(Equation 3.12) and well below f,; (Equation 3.13) so that over the full bandwidth
used in JNT temperature measurement the frequency response from the PT voltage
to the current injected into the sensor is approximately constant (refer to Figure 3.5)
[2]. The full derivation of these equations is in Appendix C [2].

Rp
— »Rs>»Rc  2Cp> (Cc + Cap + Cy2)
W S

VRe Rc

Kv

Pl+ Rs Vi
Single-Ended

t
pifterential | VE e

Converter

Vp
- VR V)

i f
- > Rs > Rc 2Cp > (C, + Cyq + Cy)

Figure 3.4: Simple electrical representation of JNT system, associated noise sources,
EMI source, and simple Pilot Tone electronics representation [2]

1 o1

= 3.12
(2nR,+ Rs + R.)C, 27R,C, (312)

flo:
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1

Jni = 27(Ry + Re)(Co+ Cat + Cao)

(3.13)

I Total Measurement Range I

| Despike Range |
| | Bandlimit Range | |

/ JNT Temp Computation \—_

CPSD (VA/Hz)

0 sk 15k 40k 60k 100k
Frequency (Hz)

Figure 3.5: Frequency range of JNT measurement

Gra-p+p(f) = lim E

A—o0

Vi g a(F)Va-pa(f)
()

— {[Grolf) + Crel )] + Gr (/) Hp(f)*(Rs + R)*YH; () Ha (1) Ho(1)]? (3-14)

_ GPl E( )GP2 E( ) G}l—E(f)GPQ—E(f)
= (R TR G e [, (P (Re + B2 T Ge()

where G(f) is the PSD of the PT signal at the output of the generator, and G (f)
is the CPSD of the PT signal and output of Chnll. Equations 3.15 and 3.16 are
used to compute the frequency response from PT voltage to amplifier/filter channel
output voltage. The frequency response of the PT voltage to amplifier/filter channel

outputs is important because the PT signal must also be subtracted from the voltage,

Equation 3.17.

K
" Z,(D) + Zo(]) (319
K K

o 1 Rs+R.
(Bp + e7e, ) Grmrtar o) Zo(f)
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le(f) =
GGP((JJ:)) (3.16)
Hp?(f) = Gl;z(f) )

where H,(f) characterizes the PT attenuator. The PT is independent of all the other
signals: Vi(f), Va(f), and EMI V4(f). The same removal technique for removing
EMI is used to remove PT from the signals. Vi_g_,(f) and Vo_g_,(f) represent the
output voltages from amplifier /filter chnll and chnl2 with EMI removed and then PT
removed. Equations 3.18 and 3.19 are the CPSD between chnll and chnl2 with EMI

removed and then PT removed.

Vicp—p(f) = {Vrs(f) + Vre(/)]Hs (f) + Var ()} Hi (f)

(f)
=Viep(f) — Hu(f) x V,(f) (3.17)
%—E—p( ) - {[VRS( ) + VRc(f)]Hs(f) + Va2(f)}H2(f)
= Vi_p(f) = Hp(f) x V,(f)
G () = lim Vg pa()Vop—palf) (3.18)

A—00 A

(({[VRS,A(f)+VRcA( NH(f) + Var—5—p(f)}H1(f))"
({[Vrs,a () + Ve (F)Hs(f) + Var—5-p (£} Ha(f)

A—o0 A

) (3.19)

The value of |H,(f)|? is very critical for the temperature calculation because it is
the characterization of the PT attenuator. Computing this value requires a calibrated
RTD and averaged PSDs and CPSDs. Using Equation 3.14 and solving for |H,(f)|?,
Equation 3.20 is developed. The numerator is the PSD of the noise current in the

sensor and cable without the PT being on and the denominator is the amplifier
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Gp1_pg(N)Gra—£(f)
Gp(f)

cross power frequency response from the PT to the output of the two amplifier/filter

Gioypp(HNGH(F)
Gh_g(Gp2—r(f)

channels with the PT on. Therefore Equation 3.20 simplifies to Equation 3.21.

and filter noise CPSD referred to as the PT location. Since is the

is the output CPSD from the two amplifier/filter

channels, then

2k(Ts Rs+TcRe)Gpq_ g (f)Gpa—p(f)
) L) (s Ro)?
|Hy ()" = Crrp(f) — CrnelCras()
12-F Gp(f)

2k (T, Ry +Te Re)
(RotRo)? (3.20)

Giap-p(NIGL()
Tor e DCra () — GP

B Sensor noise current PSD
~ Amp/ filter noise CPSD referred to the PT location

2k(Ts Rs+T.Re)
2 _ (Rs+Rc)?
HN= = am (3.21)
Gp_g(f)Gp2-E(f)

The derivations of these equations are discussed further in the Appedix C,

including the derivation of |H,(f)|* with PT off, on, and on but removed.
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Chapter 4

JNT System Test Results

Physical testing of the system is performed in a variety of noise environments to
explore the effect of EMI on the JNT measurement system. First, the measurements
are performed in the cleanest environment possible: a laboratory with minimal EMI.
After a baseline of data is established, the environments under test are modified for
controlled introduction of noise. Measurement results obtained from testing the JNT
system in a variety of noise environments is summarized in this chapter. Specifics

relating system measurement performance with the noise environment are discussed.

4.1 EMI Noise Environments and Associated

Test Results

While it would be ideal to test systems in a noise free environment, complete removal
of EMI is not possible. Therefore, several practical EMI environments are considered
having various types and levels of EMI. The first environment is very similar to
typical facilities where JNT measurements are of interest. This is a fairly EMI clean
laboratory environment with light ballasts, benchtop equipment, and 60 Hz power
noise as the primary EMI contributors. Figure 4.1 is an image of the physical hardware

system and Figure 4.2 is a view of the inside of the JNT front end box. All of the
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testing performed and the results discussed in this chapter make use of the system

displayed in these two figures.

INT Front End

v g
{ B W

USB to Computer

Figure 4.1: Physical JNT system hardware

Power
Inlet
Amplifier/Filter
Filter/Interface
USB
Hub

Figure 4.2: JNT front end box hardware
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The test EMI environments are listed in Table 4.1. The ambient environment
(Environment 1) includes the following sources of EMI: a 60-Hz source, a fluorescent
light ballast, the internal JN'T signal generator, and an undefined high frequency
noise source. Environment 2, Environment 3, and Environment 4 are all generated
using an Agilent 33521A signal generator driving a large inductor through a bipolar
operational amplifier. See Figure 4.3 for the system diagram. The Sandia environment
(Environment 2) is generated using a 2 kHz square wave with an amplitude of 250
mV,,. Another controlled EMI environment (Environment 3) involves broadband
EMI generated from a 100 Hz noise waveform with an amplitude of 250 mV,,. The
last controlled EMI environment (Environment 4) has a single sine wave at 20 kHz

with an amplitude of 250 mV,,

Table 4.1: List of Test Environment EMI Noise Sources

Environment 1 Ambient EMI at 21 °C
Environment 2 Sandia EMI at 0 °C
Environment 3 Broadband EMI at 0 °C

Environment 4 || Single sine (20 kHz) EMI at 0 °C
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Figure 4.3: EMI environment generation system
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Each of the environments are tested multiple times over the same period of time.
Figure 4.4 shows the measurements results obtained using Environment 1, having
the following EMI noise sources: 60 Hz noise, a 27 kHz noise source from the light
ballast, a 44 kHz noise source from the internal signal generator, and a 63 kHz
noise from an unknown source. Gio(f) and Gio_g(f) are the CPSD between the
output JNT channels chnll and chnl2. This output directly impacts the temperature
calculation and without proper EMI removal will cause an invalid temperature to be
reported. Gpa(f) is the CPSD between chnll and chnl2 before EMI is remove and
G1a-g(f) is the CPSD after EMI is removed. The shape of the G12(f) and Gia—g(f)
waveforms reflects the transfer function of the JNT electronics. The JNT temperature
is calculated within the 15-40 kHz range. The results displays in Figure 4.4 are at

room temperature.

%107 Ambient EMI Testing %1078 Ambient EMI Testing
T T T T T T T

G12(4)
G12-E(4)

G12(1)
G12-E(1)

G12-E(4)

CPSD (V?/Hz)
o
T

CPSD (V2/Hz)
&

L L L L L L L L L L L L
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Frequency (kHz) Frequency (kHz)

(a) Single test run (b) Multiple test runs

Figure 4.4: Environment 1: Gi»(f) output from 3-hour test measurement

Environment 2, see Figures 4.5 and 4.6, are the measurement results from the
Sandia environment. There is a 60 Hz EMI source, a 44 kHz EMI source from the
internal signal generator, a 63 kHz EMI from an unknown source, and several EMI
spikes associated with a 2 kHz square wave. Figure 4.5 shows the G2(f) computation

before and after EMI has been removed from a single test run. The EMI subtraction
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method from Chapter 3 was used to remove EMI. The blue waveform represents the
CPSD prior to EMI subtraction. The CPSD following noise subtraction is shown
in red. The results shown in Figure 4.5b demonstrates the efficacy of the noise
subtraction method, as evidenced by the removal of the spectral noise lined in Figure
4.5a. Figure 4.6 displays the results from 4 test runs with the RTD in ice. Testing
performed in ice is considered a baseline test because it is a controlled temperature

without adding additional EMI.

%107 Sandia EMI Testing Run1 %107 Sandia EMI Testing Run1
T T T T T T

G12
G12-E

G12
G12-E
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L L L L 5 L I
0 10 20 30 40 50 60 70 10 15 20 25
Frequency (kHz) Frequency (kHz)

(a) Bandwidth = 0 — 70 kHz (b) Zoom: Bandwidth = 10 — 25 kHz

Figure 4.5: Environment 2: Gy2(f) output from a single test over a
3-hour test measurement
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Figure 4.6: Environment 2: G5(f) output from multiple tests over a
3-hour test measurement

Figures 4.7 and 4.8 are the measurement results from the broadband environment
(Environment 3). The EMI sources are 60 Hz, added broadband EMI across the
entire bandlimit, a 44 kHz EMI source from the internal signal generator, and a 63
kHz EMI from an unknown source. Figure 4.7 displays the Gia(f) results from a
single test run where the blue waveform is the CPSD prior to EMI subtractoin and
the red waveform is the CPSD post EMI subtraction. Figure 4.8 display the results

from multiple test runs with the RTD in ice.
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Figure 4.7: Environment 3: Gi(f) output from a single test over a 3-hour test

measurement
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Figure 4.8: Environment 3: G2(f) output from multiple tests over a

3-hour test measurement

Figures 4.9 and 4.10 are the measurement results from the single sine environment

(Environment 4). The EMI sources are 60 Hz, 20 kHz generated source from the

EMI generation system (Figure 4.3), a 44 kHz EMI source from the internal signal
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generator, and a 63 kHz EMI from an unknown source. Figure 4.9 displays the G12(f)

results from a single test run and Figure 4.10 display the results from multiple test

runs with the RTD in ice.
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Figure 4.9: Environment 4:
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Figure 4.10: Environment 4: G12(f) output from multiple tests over a

3-hour test measurement
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Next, the system is tested at elevated temperatures in a Thermolyne F21100
tube furnace, Figure 4.11. The furnace chamber is heated using heating elements
embedded in a refractory material. The furnace heating is controlled using a burp
controller, which creates significant EMI bursts during operation. Table 4.2 lists the

temperatures under test.
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900000000000
00000600600,
elelele
000e

Figure 4.11: Thermolyne F21100 tube furnace

Table 4.2: List of Test Temperatures

Temperature 1 Ice (0 °C = 273.15 K)
Temperature 2 || Room Temperature (21.11 °C =~ 343.15 K)
Temperature 3 100 °C = 373.15 K
Temperature 4 150 °C = 423.15 K
Temperature 5 200 °C = 473.15 K
Temperature 6 250 °C = 523.15 K
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The EMI environment for the Temperature 1 (ice) is similar to ambient (Environ-

ment 1), see Figure 4.12. This is due to the fact that the testing was performed in the

same laboratory under the same EMI conditions. This is also true for Temperature

2 (room temperature), see Figure 4.13.
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Figure 4.12: Gi2(f) Output from 3-Hour Test Measurement:
Temperature 1 = 0°C
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Figure 4.13: Gi2(f) Output from 3-Hour Test Measurement:

Temperature 2 = 21.11 °C
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The shape and EMI spike locations are the same for Temperatures 3-6 because
the EMI sources are the same. The sources of EMI in these cases are: ambient
from the laboratory environment (Environment 1) and EMI from the burp controlled
tube furnace. The EMI associated with these runs is dependent on the associated
temperature, as the furnace operates for longer time periods and produces increased
noise for the higher temperature scenarios. Refer to Figure 4.14-4.20 for the
output CPSD between Chnll and Chnl2 for these temperature cases. Tables of the
temperature values associated with the 4 tests performed for each temperature case
are also given below. The temperatures listed are defined as follows: T, is the DC
temperature, NPT JNT Temp is the non-pilot tone Johnson noise temperature, and
PT JNT Temp is the Johnson noise temperature with the pilot tone on. Note the
values in the tables are slightly higher than Temperature case values. For example,
in Table 4.3 the values are not exactly 100°C as expected. This is due to the fact
that a large copper slug is placed inside the furnace to allow for a more regulated
temperature test. This slug heats up and has a slightly elevated internal temperature

from the furnace temperature set point.
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Figure 4.14: G15(f) output from 3-hour test measurement:
Temperature 3 = 100 °C
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Table 4.3: Temperature Output Values from Temperature 3 Case

Test 1 Test 2 Test 3 Test 4
T, | 114.33 °C | 114.27 °C | 114.27 °C | 114.38 °C
NPT JNT Temp | 112.70 °C | 113.74 °C | 114.00 °C | 118.05 °C
PT JNT Temp | 115.30 °C | 115.30 °C | 118.60 °C | 120.05 °C
Temperature 3 = 100°C
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Figure 4.15: Temperature Values from Temperature 3 Case
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Figure 4.16: Gi»(f) output from 3-hour test measurement:
Temperature 4 = 150 °C

74



Table 4.4: Temperature Output Values from Temperature 4 Case

NPT JNT Temp
PT JNT Temp

Test 1 Test 2 Test 3 Test 4
T, | 168.22 °C | 168.31 °C | 168.16 °C | 168.19 °C
168.41 °C | 168.57 °C | 167.2°C | 167.83 °C
169.56 °C | 169.88 °C | 168.37 °C | 169.34 °C
Temperature 4 = 150°C
;'; 169 m:q «il=NPT JNT Temp

Figure 4.17: Temperature Values from Temperature 4 Case
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Figure 4.18: Gi3(f) output from 3-hour test measurement:

Temperature 5 = 200 °C
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Table 4.5: Temperature Output Values from Temperature 5 Case

Test 1 Test 2 Test 3 Test 4
T, | 222.24 °C | 222.27 °C | 222.27 °C | 222.36 °C
NPT JNT Temp | 221.36 °C | 222.77 °C | 222.87 °C | 222.10 °C
PT JNT Temp | 223.53 °C | 223.58 °C | 223.4 °C | 223.67 °C
Temperature 5 = 200°C
E‘; 223 ?Ep.ﬁ afil=NPT INT Temp

Figure 4.19: Temperature Values from Temperature 5 Case
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Figure 4.20: G13(f) output from 3 hour test measurement:
Temperature 6 = 250 °C
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Table 4.6: Temperature Output Values from Temperature 6 Case

Test 1 Test 2 Test 3 Test 4
T, | 275.87 °C | 275.90 °C | 276.04 °C | 275.95 °C
NPT JNT Temp | 275.80 °C | 276.12 °C | 275.69 °C | 275.09 °C
PT JNT Temp | 277.88 °C | 277.45 °C | 277.83 °C | 276.57 °C
Temperature 6 = 250°C
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Figure 4.21: Temperature Values from Temperature 6 Case

The CPSD results in Figures 4.14, 4.16, 4.18, and 4.20 demonstrate The EMI
subtraction is effective at elevated temperatures. The tables and Figures 4.15, 4.17,
4.19, and 4.21 show that the nonpilot tone JNT temperatures follow very closely with
the DC temperature computed with the Callendar-VanDusen equation. The pilot tone
JNT temperature is also plotted for monitoring but the calibration uses the nonpilot
tone JNT temperature so that is the JNT temperature of interest. From this, it
can be concluded that the EMI subtraction method is a valid and improved method

from the rejection method discussed in Chapter 2. Applying the signal processing to

existing technology would improve temperature monitoring within nuclear reactors.

4.2 Probability Density Function of the Resistor
Power Spectral Density

The probability density function (PDF) of the resistor PSD (RPSD) is plotted (Figure
4.22) for the ambient at room temperature (295.1809 K = 22.03 °C = 71.7 F) case.
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The z-axis is the PDF of each of the RPSD values, or in other words, it is the
probability of each RPSD value. The y-axis is the block number ranging from block
12, 22, 52, etc. up to 20002 blocks. This figure displays the convergence of the
RPSD. Spikes due to EMI that appear on the RPSD cause the tail observed in the
early block numbers. As the block number increases and more EMI is removed, the
RPSD approaches the expected value and the tail gets shorter. The PDF converges
to approximately 8.3 x 107!6 having a gaussian shape with the area under the curve
equalling one. The RPSD from block number 502 is displayed in Figure 4.23. Figure
4.24 displays the RPSD measured across a long test measurement. The z-axis is the
RPSD (V2/Hz), the x-axis is the frequency in kilohertz, and the y-axis is the block
number. As the statistics converge with each block, the data converges and the “fuzz”
disappears. It does not take long for the data to converge to a fairly clean RPSD
signal. The spike at 27kHz is due to EMI from the environment. As the EMI is

removed, the spike shrinks.
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Figure 4.22: Probability density function plot of resistor power spectral
density vs. block number

12 «10719 RPSD: Ambient EMI Testing (Ice)
T T T T

RPSD (V2/Hz)

1
15 20 25 30 35 40
Frequency (kHz))

Figure 4.23: RPSD of from a single block of data
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RPSD: Ambient EMI Testing (Ice)
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Figure 4.24: RPSD of from each block of data over a long test measurement

From this data analysis, it is obvious that the EMI is being removed and the
statistical data is converging accurately. This also proves that the chi-squared
distribution assumption is correct. It is important to prove this since all of the

computations were based on this assumption.
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Chapter 5

Modeling EMI for Simulation of

Removal Techniques

Modeling and simulations of several EMI scenarios are investigated to fully under-
stand the effects the EMI on signal processing and computations. These scenarios
are designed to increasingly complicate the EMI effects. Simulations are set up to
emulate the software signal processing of the JNT system, including calculate the
PSD, the CPSD, and the probability density function for a single block of data up
to multiple blocks of data. After the EMI models are simulated and the software
simulation is validated, JNT chnll and chnl2 voltage data blocks from the JNT test

measurements are simulated.

5.1 Modeling EMI

Correctly modeling a single block of channel voltage (vy(t) and v(t)) will have a great
impact on the simulation software. The first simulation uses an ideal situation where
the block of data consists of random variables without any EMI injected. Table 5.1
lists all the simulations under investigation. It is important to start with the simplest

possible situation to confirm the simulation algorithm is valid. Because the signal
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of interest in JNT is a random signal, very closely resembling white noise, using a

random noise generator is ideal for the first simulation scenario.

Table 5.1: List of Simulations

Sim 0 || White noise = block of data created from a random variable generator

Sim 1 Sim 0 + single sine wave at 20 kHz

Sim 2 Sim 0 + single sine wave at 20 kHz + single sine wave at 30 kHz

Sim 3 Sim 0 + multiple sine wave at 20 kHz + single sine wave at 30 kHz

Sim 4 Sim 0 + very small sine wave at 20 kHz
Sim 5 Sim 0 + numerous sine waves across the frequency band
Sim 6 Simulations of data from JNT system measurement

Figures 5.1-5.7 provide an overview the results of the simulations performed using
MATLAB. Figure 5.1 displays the results from a simulation without any EMI added
into the system. This gives a baseline for the results of the next few simulations.
This waveform would be flat as the random system is symbolic of white noise, but
due to the transfer function of the simulated electronics there is a Gaussian-type shape
applied to the flat baseline of the white noise. Figure 5.2 displays the case where a
singular example of EMI is added to the system. Both transient EMI and periodic
EMI are added the the baseline. The transient EMI is random and removed first in
the time domain. The periodic EMI is a time-domain sine wave with a frequency of 20
kHz. From the legend of the figures, the black waveform is the CPSD (G12(f)) output
prior to EMI removal, and the green waveform is the CPSD (G12_g(f)) output after
the EMI is subtracted. From this figure it is becomes obvious that the subtraction

method is capable of removing an EMI source a single frequency location.
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Figure 5.4 displays the output CPSD from the simulation of Sim 2, which is the
baseline with a single time-domain sine wave with frequency at 20 kHz and a sine
wave with frequency at 30 kHz. All of the simulations from Sim 1 to Sim 6 have
transient EMI that is random. The EMI spikes at 20 kHz and 30 kHz are subtracted.
Note that Figure 5.4a is a linear plot of the CPSDs (G12(f) and Gi2—g(f)) and Figure
5.4b is a logarithmic plot of the same data set. The waveforms are displayed in two
different formats so that the EMI subtraction is easier to demonstrate. Figure 5.5
displays the output CPSDs (G12(f) and Gia—g(f)) from the simulation of Sim 3,
where there are multiple time-domain sine waves with a frequency of 20 kHz and a
single time-domain sine wave with a frequency of 30 kHz added to the baseline white
noise. Note that the spike at 20 kHz is larger in this simulation that in the previous

simulation. This is because the two sine waves at 20 kHz are added together. Again,
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the subtraction method removes the EMI at both 20 kHz and 30 kHz.
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Figure 5.5: Sim 3 : Sim 0 + multiple sine wave at 20 kHz + single sine wave at 30

KHz (0 °C)

Figure 5.6 displays the simulation results from Sim 4. This simulation tests the

limits of the EMI subtraction technique. The time-domain EMI is a very small sine

wave at 40 kHz.

This test is to see how small the sine wave can be before the

EMI removal technique fails to detect and subtract periodic EMI. Sine waves with
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smaller amplitudes are also tested and subtracted. However, eventually the smaller
the sine wave, the harder to differentiate between the EMI and the white noise. Figure
5.7 displays the results of another limits test. This case, however, tests how much
added EMI causes the subtraction to fail. This case includes a large amount of EMI,
both periodic and transient. Note the negative spikes are mathematical errors in the
calculation of Gy2_g(f) due to the subtraction. They can be ignored because the

expected value of G2_g(f) is used for temperature calculations.
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Figure 5.6: Sim 4 : Sim 0 4 very small sine wave at 40 kHz (0 °C)
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Figure 5.7: Sim 5 : Sim 0 + numerous sine waves across the frequency band (0 °C)

These simulations are important because they test the accuracy of the MATLAB
model of the physical system and software. The model needs to be accurate to
provide validation of the EMI subtraction technique. The MATLAB simulations
are also important for quick optimization of the subtraction technique. Real-time
Labview testing takes several hours for convergence, whereas the simulations take less
time to converge and remove the EMI. After completing the preliminary simulations
(Sim0-5), Sim 6 is simulated. Sim 6 consists of three EMI environments that
are representative of the EMI environments used to test the physical system. To
accurately simulate these environments the EMI spikes in a block of CPSD data
set from the test measurements are detected and input into the MATLAB model
simulations. The data set must first be converted from CPSD to voltage amplitude
(MATLAB variable = Ep.p.A) in time and frequency location (MATLAB variable =
Ep.p.f) of EMI spike (Equation 5.1).

Sim 6 is actually multiple simulations of three different EMI environments, listed
in Table 5.2. The environments listed are consistent with the environments the JNT

hardware system endured.
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Table 5.2: List of Sim7 Simulations

1. Sim 6.A : Sim 0 + ambient EMI noise

2. Sim 6.B : Sim 0 4+ Sandia EMI noise = generated 2 KHz, square wave, amplitude
= 250 mV,,

3. Sim 6.C : Sim 0 + broadband EMI noise = blocks of noise across the entire

frequency band

v(t) = \/%ﬁlm(ﬂ = Ep.p.A(n) in MATLAB (5.1)

where df = 16 and Hy3(f) is found using Equation 5.2.

_ G (f)Gpa(f)
Go(DIH (P (Bs + Re)?

His(f) (5.2)

Figure 5.8 displays the simulated results from the baseline or Sim 0 with added
“ambient EMI.” The ambient EMI consists of EMI from the ballast of the florescent
lights (multiple spikes around 27 kHz), noise from the Agilent 33XXX signal generator
(two spikes around 44 kHz), and a large EMI spike from an unknown source around
63 kHz. The ambient EMI was observed while testing in a laboratory at Oak Ridge

National Laboratory.
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Figure 5.10 displays the output from simulations of Sim 0 with added periodic

EMI noise sources similar to the EMI measured at Sandia National Laboratories.

The EMI is a periodic 2 kHz square wave with amplitude of 250 mV,,. The EMI is

measured from the Antenna signal G 4(f) from the acquired data set, converted back

to the time domain using Equation 5.1 and then input into the MATLAB simulation.
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The elevated temperature testing environments are also simulated for comparison
with the test results. Table 5.3 lists the 4 temperature environments simulated. The
only temperature environments disscussed here are 100 °C, 150 °C, 200 °C, and 250

°C. The room temperature and ice environments are discussed previously.

Table 5.3: List of Simulation Temperatures

Simulation Temperature 1 || 100 °C = 373.15 K

Simulation Temperature 2 || 150 °C = 423.15 K

Simulation Temperature 3 || 200 °C = 473.15 K

Simulation Temperature 4 || 250 °C = 523.15 K

The results from the temperature simulations (Figures 5.14-5.17) demonstrate the
effectiveness of the EMI removal algorithm. The green waveform represents G2 g(f)
and the black waveform represents G15(f). Note the EMI spikes shown on the black
waveforms are effectively removed, as demonstrated on the green waveforms. These
waveforms are very similar because the contributing noise sources are the same for
all temperature cases. The difference is the magnitude of the spikes due to the added
amount of EMI at each of the frequencies. Table 5.4 displays the temperature results
from each of the four simulations. The JNT Temperatures simulation results are

accurate and repeatable across several simulations.
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Figure 5.17: Sim Temperature 4 : (250 °C)
Table 5.4: Output Values from Simulation of four Temperature Cases
Sim Sim Sim Sim
Temperature 1 | Temperature 2 | Temperature 3 | Temperature 4
T 373.15 °C 423.15 °C 473.15 °C 523.15 °C
JNT Temp | 37239 °C 422.54 °C 473.91 °C 522.76 °C
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The following is a small section of the EMI simulation MATLAB code. The

complete version of the final algorithm simulation code is provided in Appendix D.

This section of code displays the set up of the transient and periodic EMI for different

environment cases.

314

315

316

317

318

319

320

o

°

Transient EMI Set-up

Ep.t.on = 0 ; % Turn transient EMI ON = 1; OFF = 0

Ep.t.r = 10 ; % rate parameter of the Poisson process, per second
Ep.t.Nav = 5 ; % avg number of pulses in a sequence

[

Ep.t.Aav = 3e-5 ; % avg amplitude of the transient EMI pulses (V)

Ep.t.tauvuav = 10e-6 ; % avg amplitude of the transient EMI pulses (V)

Ep.t.Tav = 1/20 ; % aveg duration of a sequence of pulses (s)

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

o\

o\

oo
3

o

°

Periodic EMI Set-up
Ep.p.f = vector of periodic E frequencies (Hz)
Ep.p.on = 1; % Turn periodic EMI ON = 1; OFF = 0
Sandia Simulation:
Ep.p.f = [2000,6000,10000,14000,18000,22000,26000,30000,
34000, 38000,42000,44000,46000,50000,62000,1024,
1136,1264,1376,1616,1744,2096,2336,22247];

NEp = length(Ep.p.f) ;

Ep.p.A vector of periodic EMI amplitudes (V)

Il
o

Ep.p.A .01999/S.gainl), (0.065/S.gain2), (0.048/S.gain3), ...
(0.045/S.gain4), (0.038/S.gainb5), (0.03/S.gain6), ...
(0.028/S.gain7), (0.02/S.gain8), (0.013/S.gain9), ...
(0.01/S.gainl0), (0.008/S.gainll), (0.005/S.gainl2), ...
(0.001/S.gainl3), (0.0008/S.gainl4), (0.025/S.gainlb), ...
(0.038./A.gainl), (0.049/A.gain2), (0.055/A.gain3), ...
(0.065/A.gaind), (0.086/A.gain5), (0.038/A.gainé), ...
(0.031/A.gain7), (0.031/A.gain8), (0.03/A.gainll) ];

Ambient Simulation:

Ep.p.f = [1024,1136,1264,1376,1616,1744,2096,2336, ...
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o\

347 42208,44288,62800]1%,2224,27024,27184,1;

o\

348 Ep.p.A = [(0.038./A.gainl), (0.049/A.gain2), (0.055/A.gain3), ...

o
o

349 .065/A.gain4), (0.086/A.gain5), (0.038/A.gain6), ...

o\
o

350 .031/A.gain7), (0.031/A.gain8), (0.009/A.gainld), ...

o\
(@)

351 .009/A.gainl5), (0.038/A.gainl6)]1;%(0.03/A.gainll), ...

o\
o

352 .01/A.gainl2), (0.012/A.gainl3)];

o\

353 %% Single Sine 20KHz:

o\°

354 Ep.p.f = [1024,1136,1264,1376,1616,1744,2096,2336,2224, ...

o\°

355 20000,27024,27184,42208,44288,62800];

o

Il
o

356 Ep.p.A .038./A.gainl), (0.049/A.gain2), (0.055/A.gain3), ...

357 % (0.065/A.gain4), (0.086/A.gainb5), (0.038/A.gainb6), ...

o\
(@)

358 .031/A.gain7), (0.031/A.gain8), (0.03/A.gainll), ...

o\
o

359 .78./SS.gainl), (0.01/A.gainl2), (0.012/A.gainl3), ...

o
o

360 .009/A.gainl4), (0.009/A.gainl5), (0.038/A.gainl6)];

o)

361 %% Broadbrand Simulation:

\o

o\

362 Ep.p.f = [[60:60:3000]"';[10:2000:70000]";...

o\

363 [60:500:70000]1"] ;

o\

364 Ep.p.A = ones (NEp, 1) *x50e-9;
365 Ep.p.A = [Ep.p.A] ;

366 ESP = sum(Ep.p.A."2/2) ; % Periodic EMI signal power at the sensor
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Chapter 6

Conclusions on Signal Processing

for JNT

The goal of this research is to monitor temperature in harsh environments without
corruption from EMI. Two methods are presented. Chapter 2 discusses the existing
technology that used a rejection method. The rejection method rejects transient
EMI through rectangular windowing in the time domain. The signal is then FTed
to the frequency domain where the standard deviation of the data set is computed.
Any periodic EMI that is greater than or equal to twice the standard deviation is
removed and replaced with the baseline. This is a recursive algorithm where the
EMI removal performance depends on time. The longer the measurement runs, the
better more EMI is rejected. The second method discussed is the subtraction method
in Chapter 3. The subtraction method is the new advanced algorithm and takes
advantage of an antenna monitoring the EMI environment. The EMI is subtracted
from the channel output voltages improving the CPSD computation between chnll
and chnl2, therefore, improving the overall temperature calculation. The subtraction
method also uses the rectangular window to remove transient EMI. This algorithm

effectively removes large sources of EMI and employs recursive operations to remove
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smaller EMI signals over time. The derivations of both of these methods are in the
appendices.

The performance of this algorithm has been verified through testing (Chapter 4)
and simulation (Chapter 5). The testing performed at Oak Ridge National Laboratory
verified the capabilities of the physical system under various EMI environments and
elevated temperatures. The results of these measurements demonstrated that the
system is able to accurately and repeatedly compute temperature. The simulations
use a model of the system and software algorithm. Simulations push the limits of
the model to test validity through multiple EMI environments. The model is able to
accurately subtract very large EMI and very small EMI. Also, the amount of EMI
does not have an impact on the ability of the simulation model. Several of the EMI
environments from the physical testing are simulated demonstrating the equivalence
of the model to the physical system. Both the CPSD between chnll and chnl2 and
the temperatures from the simulations are reported.

After performing both testing and simulation of the subtraction method, it is
concluded that the algorithm is reliable and repeatable. Applying this method to
existing RTDs would improve the overall temperature measurement accuracy and

remove drift problems from aging sensors.

6.1 Future Research

Suggested improvements:
1. Improve antenna and associated hardware for more effective EMI detection

2. Remove signal generator from inside the front end box of JNT system because

it is an unwanted source of EMI
3. Optimize data acquisition system hardware

4. Add a “self-calibration” function to the software
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e Adjust the averaging process dependent on real-time resistance voltage

measurement.

e If temperature is changing quickly, use a fast average and update the

resistance temperature curve
e [f temperature is not changing quickly, use a slow average

e Set the averaging time to justify the assumption that the random process

is approximately stationary

5. Try using a time domain EMI removal technique such as Kalman filtering in

lieu of of frequency domain techniques

Discussion of the suggested improvements:

The better the EMI signal represents the actual EMI, the better the subtraction
method will work. To improve the model of the EMI environment, more research into
the antenna hardware is needed. An off-the-shelf antenna that is capable of detecting
broadband EMI in different fields would greatly improve the antenna signal. Currently
the antenna only exists outside the JNT front end box and is a two wire open-ended
antenna. Additional monitoring of EMI inside the box would also improve the model.

The Agilent signal generator that provides the PT signal is also a large source of
EMI. Since it lives inside the JNT front end box, it has a large impact on the JNT
signals. Removing this signal generator and replacing it with a different, low noise,
signal generator would reduce unwanted EMI. Future work would include replacing
the signal generator with a field-programmable gate array and amplifier circuit.

The system used to perform all the measurements presented here utilized two
Agilent data acquisition systems that would lose communication with LabView from
time to time. Since communication depended on the USB connection between
the data acquisition and the computer, any time the computer would go to sleep
communication would be lost. To resolve this, in the new portable system two NI

data acquisition systems replaced the unreliable Agilent boxes.
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Adding a “self-calibration” function to the software is critical to make this
research marketable. To calibrate the system the software needs to update the
resistance temperature curve. The intercept and slope from this waveform provides
the information needed for the Callendar-Van Dusen temperature calculation. This
function needs to adjust the averaging process depending on the rate of change of
the temperature. If the temperature is changing quickly, the averaging process is fast
moving and the resistance temperature curve needs updated. A minimum of three
data points are required to properly update the curve. If the temperature is not
changing quickly, the averaging process is slow and typical operations continue and
JNT temperatures are monitored as usual.

It has been suggested that while transforming to the frequency domain simplifies
the mathematics behind the calculations provided here, the transformation causes a
loss in information. For this reason, research into time domain techniques for EMI
removal is of interest. Time domain filtering such as the Kalman filter is one example
of a possible EMI removal technique. Some initial research and simulations have
proven time domain filtering is possible with this process, but application to the

system has not taken place.
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Appendix A

Derivation of PSD/CPSD for
Rejection Method

A.1 Cross Power Spectral Density of JNT
Channel 1 and Channel 2
The Power Spectral Density (PSD) in (V?/Hz)

2hfR
exp(hf/kt

G.) = | | (A1)

where R is the resistance in ohms, 7" is the absolute temperature in Kelvin, h is
Planck’s constant (6.626x1073*J/Hz), k is Boltzmann constant (1.3806x10—23.J/K).
Since the frequency bandwidth of the measurement is low (f << &), G,(f) = 2kTR.
From Chapter 4, Section 4.4 Equation 2.22:

v1(t) = {[vRs(t) + Vre(t)] * hs(t) + va1 ()} * hy (%)
v2(t) = {[VRs(t) + VRe(t)] * hs(t) + vaa(t)} * ha(t)

(A.2)

The transient EMI is removed with a rectangle window in the time domain. Then

the signals are Fourier transformed to the frequency domain. Convolution in the time
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domain transforms to multiplication in the frequency domain, using the Proof of the

Convolution Theorem. Proof of the Convolution Theorem By definition,
f@)+gla) = [ F(@hgly — )t (A3)

The Fourier Transform of f(z) % g(x) is

7 7 f(x)gly — x)dx| e >V dy (A.4)

—00

By the Shift Property,

o0

/ oy — 2)e 2 ™dy = Flgly — )] = e ™G (u) (A5)

—00

Therefore,

]O f(=) { /°° g(yx)eﬂ”“ydy] dx = 7 f(x)e MG u)da

T , A6
= [/ f(:v)eﬂ”“xda:] G(u) (A.6)

= F(u)G(u)

It is concluded that, the Fourier transform F[f  g] = F'(u)G(u), convolution in the

space/time domain is equivalent to multiplication in the frequency domain [30].

Vilf) = {lVas(f) + Vae(f)IH:(f) + Var (f) }Hi(f)
‘/2(f) = {[VRs(f) + VRc(f)]Hs(f) + Va2(f)}H2(f)

(A7)
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— Note 1: Vrs(f), Vre(f), Hs(f), Va1 (f), Vaa(f), Hi(f), and Hy(f) are equivalent
in the frequency domain. For example, V,;(f) and V,5(f) are the Fourier transform
of the equivalent input noise voltages of amplifier channel 1 and amplifier channel
2 respectively, Hy(f) and Hs(f) are the frequency response of amplifier channel
1 and channel 2, and H(f) is the frequency response of the parallel combination
of the sensor resistance and cable resistance with the cable capacitance and input
capacitance of the amplifier to the noise voltage of the resistor.

— Note 2: Gxy(f) = lima_00 E <w> is the cross-power spectral density

(CPSD) between signal outputs X and Y. Using the two notes above and applying
them to solve for the CPSD of channel 1 and channel 2 output voltages (V;(f) and

Va(f)):
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{[Vrs,a(f) + VRea(f )]Hs( )+ Vaz,a(f) Y Ha(f)

<({[VRS,A(f)+VRc ANHS(f) + Var,a(f)}H1(f))* >)

: L)L) )
{Vio,a (F) Hs(F) + Ve () Ho ()] + Va2 a ()} Ha(f) )

<[(VRS,A(f>Hs(f) + VRC,A(f)HS(f) + Val A( ))* )
Hi(f)Ha(f) )

(VRS,A(f)HS(f) + VRC,A(f)H (f) + Va2 A(f))}
A

<[(V§S,A(f)H§(f)+VEC,A(f)H*(f)+Va*1 M) )
1(f)Ha(f) )

A+ B+ C]Hi‘(f)Hz(f)>
A

[D+E+ F]Hi‘(f)Hg(f)>
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where

A= Vi, AlN)Vesa(DH () + Vi a(N)Vaea(HIH (NP + Vi a () HI (f)Vaz,a(f)
B = Vi a(N)WVasa(HIH (N + Vi a () Vaea (HIH () + Vi a () HI (f)Vaz,a(f)
C =V a(F)Vasa(HH(F) + Vi alF)Vaea(H)Hs(f) + Vi a(H)Vaza(f)

= (Viaa(NVesa(f) + Vi al)Vaea (H(NP + Vi a () HI (f)Vaza(f)

= (Vitea(F)Vrsa(f) + Viea(NVaea (FH (N + Vi a () H (f)Vaz,a(f)
and

F=VaalNVesall) + Vi a(FN)Vaea(F)H(F) + Vi a(F)Vao,a(f)

— Note 3: The Hma o0 Vi, A(f)VRsa(f) = Grsrs(f) as t — oo and is averaged

over and over again.

Gra(f) = [(Grsps(f) + Grope( ) Hs(F)? + Groaa(f)H; ()
+ (GRC,Rs(f) + GRc,Rc(f))|Hs(f)|2 + GRC,&Q(f>H:(f) (Ag)
+ (Gal,Rs(f) + Gal,Rc(f>>Hs(f) + Gal,aQ(f)]Hik(f)HQ(f)

Where GRS,RC(f)7 GRS,@Q(f)vGRc,Rs(f)y GRC,aQ(f)a Gal,Rc(f)7 and Gal,aQ(f) - O because

they are mutually independent noise voltages. Therefore,

GlQ(f) - (GRS,RS(f) + GRc,Rc(f))|Hs(f)|2Hf(f)H2(f)
= (GRrs,rs(f) + Grepe(f)) Hia(f)

(A.10)

where Grs rs(f) and Gge re(f) are constants independent of frequency. Rearranging

to solve for the CPSD of the sensor or the noise voltage of the sensor (Grs gs(f)):

Grons(f) = Grs(f) = %Eg — Gre(f) = 2kT,R, (A.11)
Therefore,
2kT,R, = Grs(f) = fﬁzg; — Gre(f) (A.12)
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And solving for the temperature,

[ Gu(f) 1
Ty = | =% — Gre(f) XTRS

His(f) (4.13)
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Appendix B

Derivation of Subtraction Method

B.1 Cross Power Spectral Density of JNT
Channels with EMI

From Chapter 4, Section 4.4 Equation 2.25:

v1(t) = {[vRs(t) + vRe(t) + vE(t)] * hs(t) + va1 ()} * hy(t)

va(t) = {[vRs(t) + vre(t) + vp(t)] * h(t) + var(£)} * ha(t)

(B.1)

The transient EMI is removed with a rectangle window in the time domain. Then
the signals are Fourier transformed to the frequency domain. Convolution in the time
domain transforms to multiplication in the frequency domain, using the Proof of the

Convolution Theorem, explained in the previous appendix.

Vi(f) = {lVRs(f) + Vre(f) + Ve(N]H(f) + Var (f) M1 (f)
Va(f) = {lVas(f) + Vie(f) + Ve(HIH(F) + Vaa(f) } Ha(f)

(B.2)
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where

Ve(f) = Xe(f)Hgs(f) = is the EMI noise voltage

Using the CPSD definition,

VIA()Va,
G”(f):AhjnooE( ,A(f)A A(f))

{Vrs,a(f) + Vre,a(f) + Ve,a()Hs(f) + Vaz,a(f) Y H2(f)

((({[VRS,A(J’)+VRC,A(f)+VEA(f)] (-]f)"_ValA( L () ))

= Jm B A
{Vrs,a(F)Hs(f) + Ve a(F)Hs(f) + Ve A()H(f)] + Var,a(f) Y H1(f))* >
_ lim E( {VRrs,a(f)Hs(f) + Vre,a(f)Hs(f)VE,a(f Hs(f)]+Va2A( )YH2(f) )
A—00 A
VRSA s f +VRCA( )Hs<f)+VEA )Hs(f +Va1A( )) )
. E( VRSA Hs(f) + Ve a(F)Hs(f) + Ve a(f)Hs(f) + Vaz,a(f)H7 (f)H2(f) )
A—oc0 A
VRsA s f +VRCA(f)HS(f)+VEA( )H (f)+Va1A( )) >
- E( VRsA (FVHs(f) + Ve, a(f)Hs(f) + Ve,a(f)Hs(f) + Vaz,a(f) H7 (f)Ha(f) )
A—o00 A

L [A+ B+ C+ DIH;(f)Ha(f)
= lim E( A L 2 )

A—o0

(B.3)
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where

A=V a(DVrsa(f) + Vi a(F)Vrea(f) + Vi a(F)Ve,a(F) [ Hs ()
+ Vasa (N HI(f)Vaza(f)

B =(Vize A(F)Vrsa () + Vi aA(F)Vrea(f) + Vi a(F)Vea (F) [ Hs ()
+ Vaea (N HI(f)Vaza(f)

C =(VialH)Varsalf) + Vaa(F)Vaea(f) + VEa(F)Vea () Hs(f)F
+ Ve a(H (f)Va2,a(f)

and

D =(Vi a(f)Vrs,a(f) + Vi a(f)WVrea(f) + Var a(/)VEa(F)H(f)
+ Vara(N)Var,a(f)

From Note 3 in previous appendix: The lima oo Vs A (f)VRsa(f) = Grsrs(f) as

t — oo and is averaged over and over again.

(Grs,ps(f) + Gro,pe(f) + Grop ()| Hs(f)” + Groaa(f)HI(f)

Gia(f) =1
(Gre,rs(f) + Grere(f) + Gres(F)Hs()? + Grea(f)H:(f)
[
(G

+
(B.4)

+ (Grrs(f) + Grre(f) + Gre(f))Hs(f)? + Gpa(f)HZ(f)

+ (Gar,rs(f) + Gar,re( ) Hs(f) + Gara2(f)HT (f)Ha(f)

where GRs,Rc(f)7 GRS,E(f)a GRs,aQ(f)aGRqu(f)a GRCE(f)7 GRc,aQ(f)a GERs(f)a GE,RC(f)?
Gra2(f), Ga1,rs(f), Ga1,re(f), and Ga 42(f) = 0 because they are mutually independent

noise voltages. Therefore,

Gia(f) = (Grs(f) + Gre(f) + Ge(f) H())PH (f) Ha(f)
= (Grs(f) + Gre(f) + GE(f) Hi2(f)

(B.5)
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B.2 Cross Power Spectral Density of Antenna
Channel

Reviewing the antenna output voltage:
Va(f) = [Xe(f)Hpa(f) + Vas ()] Hes(f) (B.6)
The contribution of sensor EMI voltage to the JNT channel output voltages:

Vie(f) = Ve(f)Hs(f)Hi(f)
Var(f) = Ve(f)Hs(f)Ha(f) (B.7)
Vea(f) = Xea(f)Hes(f)
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Solving for the CPSD of the antenna to Channel 1 with EMI(Vig(f)):

Vi Vi
GA,IE(f) — AlgnooE < A,A(f)AlE,A(f)>

~ lm E <[XE,A(f)HEA(f)+VaS,A(f)]*H;3(f)VE,A(f)Hs(f)Hl(f))
o A

A—00

B A

A—00

— i (P Heall) Vs s B X s DM D D)

<([XE,A(f)HEA(f)]*H;B(f)XE,A(f)HEs( VHs(f)H1(f)) )
b E + ([Vas,a (N Hys () X a(f)Hes(f)Hs(f)Hi(f))

A—00 A

+ (Vaz,a(f) Hys(f) Xea(f)Hes(f)Hs(f) Hi(
A—o0 A

<(XE,A(f)HEA(f)H;?)(f)XE,A(f)HEs( JHs(f)Hq1(f)) )
lim E 1)

Using Note 3:

Gane(f) = Ge(NHpa(H)Has () Hes(NHs(FHi(f) + Gas, 5 (F) Haz (F)Hes (f) Hs (F) Hi(f)
= Gu()Hpa(f)Haz () Hes(f)Hs(f) Hi(f)

(B.9)
where Gu3p(f) = 0 because it is uncorrelated (mutually independent) noise.
Similarly, for Ga2r(f):

Gape(f) = Ge(f/)Hpa(f)Hes(f)Hes(f)Hs(f)Ha(f) (B.10)
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Solving for the PSD of the antenna voltage, V4 (f):

VX,A(f)VA,A(f))
A

Ga(f) = Algn E(
- Jim B (\VA,AA(f)\Q)

~ Jim B (HXE,Mf)HEA(f) + %3,A(f)]Ha3(f)\2)

A

A—00

(B.11)

A

A—00

-y & (EealMesMalf) + sl D HE

(|(XE,A(f)HEA(f)Ha3(f) + Vasa(f)Has(f))] >
_ lim E |(XeA(f)Hea(f)Haz(f) + Vaz.a(f) Haz(f))]

A—00 A

= Gp(N)Hpa(f) Has(F)? + Gas ()| Has(f)?
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To remove the EMI:

Gaie(f)  Ge(N)|Hes(f)Hpa(f)Hs(f)Hi(f)Hy(f)

Ga(f)  Ge(f)[Hpa(f)Has(f)? + Gas(f)|Has(f)[?

_ Hps(f)H(f)H1(f)
= GusD)Has (1P
Hpall) Has(F) + Gihimg itz

Hpa(f)Has(f)

_ Vie(f)
Va(f)

Therefore, solving for Vig(f):

Vie(f) = Va(f)

Similarly, for Vog(f):

Gaze(f) _ Ge(N)|He(f)Hia(f)Hs(f) Ha(f) His (f)

Ga(f)  Ge(fHpa(f)Has(f)]? + Gas(f)| Has(f)]?

 H (L) ()
Hpa(f)Has(f)

_ Vap(f)
Va(f)

Therefore, solving for Vop(f):

V() = G2 )
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Solving for the CPSD of the antenna to Channel 1 (V1(f)):

VX,A(f)Vl,A(f)>

GAJ(f) = lim E( A

A—o0

b E ((VZ,A(f){[VRS,Mf) + Ve, () + Ve a(NIH(f) + Val,A(f)}Hl(f))>
A

A—o00

ViANWVea(F)Hs(f)H1(f) + Var,a(f)Hi(f)

= lim E
im A

A—o00

( <VX,A(f)VRs,A(f)Hs(f)Hl(f) + VA a(/)Vrea(f)Hs(f)Hi(f) > )

={[Ga,rs(f) + Gare(f) + Gae(H(f)+Ga1(f)}Hi(f)
(B.lﬁ)

where G ps(f), Gare(f), Gai1(f) = 0 because it is uncorrelated (mutually indepen-

dent) noise.

Gan(f) = Gap(f)Hs(f)Hi(f) (B.17)

It can be concluded that Ga;(f) = Gaip(f) and can be substituted in Equation
B.13 and B.15:

. Gani(f)

Vie(f) = Gall) Va(f)
Vae() = L2y o
- Ga(f)
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B.3 Derivation of Subtracting EMI from Channel
Voltages

Since both Vi(f) and Vig(f) are known, Vig(f) can be subtracted from Vi (f):

Vilf) = {lVas(f) + Vee(f) + Ve()Hs(f) + Var ()} H1(f)

4

Vi(f) = {VRs(f) + Vee(NHs(f) + Var () M (f) + Ve(/) Hs (F) Hi(f)
4

Vi(f) = {lVas(f) + Vae(NIHs(f) + Var (/) FHL(f) + Vie(f)

\ (B.19)
Vi(f) = Vie(f) = {[Vrs(f) + Vre()Hs(f) + Var (f) HH1(f)
4
~ Galf) _
Vi(f) Va(f) = {{Vrs(f) + Vre(NHs(f) + Var (f) }H1(f)

Ga(f)
%
Viee(f) = {[Vrs(f) + Vre(f) + Ve(f) = Ve(/)H(f) + Var (f) }H1(f)

Similarly, Vog(f) can be subtracted from Va(f):

Va(f) = {lVRs(f) + Vre(f) + VE(/)Hs(f) + Va2 (f)} H2(f)
U (B.20)

Vauw(f) = {lVes(f) + Vre(f) + Ve(f) = Ve(N)H(f) + Vaa(f) } H2(f)
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Therefore, the new CPSD between Channel 1 and Channel 2 with EMI subtracted

becomes:

Gi2-p(f) = lim E(

A—oc0

VﬁE,A(f)V%E,A(f))
A

{Vrs,a(f) + Vre,a(f) + Ve(f) = V(N Hs (f) + Vaz,a ()} Ha(f)
A

((({[VRs,A(f)+VRcA()+VE(f) Ve(f)]Hs(f) + Var,a(f)YH1 ()" ))

{Ves,a(f) + Vae,a(f) + Ve,a(f) = VE(H)IHs(f) + Vaz,a(

= lim E
im A

A—o0

(({[VRS,A(f)+VRc,A(f)+VE alf) - ( NHs(f) + Var,a(f)} )
DYH(f)) Ha(f)

lim E([AXB]

A—o0

Hf(f)H2(f))
A

lim E([CXD}

— 00

Hi‘(f)Hz(f)>
A

. [E+ F+ G+ I1H; (f)Ha(f)
lim E( A )

A—o0

(B.21)
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where
A =(Vrsa(f)Hs(f) + Viea () Hs(f) + Vea(f) Hs(f) = VEa(S) Hs(f) + Var,a(f))*
B =Vrsa(/)Hs(f) + Vrea (/) H(f) + Vea(f) Hs(f) = Vea(f)H(f) + Vaz,a(f)
C =Vasa(DHI() + Ve a(DHI(F) + Ve AUNHI(S) = Ve a(HH(S) + Vi a(f)
D =Vrs a([)Hs(f) + Vaea (N Hs () + Vea (/) Hs(f) = Vea(F) Hs(f) + Vaz,a(f)
E =(Vaoa(F)Vasa(f) + Ve a(HVaea(f) + Vi a(H)Vea(S)
~ Vi a(DVE() (NP + Vi a(N)HZ (f)Var,a(f)
F =(VieaA(NVasalf) + Ve A()Vaea(f) + Vaea(F)Vea(S)
~ Vaea(DVe(D)H()P + Vi a () H(f)Var,a(f)
G =(Vea(FVasalf) + Ve aH)Veealf) + Ve a(F)Veal(f)

— Ve a(NDVeaUNH(AI + VEA (D HI()Vaza(f)

and

I =(Vi A(F)Vrs,a(f) + VoL aA(F)VRea(f) + VL A(H)VEA(S)
—VAaAOVeEA())H(f) + VAV alf)

Using Note 3 from previous appendix:

Gro—p(f) = [(Grs,rs(f) + Grs,re(f) + Grs,p(f) — Gro,p () Hs(f)I* + Grs,a2(f)HE(f)
+ (Gre,rs(f) + Gre,re(f) + Gre,p(f) — Gre,e () Hs(f)? + Grea2(f)HI(f)
+ (Gers(f) + Ge.re(f) + Gue(f) — Go.u()|Hs(f)* + Goa2(f)H: (f)

+ (Ga1,rs(f) + Gar,re( ) Hs(f) + Gar,a2(f)H7 (f)H2(f)
(B.22)

where GRs,Rc(f)a GRS,E(f)a GRs,aQ(f)ngc,Rs(f)) GRC,E(f), GRC,a2(f)a GE,Rs(f)a GE,Rc(f),
Gra2(f), Ga1.rs(f), Ga1 re(f), and Ga 42(f) = 0 because they are mutually independent

noise voltages. Therefore,
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Gra-5(f) = (Grs(f) + Gre(f))|Hs(f)?H (f)Ha(f)
- (GRs(f) + GRc(f))HIQ(f)
= Gualf)

Using Gha—g(f) to solve for resistor PSD (Ggs(f)):

G-
GRS,Rs(f) - GRs(f) = ;1212?;{) - GRC(f) - 2kTsRs
Therefore,
G1a_
2kT,Ry = GRs(f) = ;[212?}{ ) _ Gre(/f)
And solving for the temperature,
[Guon(f) 1
e R R T
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Appendix C

Derivation of Pilot Tone Removal

C.1 Solving for the Pilot Tone Attenuator

1 1
27(R, + R, + R.)C, 27R,C,

fLo:

(C.1)

1
a 27T(R5 + Rc)(Cc + Oal + Oa?)

[hi

where R, is the series resistance and C), blocks the DC current and sets the low-
corner frequency. They form a balanced series network at the output of a single
ended-to-differential ended network.

— Note 1: &2 > R, > R. and 2C,, > (C. + Cuy + Cu2)

Solving for the pilot tone attenuator frequency response as a transconductance:

_current injected into the sensor at amplifier-filter input terminals

(C.2)

pilot tone voltage
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where,

1
Hs(f) = j27Tf(Cc + Cal —+ C@Z)(Rs -+ RC) (CB)
1
Z1) = Ry e .
1
Zs(f) = (RS + RC)//]27Tf(Cc + Cal + Ca2)
R, + R, (C.5)

" 520 f(Cot Cor + Coa)(Rs + Ro) + 1

- (RS + Rc)Hs<f)

At any frequency, |Z,(f)| > R, and |Zs(f)| < Rs + R,. Also, R, > Rs; > R..
Therefore, |Z,(f)| > |Zs(f)| and:

(C.6)

— Note 2: |H,(f)|* characterizes the pilot tone attenuator
This value is very important and needs to be monitored during the entire temperature
measurement and must be known before temperature can be computed.

In the software |H,(f)|? is computed three ways with pilot tone one, with pilot
tone off, and with pilot tone on but taken out. All three calculations are displayed

below:

B Sensor noise current PSD
~ Amplifier /filter noise CPSD referred to the pilot tone location

[Hy(f)I?
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With Pilot Tone ON:

2k(Ts Rs+TcRe)Gpy _p(f)Gp2—E(f)
G%(f)(Rs+Rc)?

Gp1_g(NGP2-5(f)
GlQp—E(f) - EGP(fI;2 .

|Hp(f)|2 =

2k(Ts Rs+T.R.)
(Rs+R.)?

Giop—6(f)GL(f)
G;I,ZU)GPZEU) —Gp(f)

With Pilot Tone OFF:

9 (Rs+Rc)?
‘Hp(f” - Gi2_(f)GE())

Gh_g()Gp2_E(f)

_ 2K(TeRs + TeRe)  Gpi_p(f)Gre-£(f)
(Rs + Re)? Gra-e(f)GH(f)

With Pilot Tone ON but subtracted:

9 (Rs+R.)?
|Hp(f)| - GlgprfP(f)G?D(f)
Gp1_g(HGp2-E(f)

_ 2K(LRy + TeRe) | Gy p(f)Gra-p(f)
(Rs + Rec)? Grop-u-p(f)GH([)

C.2 Derivation of CPSD/PSD for Pilot Tone
Removal

The voltage developed at the amplifier-filter input terminals by the pilot tone:

VPa(f) = VP(f>HP<f)Zs<f) (ClO)
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The amplifier-filter output voltages with pilot tone on and EMI removed:

VPI—E(f) - ({[VRs(f) + VRc(f)]Hs(f) + vPa(f)} + ‘/;ll(f))Hl(f) (C 11)
= ({[VRs(f) + VRc(f)]Hs(f) + VP(f)HP(f>Zs(f)} + Val(f))Hl(f)

Similarly,

Vea-p(f) = ({Vas(f) + Vac(/)IH(f) + Ve (f ) Hp(f) Zs(f)} + Vaz(f)) Hi(f) (C.12)

Solving for the CPSD between the pilot tone and output voltage from amplifier-filter

channel 1:

Ve Vi
GPliE(f):Ah_{noo P,A(f)Al e.a(f)

<V§,A(f)({[VRs(f) + Vee(NHs(f) + Ve(f) Hp(f)Zs(f)} >

. + Va1 (f))H1(f) (C.13)
A—00 A

(([Vg,A(f)VRs(f) + VEA) VR (N H(f) )
o U A OV D28 + VEA(DVa (D))
A—o0 A

Using Note 3 from Appendix A:

Gri-s(f) = ({[Cr.rs(f) + Crrcl HF) + Cp(f)Hy () Zo(f)} + Craa (1) Hi()
= Gp())Hy (/) Z:())H(f) (C.14)

= Gp(f)Hy(f)(Rs + Re)Hs(f)H1(f)

Similarly,

Gra-e(f) = {Gprrs(f) + Grre(N)Hs (f) + Gp(f) Hp(£) Zs ()} + Gpaz(f) H2(f) (C.15)
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Glasp-B—p(f) = (C.16)

Solving for H;(f) and Hy(f):

B Gpi-e(f)
H(f) = Gp(f)Hy(f)[(Rs + Re)Hs(f)
(C.17)
Hy(f) = Lo )

Gp(f)Hp(f)[(Rs + Re)H(f)

Solving for the cross power frequency response from sensor to the outputs of the

amplifier-filter channels 1 and 2:

Hio(f) = HY(f)Ha(f)[Hs(f)

_ Gpi-e(f) Gpa-p(f) )
- GP(f)Hp(f)[(Rs+Rc)Hs(f)} [Gp<f>Hp<f>[<Rs+RC>HS(fJ . (f)]

(C.18)

Gpy_p(f)Gpa—r(f)
GH(F)IHZ(f)I(Rs + R.)?

_ Ghip(NGrslf) 1
A ()) (IR, + Ro)?

The pilot tone (PT) is subtracted the same way the EMI is subtracted. See the
following steps:

Original signal with PT:

Ve1-p(f) = ({[Vrs(f) + Vre(NIHs(F) + Ve (/) Hp(f) Zs(f)} + Var () Hi(f)
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Calculating the output voltage with pilot tone removed:

Vpi—g—p(f) = Vpi_g(f) — voltage due to PT
= VPl—E(f) - VP(f)Hp(f)(Rs + Rc)Hs<f)H1(f)
= {[VRs<f) + VRC(f)]Hs(f) + V:zl(f)}Hl(f)
Solving for Vpi(f),

_ GPl (f)

=G

Vp(f)

Similarly,

Vpo_g—p(f) = Vpa_g(f) — voltage due to PT
= {[VRs(f> + ch(f)]Hs<f> + ‘/:12(f>}H2(f)

Solving for Vpa(f),

Vis(f) = G2Vl )

Finally,

I [Giarp-p—p(f)

T, =
2kR, His(f)

- GRC(f)
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Appendix D

MatLab Simulation Code for EMI

Subtraction technique

D.1 JNTBlockSImEMI2.m

All rights reserved to M. J. Roberts.

)

1 % Program to simulate the entire JNT signal processing to estimate

2 % temperature. This program uses a single-block simulator,
3 % JNTBlockSimEMI2, to generate the data for a single data block.

IS
o

This simulation includes eliminating the EMI by subtracting the

o
o\°

EMI effects using the signal from an "EMI antenna”.

o
o\

INPUT PARAMETERS

4
o\©

8 %

9 % sp = structure containing the sensor parameters
10 % sp.T = sensor temperature (K)

1% sp.R = sensor resistance (ohms)

o\°

12

o\

13 N = number of samples requested from the block simulator,

o\°

14 must be an even number
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15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

o\ o\°

o

o o\ oo o o o\ oo o o oo o o o\ oo o\ o o\

o\

oo o o\ oo

o\

daf

Ep

cp

ptp

= frequency-domain resolution (Hz)

= structure containing the EMI parameters

Transient EMI is governed by a Poisson process. Each time a

Poisson process event occurs a sequence of exponentially-—
decaying pulses occurs. The number of pulses in the
sequence, their amplitudes, their time constants and the
duration of the sequenceare all random with a specified

mean and and are exponentially distributed

Ep.t.on = flag indicating add transient EMI (1) or don't (0)

Ep.t.r = rate parameter of the Poisson process, per second
Ep.t.Nav = average number of pulses in a sequence

Ep.t.Aav = average amplitude of the transient EMI pulses (V)
Ep.t.tauav = average time constant for an individual pulse,
Ep.t.Tav = average duration of a sequence of pulses (s)
Ep.p.on = flag indicating add periodic EMI (1) or don't (0)
Ep.p.f = vector of periodic EMI frequencies (Hz)

Ep.p.A = vector of periodic EMI amplitudes (V)

EP.p.f and Ep.p.A must be the same length

= structure containing the cable parameters
cp.T = cable temperature (K)
cp.R = cable resistance (ohms)

cp.C = cable capacitance (F)

= structure containing the pilot tone parameters

ptp.on = flag indicating add a pilot tone (1) or don't (0)

(s)

ptp.typ = flag indicating FM ('F') or random ('R') pilot tone

ptp.A = pilot tone amplitude (as generated) (V)
x*for FM signals ptp.A is the (constant) amplitude
*for random signals ptp.A is the rms value

ptp.R = series resistance of pilot tone attenuator (ohms)

ptp.C = series capacitance of the pilot tone attenuator (F)
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49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

o o\ oo

o\°

o o\ oo o o o\ oo o o oo o o o\ oo o\

\o

°

o\

o\

o oo oo o o\ oo

o

o\

ptp.K =

ap = struct
ap.R =
ap.T =

ap.C =

fp = struct

fp.z

fp.p =
fp.k =

fEAp = stru
of the
fEAp.z
fEAp.p

fEAp.k

win = type

or 'fla

OUTPUTS

vraw = stru
acquire
vraw.cl
vraw.c?2
vraw.A

vraw.p

v = struct
windowi
removal

v.cl =

gain of single-ended to differential converter (V/V)

ure containing the amplifier-filter parameters
equivalent noise resistance of an amplifier-filter (ohms)
equivalent noise temperature of an amplifier-filter (K)

input capacitance of one amplifier-filter input (F)

ure containing the amplifier-filter parameters
vector of filter zero locations (Hz)
vector of filter pole locations (Hz)

filter gain constant (V/V)

cture containing the parameters characterizing the
EMI-to-antenna frequency response

= vector of frequency response zero locations (Hz)
= vector of frequency response pole locations (Hz)

= frequency response gain constant (V/V)

of window to be used in the analysis, 'rect', 'blackman'

ttop!

cture containing raw data samples from all the signals
d by the data acquisition system

= vector of N samples from amplifier-filter 1 (V)

= vector of N samples from amplifier-filter 2 (V)
= vector of N samples from an "EMI antenna" signal (V)

= vector of N samples from the pilot tone (V)

ure containing data samples from all the signals after
ng and blanking of saturating transient EMI and after
of EMI and/or the pilot one

vector of N samples from amplifier-filter 1 after
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83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

o\

oe o o

o\

o° oe oe

o\

o oe oe o o\°

o\

oo o o\

o\

o o oo oo o o\ oo o

o\

blanking saturating EMI (V)

v.c2 = vector of N samples from amplifier—-filter 2 after
blanking saturating EMI (V)

v.A = vector of N samples from an "EMI antenna" signal after
blanking the same time blocks as used in v.cl and v.c2 (V)

v.p = vector of N samples from the pilot tone after
blanking the same time blocks as used in v.cl and v.c2 (V)

v.clmE = vector of N samples from amplifier-filter 1 after
subtracting EMI from v.cl (V)

v.c2mE = vector of N samples from amplifier-filter 2 after
subtracting EMI from v.c2 (V)

v.clmEmp = vector of N samples from amplifier-filter 1 after
subtracting the pilot tone from v.clmE (V)

v.c2mEmp = vector of N samples from amplifier-filter 2 after

subtracting the pilot tone from v.c2mE (V)

G = structure containing all the PSD's and CPSD's used in the

analysis.

This first group is averaged with previous PSD's and CPSD's after

over each data block acquisition

G.cl = vector of N PSD estimates for the amplifier-filter 1
output voltage with the pilot tone off (V" 2/Hz)

G.c2 = vector of N PSD estimates for the amplifier-filter 2
output voltage with the pilot tone off (V°2/Hz)

G.cl2 = vector of N CPSD estimates for amplifier-filters 1 and
2 output voltages with the pilot tone off (V 2/Hz)

G.cl2p = vector of N CPSD estimates for amplifier-filters 1 and
2 output voltages with the pilot tone on (V"2/Hz)

G.pl = vector of N CPSD estimates for amplifier-filter 1 and
pilot tone output voltages (V" 2/Hz)

G.p2 = vector of N CPSD estimates for amplifier-filter 2 and
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o\
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o\

o o\ oo o o

o\

oo o o\

o\

o\ oo o

o

o o oo

o\

pilot tone output voltages (V" 2/Hz)

G.p = vector of N PSD estimates for the pilot tone voltage

(V"2/Hz)

G.Al = vector of N CPSD estimates for amplifier-filter 1 and

antenna output voltages (V"2/Hz)

**with the pilot tone off

G.A2 = vector of N CPSD estimates for amplifier-filter 2 and

G.Alp

G.A2p =

antenna output voltages (V"2/Hz)

**with the pilot tone off

vector of N CPSD estimates for amplifier-filter 1 and
antenna output voltages (V"2/Hz)

+*+xwith the pilot tone on

vector of N CPSD estimates for amplifier—-filter 2 and
antenna output voltages (V"2/Hz)

+*+xwith the pilot tone on

G.A = vector of N PSD estimates for the antenna output voltage

(V"2/Hz)

*xwith the pilot tone off

This second group is freshly computed after each data block

acquisition

group

G.clmE

G.c2mE

G.clZ2mE

G.clZ2pmE

from the averaged PSD's and CPSD's in the first

= vector of N PSD estimates for the amplifier-filter 1
output voltage with the pilot tone off and effects of
EMI subtracted (V"2/Hz)

= vector of N PSD estimates for the amplifier-filter 2
output voltage with the pilot tone off and effects of
EMI subtracted (V"2/Hz)

= vector of N CPSD estimates for amplifier-filters 1 and
2 output voltages with the pilot tone off and effects off

EMI subtracted (V"2/Hz)

= vector of N CPSD estimates for amplifier-filters 1

and 2 output voltages with the pilot tone on and effects
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o\

of EMI subtracted (V"2/Hz)

G.cl2pmEmp = vector of N CPSD estimates for amplifier-filters 1
and 2 output voltages with the pilot tone on and effects
of EMI and pilot tone subtracted (V"2/Hz)

G.R = vector of N PSD estimates for the sensor noise voltage
with the pilot tone off and effects of EMI subtracted
(V"2/Hz)

G.Rp = vector of N PSD estimates for the sensor noise voltage
with the pilot tone on and effects of EMI and pilot tone
subtracted (V"2/Hz)

H = structure containing all the frequency response estimates used
in the analysis
H.pl = vector of N frequency response estimates from the pilot

tone voltage to the amp-filter 1 output voltage (V/V)

H.p2 = vector of N frequency response estimates from the pilot
tone voltage to the amp-filter 2 output voltage (V/V)

H.Al1l = vector of N frequency response estimates from the EMI
antenna voltage to the amp-filter 1 output voltage
with the pilot tone off (V/V)

H.A2 = vector of N frequency response estimates from the EMI

antenna voltage to the amp-filter 2 output voltage
with the pilot tone off (V/V)

H.Alp = vector of N frequency response estimates from the EMI
antenna voltage to the amp-filter 1 output voltage
with the pilot tone on (V/V)

H.A2p = vector of N frequency response estimates from the EMI
antenna voltage to the amp-filter 2 output voltage

with the pilot tone on (V/V)

Appending a "t" on any of these indicates the theoretically exad|

value of the same quantity

Appending a "b" on any of these indicates the same quantity
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%

except bandlimited

function JNTSimEMI3,

%

o)
°

sp.

sp.R

%

%

o\

o\

o\°

o\

T

sp.

sp

sp.
sp.
sp.
sp.

294;

99.99
T=273
.T=294

T=373.
T=423.
T=473.
T=523.

o

96;
.15
.26
15
15
15
15

LabView

Initialize all parameters and internal variables

Set sensor parameters

294 (Green RTD)

LabView 99.999¢6

o
°

%

(ICE)

1 % (RoomTemp=70F)
% (100C)
% (150C)
%(200C)

%(250C)

Set data acquisition parameters

N = 2714; % Number of data points per block

df = 16; % Frequency resolution (Hz)

fs = Nxdf; % Sampling rate (samples/s)

Ts = 1/fs; % Time between samples (s)

t = Tsx[0:N-1]'"'; % Time vector for time-domain signals (s)

f = dfx[0:N-1]"'; % Freq vector for fregq-domain signals (Hz)

kB = 1.38e-23; % Boltzmann's constant (J/K)

SVNSP = 2xkBxsp.T*xsp.Rxfs; % Sensor voltage noise signal power (V™2)
disp(['Sensor Voltage Noise Signal Power = ',num2str (SVNSP), 'V 2']);

%

flo
fhi

o)
°

cp.T
cp.R

cp.C

1
4

5000;
0000;

[}

°

294;
0.98;
le-10;

o
)

% High end of bandwidth used

Low end of bandwidth used

Define measurement bandwidth

(Hz)

(Hz)

Set cable parameters

Labview = 294
% LabView = Minimun Cable
% LabView = 1E-10
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220
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223

224

225

226

227

228

229

230

231

232

233

234

235

236

239

240

241

242

243

244

245

246

247

248

249

250

251

252

o)
°

o)
°

o

o\

o

o\

o

Set pilot tone parameters

ptp.typ = 'F';
ptp.A = 1;
ptp.K = 0.01;
ptp.R = leo6;
ptp.C = le-6;

Set amplifier-filter input parameters

ap.R = 50;
ap.T = 294;
ap.C = 50e-12;

Set filter frequency response parameters

[-2000,-3000,-4000,-50000,-60000, ...

fp.z = [0,0,0]1";
fp.p =
-75000,-1000001";
fp.k = lell*prod(abs (fp.p))/5000"3;

Set EMI-to-Antenna frequency response parameters

fEAp.z = 0;
fEAp.p = -50000;
fEAp.k = 1;

Initialize all PSD's and CPSD's to zero

First group of PSD's and CPSD's averaged after each block of data

acquired

G.cl = 0xf; G.c2 = 0xf; G.clt = 0xf; G.c2t
G.cl2 = 0xf; G.cl2p = 0Oxf;

G.pl = 0xf; G.p2 = 0+£f; G.p = O0«xf;

G.A1 = 0xf; G.A2 = 0«xf; G.A = 0Oxf;

G.Alp = 0+f; G.A2p = 0«f; G.Ap = 0Oxf;
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254
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261
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267
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269

270

271

272

273

274

275

276

277

278

279

280

281

282

284

285

286

Nblks = 20000; % Number of blocks to average

o

o\

o\

o\

o\

o

o\°

Set "s" as the independent variable of the Laplace transform

s = tf('s'");

With a digital filter, simulate the analog filtering effect of
cable and amplifier-filter input capacitance

Compute the sensor-cable transfer function

Hsc = 1/ (s*(sp.R+cp.R)* (cp.C + 2%ap.C) + 1);

[bca,aca] = tfdata(Hsc,'v');
[bcd, acd] = bilinear (bca,aca, fs); % Numerator and denominator

% coefficients of digital filter
w = 2xpixf; % Analog radian frequency vector

W = w/fs; % Digital radian frequency vector
Hscd = freqz(bcd,acd,W); % Digital filter frequency response

Zscd = Hscdx (sp.R+cp.R); % Impedance of the input RC network

With a digital filter, simulate the JNT amplifier-filter effects
Set numerator and denominator coefficients of the amplifier-filter
from the zeros, poles and gain

[ba,aal = zp2tf (2+«pi*xfp.z,2+xpixfp.p, fp.k);

Set numerator and denominator coefficients of the digital filter
that simulates the analog filter

[bd,ad] = bilinear (ba,aa, fs);

Hd = freqz(bd,ad,W); % Digital filter frequency response

% Ambient EMI
[A.f1,TI11] = min(abs(1024-f));
A.gainl = abs(Hd(I1l));
[A.f2,I12] = min(abs(1136-f));
A.gain2 = abs (Hd(I12));
[A.£f3,I13] = min(abs(1264-f));
A.gain3 = abs (HA(I13));
[A.f4,I14] = min(abs(1376-f));
A.gain4d = abs (Hd(I14));
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288

289
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291

292

293

294

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

o\

o\°

o\ o\

o

o\ o\°

o\

[A.f5,T15] = min(abs(1616-f));

A.gainb

abs (HA(I15));

[A.£6,I16] = min(abs(1744-f));

A.gain6

abs (HA(I1lo6));

[A.£7,I17] = min(abs(2096-f));

A.gain?

abs (HA(I17));

[A.£8,I18] = min(abs(2336-f));

A.gain8

abs (HA(I18));

[A.£9,I19] = min(abs(44304-f)); %No Lights

A.gain?9

= abs (HA(I19)); %No Lights

[A.f10,I110] = min(abs(62784-f)); %No Lights

A.gainl0 = abs (HA(I110)); %No Lights

Lights ON

o

]

[A.f11,I111] = min(abs(2224-f));

A.gainll = abs(HdA(I111));

[A.f12,I112] = min(abs(27024-f));

A.gainl2 = abs (Hd(I112));

[A.f13,TI113] = min(abs(27184-f));

A.gainl3 = abs (Hd(T113));

[A.f14,1114] = min(abs (42208-f));

A.gainl4

= abs (HA(I114));

[A.f15,TI115] = min(abs(44288-f));

A.gainlh

= abs (HA(I11l5));

[A.f16,I116] = min(abs(62800-f));

A.gainlé
SANDIA EMT
[S.f1,I1
S.gainl
[S.f2,1I2
S.gain2
[S.f2,1I3
S.gain3
[S.£3,1I4

S.gain4d

]

]

]

]

= abs (HA(I116));

= min (abs (2000-£));
abs (HA(I1));
= min (abs (6000-£));
abs (Hd(I2));
= min (abs (10000-£f));
abs (HA(I3));
= min (abs (14000-£f));
abs (Hd(I4));
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326

327

328

329

330
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332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

[S.f4,T
S.gainb
[S.f5,I
S.gain6
[S.f6,I
S.gain7
[S.f7,I
S.gain8
[S.f8,I
S.gain9
[S.f9,I
S.gainl
[S.f9,I
S.gainl
[S.f9,I
S.gainl
[S.f9,I
S.gainl
[S.f9,I
S.gainl
[S.f9,I
S.gainl
% Single Sine w
[SS.£f1,I17]
SS.gainl =
[SS.f1,I18]
SS.gain2 =
% Multiple Sine
[MS.f1,I19]
MS.gain =
% Single Sine w
[ssS.f1,I20

ssS.gainl =

abs (HA(I19)); %

5] = min(abs(18000-£f));
= abs (HA(I5));

6] = min (abs (22000-£f));
= abs (Hd(I6));

7] = min (abs (26000-f));
= abs (HA(I7));

8] = min (abs (30000-£f));
= abs (HA(I8));

9] = min (abs (34000-f));
= abs (HA(I9));

10] = min(abs(38000-f));
0 = abs (HA(I10));

11] = min(abs(42000-£f));
1 = abs(HdA(I11));

12] = min (abs (44000-f));
2 = abs (Hd(I12));

13] = min(abs(46000-f));
3 = abs (Hd(I13));

14] = min(abs(50000-£));
4 = abs (HdA(I14));

15] = min (abs (62800-f));
5 = abs (Hd(I15));

ave
= min (abs (20000-£f) ) ;
abs (HA(I17));

= min (abs (20000-£f));
abs (HA(I18)); % Find the Hd wvalue at index for £f=20k
wave

= min (abs (30000-£f));

Find the Hd value at index for £f=30k
ave
] =
abs (HA(I20)); %

min (abs (40000-£f)) ;

Find the Hd wvalue at index for f£=40k
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377

378

379

380

381

382

383

384

385

386

387

388

o\

With a digital filter, simulate the EMI-to-antenna frequency

o\

response. Set numerator and denominator coefficients from the

o

zeros, poles and gain

[baEA, aaEA] = zp2tf (2xpi*xfEAp.z,2+«pi*xfEAp.p, fEAP.K);

o\

Set numerator and denominator coefficients of the digital filter

o\

that simulates EMI-to-antenna frequency response
[bdEA, adEA] = bilinear (baEA, aaEA, fs);

HEAd = freqgz (bdEA,adEA,W); % Digital filter frequency response

o\°

Set transient EMI parameters
Ep.t.on = 1;

Ep.t.r = 10;

Ep.t.Nav = 5;

Ep.t.Aav = 3e-5;

Ep.t.tauvuav = 10e-6;

Ep.t.Tav = 1/20;

% Set periodic EMI parameters
$ Ep.p.f = vector of periodic E frequencies (Hz)
Ep.p.on = 1; % Turn periodic EMI ON = 1; OFF = 0
% Sandia Simulation:
Ep.p.f = [2000,6000,10000,14000,18000,22000,26000,30000,
34000, 38000,42000,44000,46000,50000,62000,1024,
1136,1264,1376,1616,1744,2096,2336,22247];
NEp = length (Ep.p.f) ;

$ Ep.p.A = vector of periodic EMI amplitudes (V)

Ep.p.A = [(0.01999/S.gainl), (0.065/S.gain2), (0.048/S.gain3), ...
(0.045/S.gain4), (0.038/S.gain5), (0.03/S.gain6), ...
(0.028/sS.gain7), (0.02/S.gain8), (0.013/S.gain9), ...
(0.01/S.gainl0), (0.008/S.gainll), (0.005/S.gainl2), ...
(0.001/S.gainl13), (0.0008/S.gainl4), (0.025/S.gainlb), ...
(0.038./A.gainl), (0.049/A.gain2), (0.055/A.gain3), ...
(0.065/A.gain4), (0.086/A.gain5), (0.038/A.gain6), ...

(0.031/A.gain7), (0.031/A.gain8), (0.03/A.gainll) ];
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% Ambient Simulation:
$ Ep.p.f = [1024,1136,1264,1376,1616,1744,2096,2336, ...
% 42208,44288,628001%,2224,27024,27184,1;
% Ep.p.A = [(0.038./A.gainl), (0.049/A.gain2), (0.055/A.gain3), ...
% (0.065/A.gain4), (0.086/A.gainb), (0.038/A.gain6), ...
% (0.031/A.gain7), (0.031/A.gain8), (0.009/A.gainld), ...
% (0.009/A.gainl5), (0.038/A.gainl6)]1;%(0.03/A.gainll), ...
% (0.01/A.gainl2), (0.012/A.gainl3)];
% Single Sine 20KHz:
$ Ep.p.f = [1024,1136,1264,1376,1616,1744,2096,2336,2224, ...
% 20000,27024,27184,42208,44288,62800];
$ Ep.p.A = [(0.038./A.gainl), (0.049/A.gain2), (0.055/A.gain3), ...
% (0.065/A.gain4), (0.086/A.gain5), (0.038/A.gain6), ...
% (0.031/A.gain7), (0.031/A.gain8), (0.03/A.gainll), ...
% (0.78./SS.gainl), (0.01/A.gainl2), (0.012/A.gainl3), .|..
% (0.009/A.gainl4), (0.009/A.gainlb5), (0.038/A.gainl6)]
% Broadbrand Simulation:
% Ep.p.f = [[60:60:3000]"';[10:2000:70000]1";...
% [60:500:700001"]1 ;
% Ep.p.A = ones(NEp,1l)x50e-9;

Ep.p.A = [Ep.p.A] ;

ESP = sum(Ep.p.A."2/2) ; % Periodic EMI signal power at the sens

disp(['Periodic EMI Signal Power (at sensor)=',num2str (ESP),'V"2']);

% With a digital filter, simulate the pilot-tone to amplifier-filter
% frequency response

Zp = ptp.R + 1/ (s*ptp.C);

Hp = ptp.K/Zp;

[num, den] = tfdata(Hp, 'v');

[bptd, aptd] = bilinear (num,den, fs);

Hpd = freqgz (bptd, aptd, W) ;

)

% Compute the theoretical values of some frequency responses, PSD's

o)

% and CPSD's for comparison with the numerical results
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o o o\

o\

oo o\°

o\

o\

o\

o

o\°

o\ oo o o\

o

[H,G] = Theory (G, sp,cp, £s,Hscd, Hd, Hpd, N, kB, ap, ptp) ;

win = 'rect'; % Choose a window

TempmE = []; % Estimated sensor temperature, (K) with EMI
% subtraction with the pilot tone off

Q

TempmEmp = []; % Estimated sensor temperature, (K) with EMI and

[

% pilot tone subtraction with the pilot tone on

"nfr" = counter for the first phase of computation in which the
frequency responses from pilot tone to amplifier-filter voltage
outputs and from the EMI antenna to the amplifier-filter output
voltages are estimated
nfr = 0;
"yesnosum" = 16 element vector, each of which accumulates the
number of times a sub-block is NOT blanked during multiple
iterations of estimating the frequency responses
yesnosum = zeros(l6,1);
Initialize H.pl, H.p2, H.Alp, H.A2p, H.Al and H.A2 to empty to
indicate they have not yet been estimated
H.pl = []; H.p2 = []; H.Alp = []; H.AZp = []; H.AL = []; H.A2Z = [];
"nfrmin" = minimum number of loops through the preliminary
frequency response estimation process
nfrmin = 1 ;
Loop until there are at least "nfrmin" non-blanked instances of each
subblock used in estimating the frequency responses. This is to
insure that the initial estimates of pilot tone frequency responses
not have any "gaps" because of blanking some of the pilot tone
signal during transient EMI
while min (yesnosum) < nfrmin,

% Increment and display the frequency response loop counter

nfr = nfr + 1;

disp(nfr);

[

ptp.on = 1; % Turn pilot tone on

o

% Simulate signals for one block with pilot tone
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483

484

485

487

488

489

490

o\

o\

o\

o\°

o\ o\

o\

o o\

o\

o\°

o\ o\°

o\°

vraw = JNTBlockSimEMIZ2 (sp,N,df,Ep,cp,ptp,ap, Hscd, Hd, HEAd, Hpd) ;

o\

Blank any subblock with transient EMI that saturates the
% amplifier—-filters and window the signals
[v,yesno] = WindowSignals (N,win,vraw,H,Ts);
while sum(yesno) == | sum([v.cl;v.c2;v.A;v.p]l) == O,
vraw = JNTBlockSimEMIZ2 (sp,N,df,Ep, cp,ptp, ap, Hscd, Hd, HEAd, Hpd) ;
[v,yesno] = WindowSignals (N,win,vraw,H,Ts);
end
Accumulate data on how many times subblocks are not blanked
yesnosum = yesnosum + yesno;
Fourier transform the signals
V = FT(v,Ts) ;
Update antenna signal PSD and CPSD's with amplifier-filters
1 and 2 with the pilot tone on
G = UpdateGApandGAlpandGA2p (G,V,df,nfr);
Compute the frequency responses from the EMI antenna signal to
the amplifier-filter 1 and amplifier-filter 2 output voltages
with the pilot tone on
Initialize the frequency responses to zero
H.Alp = 0%xG.Alp ; H.A2p = 0%xG.A2p;
Use only the most signficant values of G.Ap, G.Alp and G.A2p in
computing H.Alp and H.AZ2p and leave the other frequency
response estimates at zero
G.Apmax = max(G.Ap);
I = find(G.Ap > G.Apmax/10000);
H.Alp(I) = G.Alp(I)./G.Ap(I);
H.A2p(I) = G.A2p(I)./G.Ap(I);
Subtract EMI from amplifier-filter output voltages using the
latest estimate of the EMI-antenna-to-sensor frequency response
V = SubtractEMIp (V,G,H) ;
Update pilot tone PSD and CPSD's with the output voltages from
amplifier—-filters 1 and 2 after subtracting EMI effects
G = UpdateGpandGplandGp2 (G,V,df,nfr);

Initialize the frequency responses to zero
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520
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522
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524

H.pl = 0xG.pl; H.p2 = 0xG.p2;

o\

Compute the frequency responses from the pilot tone to the

o

amplifier—-filter 1 and amplifier-filter 2 output voltages
% Use only the most signficant values of G.p, G.plmE and G.p2mE in
% computing H.pl and H.p2 and leave the other frequency
% response estimates at zero
G.pmax = max(G.p);

I = find(G.p > G.pmax/10000) ;
H.pl(I) = G.pl(I)./G.p(I);

H.p2(I) = G.p2(I)./G.p(I);

ptp.on = 0 ; % Turn the pilot tone off
% Simulate signals for one block with the pilot tone off
vraw = JNTBlockSimEMIZ (sp,N,df,Ep, cp,ptp, ap, Hscd, Hd, HEAdJ, Hpd) ;
% Remove any transient EMI that saturates the amplifier-filters
% from the signals and window the signals
[v,yesno] = WindowSignals (N,win,vraw,H, Ts);
while sum(yesno) == 0 | sum([v.cl;v.c2;v.A;v.p]l) == O,
vraw = JNTBlockSimEMIZ (sp,N,df,Ep, cp,ptp, ap, Hscd, Hd, HEAd, Hpd) ;

[v,yesno] = WindowSignals (N,win,vraw,H,Ts) ;

end

o\°

Fourier transform the signals

V = FT(v,Ts);

o\

Update antenna signal PSD and CPSD's with amplifier—-filters 1
% and 2 with the pilot tone off

G = UpdateGAandGAlandGA2 (G,V,df,nfr);

o\

Initialize the frequency responses to zero

H.Al = 0+G.Al; H.A2 = 0xG.A2;

o\

Use only the most signficant values of G.A, G.Al and G.A2 in

% computing H.Al and H.A2 and leave the other frequency

o\°

response estimates at zero
G.Amax = max(G.A);

I = find(G.A > G.Amax/10000);

H.A1(I) G.AL1(I)./G.A(I);

H.A2(I) = G.A2(I)./G.A(I);
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525 end

526

527 dn = 1; % Number of computations between graph refreshes
528

520 % Average all PSD's and CPSD's over "Nblks" blocks

530 for n = 1:Nblks,

531 % Increment the frequency response loop counter

532 if mod(n,10) == 0, disp(n) ; end

533 nfr = nfr + 1;

534 grflag = n < dn | mod(n,dn) == 0;

535 ptp.on = 1; % Turn pilot tone on

536 % Simulate signals for one block with the pilot tone on

537 vraw = JNTBlockSimEMIZ2 (sp,N,df,Ep, cp,ptp, ap, Hscd, Hd, HEAd, Hpd) ;

o\°

538 Blank any subblock with transient EMI that saturates the

o\°

539 amplifier—-filters and window the signals

540 [v,yesno] = WindowSignals (N,win,vraw,H, Ts);

541 while sum(yesno) == 0 | sum([v.cl;v.c2;v.A;v.pl) == 0,

542 vraw = JNTBlockSimEMIZ (sp,N,df,Ep, cp,ptp, ap, Hscd, Hd, HEAd, Hpd) ;
543 [v,yesno] = WindowSignals (N,win,vraw,H,Ts);

544 end

545 while sum(isnan(v.cl)) > 0,

546 vraw = JNTBlockSimEMI (sp, N, df, Ep, cp, ptp, ap, Hscd, Hd, HEAd, Hpd) ;
547 [v,yesno] = WindowSignals (N,win,vraw,H, Ts);

548 end

o\°

549 Fourier transform the signals

550 V = FT(v,Ts) ;

o\

551 Update antenna signal PSD and CPSD's with amplifier—-filters 1

552 % and 2

553 G = UpdateGApandGAlpandGA2p (G,V,df,nfr);
554 if sum(G.Ap == 0) == 0,

555 H.Alp = G.Alp./G.Ap;

556 H.A2p = G.A2p./G.Ap;

557 end

558 H.Alp(l) = 0 ; H.A2p(l) = 0;
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560
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591

592

o\°

o\

o\°

o°

o\°

o\°

o\°

o\

o\°

Subtract EMI from amplifier-filter output voltages in frequency
domain
V = SubtractEMIp(V,G,H);
Compute amplifier-filter 1 and 2 time-domain signals without EMI
v.clmE = real (ifft (V.clmE))xfs;
v.c2mE = real (ifft(V.c2mk) ) *fs;
Subtract the pilot tone from amplifier-filter output voltages
in frequency domain
V = SubtractPilotToneF (V, H);
Compute amplifier-filter 1 and 2 signals with EMI and pilot tone
effects subtracted in time domain

v.clmEmp = real (ifft (V.clmEmp))*fs;

v.c2mEmp = real (1fft(V.c2mEmp) ) xfs;
Update all the PSD's & CPSD's except EMI with the pilot tone on

G = UpdateGp(G,V,df,n);

G.cl2pmE = G.cl2p - G.A.*conj(H.Al).xH.A2;

G.cl2pmEmp = G.cl2pmE - G.p.x*conj(H.pl).*xH.p2;
Compute the frequency responses from the pilot tone to the
amplifier-filter 1 and amplifier-filter 2 output voltages
if sum(G.p == 0) == 0,

H.pl = G.pl./G.p;

H.p2 G.p2./G.p;

end

H.pl(l) = 0; H.p2(1l) = 0;

ptp.on = 0; % Turn the pilot tone off

Simulate signals for one block with the pilot tone off

vraw = JNTBlockSimEMIZ2 (sp,N,df,Ep,cp,ptp,ap, Hscd, Hd, HEAd, Hpd) ;
Blank any subblock with transient EMI that saturates the
amplifier-filters window the signals

[v,yesno] = WindowSignals (N,win,vraw,H,Ts);

while sum(yesno) == 0 | sum([v.cl;v.c2;v.A;v.pl) == 0,

vraw = JNTBlockSimEMIZ2 (sp,N,df,Ep, cp,ptp, ap, Hscd, Hd, HEAd, Hpd) ;
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o\

o°

o\

o\°

o\

o\°

o\

o\

[v,yesno] = WindowSignals (N,win,vraw,H,Ts);
end
while sum(isnan(v.cl)) > 0,
vraw = JNTBlockSimEMI (sp, N, df, Ep, cp, ptp, ap, Hscd, Hd, HEAd, Hpd) ;
[v,yesno] = WindowSignals (N,win,vraw,H, Ts);
end
Fourier transform the signals
V = FT(v,Ts);
Update the antenna signal PSD and CPSD's with amplifier-filters
1 and 2
G = UpdateGAandGAlandGA2 (G,V,df,nfr);
if sum(G.A == 0) == 0,
H.Al = G.Al1./G.A;

H.A2 = G.A2./G.A;

end

H.A1(1) = 0 ; H.A2(1) = 0 ;

I = find(isnan(H.Al1)); H.A1(I) = 0;
I = find(isnan(H.A2)); H.A2(I) = 0;

Subtract EMI from amplifier—-filter output voltages in frequency
domain
V = SubtractEMI (V, G, H);
Compute amplifier-filter 1 and 2 signals without EMI in time
domain
v.clmE = real (ifft (V.clmE))+*fs ; v.c2mE = real (ifft(V.c2mkE)) +fs;
Update all the PSD's and CPSD's with the pilot tone off
G = UpdateG(G,V,df,n);
Confine the analysis from here on to flo to fhi range
The suffix "b" indicates "bandlimited".
if trans, pause ; end

I = find(f>flo & f<fhi);

G.cl2pb = G.cl2p(I);

G.plb = G.pl(I); G.p2b = G.p2(I); G.pb = G.p(I);
H.cl2tb = H.cl2t (I) ;
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o\° o\

o\°

o\

o\

o\°

o\

G.Alpb = G.Alp(I); G.A2pb = G.A2p(I);
G.Ab = G.A(I);

Hscdb = Hscd(I); Hpdb = Hpd(I);

H.Alpb = G.Alpb./G.Ab;

H.A2pb = G.A2pb./G.Ab;

G.clb = G.cl(I); G.c2b = G.c2(I);

G.cl2b = G.cl2(I);

G.Alb = G.A1(I); G.A2b = G.A2(I);

G.Ab = G.A(I);

H.Alb = G.Alb./G.Ab; H.A2b = G.A2b./G.ADb;
H.plb = H.pl(I); H.p2b = H.p2(I);

G.clmE = G.cl - G.A.*xabs(H.Al). 2;

G.c2mE = G.c2 - G.A.*xabs(H.Al)."2;
G.cl2mE = G.cl2 - G.A.*conj(H.Al).xH.A2;
G.clmEb = G.clmE(I); G.c2mEb = G.c2mE (I);
G.cl2mEb = G.cl2mE(I); G.cl2pmEb = G.cl2pmE(I);
G.cl2pmEmpb = G.cl2pmEmp (I);

Compute the cross—-power frequency response from the sensor to

the amplifier-filter output voltages, with and without the pilot]

tone

H.cl2b = conj(G.plb) .*G.p2b.*abs (Hscdb) . 2./ (abs (Hpdb) . " 2.%...
(sp.R + cp.R)."2.%G.pb."2);

Compute the latest best
characterizes the pilot
Hpmagsqg = 2xkBx* (sp.T*sp.

(conj(G.pl) .*G.

estimate of the |Hp(f)| 2 factor that
tone attenuator
R+cp.T*cp.R) ./ ((((G.cl2pmE.xG.p)./...

p2))-1) .%G.p.x (sp.R+tcp.R) "2);

Hpmagsgm = abs (mean (Hpmagsqg(I)));

Hpdbm = abs (mean (Hpdb) ) ;

Compute the sensor PSD with the pilot tone off
G.Rb = G.cl2mEb./H.cl2b - 2xkB*cp.T+*cp.R;

Compute the sensor PSD with the pilot tone on
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G.Rpb = G.cl2pmEmpb./H.cl2b - 2xkB*cp.T*cp.R;
% and using subtraction of sensor EMI

TempmE = [TempmE;mean (abs (G.Rb))/ (2xkBxsp.R)];

TempmEmp = [TempmEmp;mean (abs (G.Rpb) )/ (2«kBxsp.R)];

% Plot Gl2 and Gl2-E
plot (£./1000,abs (G.cl12),'k");
hold on;
plot (£./1000,abs (G.cl2mE), 'b");
%$axis ([0 65 -0.001 0.055]); %Sandia plot

$axis ([10 25 -0.000005 0.000015]); %Sandia zoom plot

%$axis ([0 65 —-1E-7 2E-6]); S%broadband plot
$axis ([0 65 —-1E-7 8E-7]); %NO NOISE

%axis ([0 65 —-1E-7 5E-7]); %small sine plot
axis ([0 65 —-le-6 0.5e-5]); %ambient plot =zoom
%$axis ([0 65 —-le-6 3.5e-5]); %ambient plot
title('G1l2(f)");

xlabel ('Frequency (kHz)");

Syt = get (gca, 'ytick');

%$set (gca, 'yticklabel', [-1:1:5.5].%1e-5);% Ambient

ylabel ('CPSD (V/Hz"2)"');
legend ('G1l2', 'G12-E");
hold off;

end

\section{JNTBlockSImEMI2.m}

All rights reserved to Michael J. Roberts.

\begin{lstlisting}
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% Compute temperature estimates with and without the pilot tone
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o\ oo o o\ o\ oo o o\ oo o o o\ oo o o oo o o o\ oo o\ o o\ oo o o\ oo

o

Function to simulate the acquisition of one block of data in the
measurement of temperature using two amplifier-filter channels and
correlation with a pilot tone to measure the frequency response.
This simulation includes the effects of transient and periodic

EMI and returns an "EMI antenna" signal for use in subtracting

out effects of EMI.

sp = structure containing the sensor parameters
sp.T = sensor temperature (K)
sp.R = sensor resistance (ohms)

N = number of samples requested from this block simulator;

must be an even integer

df = frequency-domain resolution (Hz)
Ep = structure containing the EMI parameters
Transient EMI is governed by a Poisson process. FEach time a

Poisson process event occurs a sequence of exponentially-—
decaying pulses occurs. The number of pulses in the

sequence, their amplitudes, their time constants and the
duration of the sequence are all random with a specified

mean and and are exponentially distributed

Ep.t.on = flag indicating add transient EMI (1) or don't (0)
Ep.t.r = rate parameter of the Poisson process, per second
Ep.t.Nav = average number of pulses in a sequence

Ep.t.Aav = average amplitude of the transient EMI pulses (V)
Ep.t.tauav = average amplitude of the transient EMI pulses (V)
Ep.t.Tav = average duration of a sequence of pulses (s)
Ep.p.on = flag indicating add periodic EMI (1) or don't (0)
Ep.p.f = vector of periodic E frequencies (Hz)

Ep.p.A = vector of periodic EMI amplitudes (V)

EP.p.f and Ep.p.A must be the same length
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o\ oo o o\ o\ oo o o\ oo o o o\ oo o o oo o o o\ oo o\ o o\ oo o o\ oo

o

o\

cp = structure containing the cable parameters

cp.T = cable temperature (K)
cp.R = cable resistance (ohms)
cp.C = cable capacitance (F)
ptp = structure containing the pilot tone parameters

ptp.on = flag indicating either add a pilot tone (1)
or don't (0)
ptp.typ = flag indicating either FM ('F') or random ('R")
pilot tone
ptp.A = pilot tone amplitude (V) (as generated)
For FM signals ptA is the (constant) amplitude

For random signals ptA is the rms value

ap = structure containing the amplifier-filter parameters
ap.R = equivalent noise resistance of an amplifier-filter
channel (ohms)
ap.T = equivalent noise temperature of an amplifier-filter
channel (K)

ap.C = input capacitance of one amplifier-filter input (F)

Hscd = vector of frequency responses of the cable-sensor RC
circuit at discrete-time radian frequencies

W = 2+xpi+dfx[0:N-1]"'/fs

Hd = vector of frequency responses of one amplifier-filter at

discrete-time radian frequencies W = 2xpixdf*«[0:N-1]"'/fs
HEAd = vector of frequency responses of the EMI-to-
antenna-mechanism at discrete-time radian frequencies

W = 2xpi+dfx[0:N-1]"/fs

Hpd = vector of frequency responses of the pilot-tone-voltage-—

to-sensor-current at discrete-time radian frequencies
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o\

o\ oo o
<

o\

o o\ oo

o\

W = 2«

pixdfx[0:N-1]"'/fs

= structure containing samples from all the signals acquired

by the

v.cl =

v.c2

<
pd
Il

<
T
Il

data acquisition sys
vector of N samples

vector of N samples
vector of N samples f

vector of N samples £

tem

from channel 1 (V)

from channel 2 (V)

rom an "EMI antenna" signal (V)

rom the pilot tone, as generated (V

JNTBlockSimEMI2 (sp,N,df, Ep, cp, ptp, ap, Hscd, Hd, HAd, Hptd)

function v = JNTBlockSimEMI2 (sp,N,df,Ep,cp,ptp,ap, Hscd, Hd, HEAd, Hpd) ,
% Check to see whether N is even or not. If not, display an error

o)

% message and return.

if mod(N,2) ~= 0,

end

fs =

Ts =

GRs
GRc
Ga

rng (
vRs

VvRC

disp('Block size is not an even number');

v.cl =

return

Nxdf;

1/fs;

1.38e
2%kB

2%kB
2+xkBx

'shuff
= sqgrt

= sqgrt

NaN; v.c2 = NaN; v.A

14

% Sampling rate, in

% Time between samp

—-23; % Boltzmann's co
*sp.Txsp.R; % Sensor
xcp.Txcp.R; % Cable n

ap.T*ap.R; % Amplifi

o\

PSD (V~

le'); % Seed random n

(GRs*fs) *randn (N, 1) ;

(GRcxfs)xrandn (N, 1) ;
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= NaN; v.p = NaN;

samples/s

les (s)

nstant (J/K)

noise voltage PSD (V"2/Hz)

oise voltage PSD (V"2/Hz)

er—-filter equiv input noise voltage

2/Hz)

umber generator based on current ti

o

% Sensor noise voltage (V)

o

% Cable noise voltage (V)
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815
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819

820

821

822

823

824

825

826

827

828

829

830

val = sqgrt(Gaxfs)+*randn(N,1); % Amplifier—-filter 1 input noise
% voltage (V)
va2 = sqrt (Gaxfs)x*randn(N,1l); % Amplifier-filter 2 input noise

% voltage (V)
vRsRc = vRs + vRc; % Sensor and cable noise voltage (V)

o)

t = Ts+*[0:N-1]"'; % Time vector for one data block (s)

% Add the pilot tone if requested. Otherwise set it to zero.
if ptp.on,
switch ptp.typ
case 'F',
fmin = 0 ; fmax = fs/2; % Range of FM pilot tone
% frequencies (Hz)
dptf = (fmax-fmin) /N; % Resolution of FM pilot
% tone (Hz)

ptf = fmin + dptf*x[0:N-1]'; % Vector of pilot tone

o)

% frequencies

[)

ss = ceil(rand(1l,1)xN); % Pick a random starting freq

ptf = [ptf(ss:end);ptf(l:ss-1)1;

o)

ptpha = cumsum(2+pi*ptfxTs); % Phase of FM pilot tone

% signal
o

v.p = ptp.Axsin(ptpha); % Pilot tone voltage as

[

% generated
v.p = Vv.p — mean(v.p); % Keep average value at zero
case 'R’

[

v.p = randn (N, 1) .xptp.A; % Generate a bandlimited
% white noise pilot tone
end
V.p = fft(v.p);
% Account for the pilot tone attenuator
v.pa = real (1fft (V.p.xHpd.*Hscd.x(sp.R + cp.R)));
else
v.p = 0xt ; v.pa = 0xt; % Pilot tone is zero in this case

end

vRsRcp = vRsRc + v.pa; % Total sensor voltage without EMI (V)
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860
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Q

VvE = 0xt ; % Initialize EMI signal to zero
if Ep.t.on,

% Add transient EMI at random times.

[

Pev = Ep.t.r*Ts; % Probability of a Poisson event in one

Q

% sample time

Evs = rand(N,1l)<Pev; % Event markers, 1 for event, 0 for no
% event
I = find(Evs == 1); % Find time indices of Poisson events

[)

% Generate a sequence of EMI pulses for each Poisson event

for n = 1l:1length(I),

[

% Number of pulses in this sequence

Np = round (exprnd(Ep.t.Nav));

[o)

A = exprnd(Ep.t.Aav*ones (Np,1l)); % Pulse amplitudes

[

% Make some of the amplitudes negative
A = A.%x (2% (rand(Np,1)>0.5)-1);

Q

tau = exprnd(Ep.t.tauav+ones(Np,1l)); % Pulse time constant

T = exprnd(Ep.t.Tav); % Pulse sequence duration
t0 = I(n)*Ts + Txrand(Np,1l); % Pulse beginning times

for m = 1:Np, % Generate the pulse sequence
% Generate one pulse
VEt = A(m)+*exp (- (t-t0(m))/tau(m)) .xus (t-t0(m));
II = find(isnan(vEt)); VvEt(II) = 0;
vE = vE + vEt; % Add the pulse to the EMI voltage
end

end

end

if Ep.p.on, % Add periodic EMI, if requested

vEp = tx0; % Initialize periodic EMI to zero.

o

Generate a set of sinusoidal EMI voltages at random phase

o\°

angles
for n = 1l:length(Ep.p.f),

vEp = VEp + Ep.p.A(n)*cos (2*«pixEp.p.f(n)*t+rand(l,1l) *«2xpi);
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end
vE = VE + vEp; % Add periodic EMI

end

% Add the EMI signal to the sensor noise and pilot tone voltage (V)

vRsRcpE = vRsRcp + VE ;

% Simulate the analog filtering effect of cable and amplifier-filter

[o)

% input capacitance with a digital filter

f = dfx[0:N-1]'; % Analog cyclic frequency vector
w = 2xpixf; % Analog radian frequency vector

W = w/fs; % Digital radian frequency vector
VRsRcpE = fft (vRsRcpE); % FFT of total sensor voltage
VRsSRcpEf = real (ifft (VRsRcpE.*Hscd)); % Input voltage for both

[)

$ amplifier-filters without

[)

% their own voltage noise (V)

vl = vRsRcpEf + wval; % Total input voltage for amp-filter 1 (V)
v2 = VvRsRcpEf + va2; % Total input voltage for amp-filter 2 (V)

% Simulate the JNT analog filter with a digital filter
% Filter and amplify input signals for both channels
vVl = fft(vl); % FFT of input voltage for amplifier-filter 1
V2 = fft(v2); % FFT of input voltage for amplifier—-filter 2
v.cl = real (1fft(V1.xHd)); % Amplifier/filter 1 output voltage (V)
v.c2 = real (ifft(V2.xHd)); % Amplifier/filter 2 output voltage (V)

o

v.cl = min(v.cl,10); % Simulate saturation of amplifier-filter

Q

v.cl = max(v.cl,-10); % 1 output

v.c2 = min(v.c2,10); % Simulate saturation of amplifier-filter

v.c2 = max(v.c2,-10); % 2 output

% Simulate the antenna frequency response with a digital filter
% Filter the EMI signal to create the antenna signal
VE = fft(vE); % FFT of EMI voltage

v.A = real (1fft (VE.«HEAd)); % Antenna voltage (V)
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899

900 % Function to implement the Dirichlet function without using the
901 % MATLAB "diric" function

902 function y = us(x),

903 y = (sign(x) + 1)/2;
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