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ABSTRACT

This report summarizes the derivation of a newly developed algorithm that subtracts electromagnetic
interference (EMI). EMI performance is very important to Johnson noise thermometry measurements
because any interference, in the form of pickup, from external signal sources such as fluorescent lighting
ballasts, motors, etc. can skew the measurement. As part of this project, two methods for removing EMI
were developed and tested at various locations: rejection and subtraction. This report summarizes testing
performed at different facilities outside Oak Ridge National Laboratory using the rejection EMI removal
technique. The derivation of the rejection EMI removal technique was reviewed in previous milestone
reports and therefore will not be covered in this report.

1. RATIONALE FOR DEVELOPING NEW ELECTROMAGNETIC INTERFERENCE
REMOVAL TECHNIQUES AND TESTING

There were several reasons for developing a new electromagnetic interference (EMI) removal technique.

A. Linearize Process—The rejection technique is a non-linear EMI removal technique and therefore
much more difficult to derive and implement. Because of the level of difficulty and unreliability, a
second linear method was developed.

B. Difficult EMI environments—It became obvious, through testing at different facilities, that numerous
EMI cases are not removed correctly using the rejection technique, motivating the development of a
new method to handle these environments.

C. Testing at Sandia—Testing at a facility similar to the final application site allows for performance
verification of the system hardware and signal processing. Sandia National Laboratories (Sandia) is
the off-site location where measurements with the Johnson noise thermometry (JNT) system took
place. The testing at this facility used the EMI rejection technique.

2. SOURCES OF ELECTROMAGNETIC INTERFERENCE AND THEIR IMPACT

EMI has a great impact on INT measurements. Various sources, such as power lines, lights, computer
power supplies, cathode-ray tubes, cellphones, motors and pumps, and data lines (e.g., the Ethernet) emit
EMI [1], which can prevent accurate temperature measurement. The sources of EMI studied for this
project were categorized as either transient or periodic. Transient EMI is a signal that begins, persists for
some time, and then stops. Periodic EMI is a signal that is always present and repeats a pattern
indefinitely. Transient EMI is a substantial deviation in the acquired signal from the expected noise
voltage of the sensor. Because the sensor noise voltage has a Gaussian distribution within a known limit
and a mean value equal to zero, any variations twice the standard deviation of the mean value are
transient EMI. The rejection method and subtraction method use a windowing technique to detect the
transient EMI. The sensor noise acquired is in blocks of data that make up of 16 “sub-blocks” of data.
Each sub-block of data is evaluated with the windowing process, and if transient EMI is present, the sub-
block is replaced with the mean value.

Removing periodic EMI requires a different technique from that for transient EMI. In the rejection
method, a “despiking” algorithm detects and rejects periodic EMI spikes. This algorithm is nonlinear and
time-dependent. It also can have leakage problems [2]. For these reasons, a second method, the
subtraction method, was developed. The subtraction method acquires a frequency response of the EMI



environment through an antenna signal. Removal of periodic EMI using the subtraction method is
discussed later in this document.

3. ELECTROMAGNETIC INTERFERENCE TESTING ENVIRONMENT

Laboratory testing at Oak Ridge National Laboratory (ORNL) has been discussed in previous documents
[1]-[5]. This laboratory testing is a good proof of concept, but these environments are relatively clean of
EMI. To further test the abilities of the EMI removal techniques developed as part of this project, testing
was moved to two off-site locations. The first of these test locations was Sandia in Albuquerque, New
Mexico. Several resistance temperature detectors (RTDs) were strategically placed at different locations
on a Brayton cycle. Brayton cycle technology is a highly efficient thermal-to-electrical power conversion
system [6]. The Brayton cycle is an ideal test environment because it is relatively similar to the final
application for the JNT system. The locations where the RTDs were placed were selected to allow
different conditions to be tested (Figure 1). Location 1 (L1) is between the gas cooler and compressor side
of the turbo-alternator compressor (TAC). The expected highest temperatures at this location range from
366 to 394 K. The RTD (Probe3) is isolated, meaning that electrically the RTD is not grounded to the
system. Cable 4 is used for this measurement and is 15 ft. long. Location 2 (L2) is at the input of a high
temperature heat exchanger. The expected highest temperature at this location is 644 K. The RTD
(Probel) is also isolated. Cable 1 is used for this measurement and is 20 ft. long. Location 3 (L3) is at the
junction between the output of the heaters and the input of the turbines (Figure 2). The highest
temperature expected at this location is 644 K. The RTD (Probe4) is shielded and grounded. Cable 6 is
used for this measurement and is 15 ft. long. Location 4 (L4) is at the input of the compressor to the TAC
(Figure 1). The highest temperature expected at this location is 366-394 K. The RTD (Probe2) is shielded
and grounded. Cable 2 is used for this measurement and is 15 ft. long. Pictures of the RTDs installed on
the Brayton loop are presented in Figure 2. The RTDs are highlighted in each location picture. The cable
and probe combinations were calibrated before arriving at Sandia to lower parasitic contribution and
allow for the best measurement. Some of the EMI sources of concern on the Brayton loop are the high
voltage boxes located along the sidewall of the lab, the high voltage heater elements, and the turbine
itself. Initially a baseline measurement acquired the ambient EMI. The light ballasts contributed no EMI.
A dummy load (100 Q calibration resistor) was also tested to verify validity of the measurements. This
practice has been used at all testing locations since the beginning of this project.
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Figure 1. Measurement layout at Sandia National Laboratories.
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Figure 2. Brayton loop resistance temperature detector locations.



The front-end electronics box is placed on a card just outside of the Brayton loop (Figure 3). This is a low
temperature, low power location allowing access to each cable configuration during start-up and
shutdown of the cycle. A log of the testing performed at the test facility was recorded for the duration of
the Brayton loop start-up and shutdown. The location with RTD and cable, the start-up and shutdown
process, and the EMI detected by the system are recorded in the log (Table 1).

'y - ¥Tie =

Figure 3. Brayton loop Johnson noise thermometry front-end electronics.

Table 1. Activity log of start-up and shutdown during testing

7:52 AM
8:00 AM

8:08 AM

Probe2, Cable2 @ L4:—power started turning on but TAC off

Cooler pump turned on, then fans turned on
Spikes on one of the two channels begin to appear at 2 kHz, spikes on Resistor power spectral density
with pilot tone on (PTRPSD) but not on Resistor power spectral density with pilot tone off (NPTRPSD)

40 hp motor turned on

Notes: 2 kHz spikes grow on red channel and start to appear on white channel but not showing up on the Cross
power spectral density (CPSD) between channel 1 and channel 2 (G12)
8:14 AM  All subsystems on except heaters
Notes: As spikes grow on both channels, some spikes begin to appear on NPTRPSD
Test STOP
8:18 AM  Dummy load:—no spikes in PTRPSD
Test STOP
8:20 AM  Cable6, Probed4 @ L3:
8:23 AM  HydroPAC turned on (switching)
8:29 AM  Turbines (TAC) turned on 25,000 RPM
Lots of large spikes—7 V
8:31 AM  Heaters turned on




Table 1. (continued)

Test STOP

8:36 AM  Cable4, Probe3 @ L1:—all subsystems on, TAC on, heaters on 126°F @ 804 Ib mass/sec
Notes: e Lots of noise
¢ Absolute values of noise not railing system, but the amount is the problem
e System staying linear
8:45 AM  182.1°F, 843.49 Ib mass/sec
9:11 AM  RPM increased by 2000—total = 27,000 RPM
9:14 AM  RPM increased by 2000—total = 29,000 RPM
9:17 AM  RPM increased by 2000—total = 31,000 RPM
9:18 AM  RPM increased by 2000—total = 32,000 RPM
Notes: o A few blocks were rejected
o Correlation not great
o Lots of spikes but linear and not saturating
e (12 waveform shape ugly
e Hard to see PT on the raw data: V1, V2
9:21AM 34,000 RPM
Increase in number of rejected blocks per cycle but data still usable
9:23 AM 36,000 RPM SATURATED!

Test Stop
9:27 AM  Dummy load:—good data
9:30 AM 37,000 RPM
9:33 AM 38,000 RPM

Test Stop

9:27 AM  Cablel, Probel @ L2: all systems on, TAC on, Heaters on
9:33AM 40,000 RPM
G12 shape is better but still not good
More spikes on RPSD
12:40 PM Brayton cycle loop shutdown—failure
12:45 PM Restart Cablel, Probel @ L2 as system cools down

4. ELECTROMAGNETIC INTERFERENCE SPECTRAL RESULTS

The EMI spectral results are a summary of the testing at Sandia. The baseline results, shown in Figure 4,
correlate to the measurements with all system off. The measurement results for G1 [white—power
spectral density (PSD) of channel 1], G2 (red—PSD of channel 1), and G12 [green—cross power spectral
density (CPSD) between channels 1 and 2] are the expected shape and magnitude with little injected EMI.
The only EMI spike is around 45 kHz due to the internal signal generator. The temperature results from
these measurements are not recorded but are monitored and hold at room temperature for all locations.
After completing baseline testing, all subsystems are turned on except the heaters (Figure 5).

Generally the data sets show the expected white noise from the differential channels as the smooth
baseline of each of the curves [1]. Looking at the measurement data, at location L4, a 2 kHz harmonic due
to EMI from the subsystems is evident. The EMI is slowly rejected over the measurement. A
measurement is also acquired at the dummy load, and while the baseline is noisy, the spikes do not
appear. The noisy signal is likely due to a short run time and is not broadband EMI noise.



A: Load: (L1) Cable 4, RTD 3 B: Load: (L2) Cable 1, RTD 1

C: Load: (L3) Cable 6, RTD 4 D: Load: (L4) Cable 2, RTD 2

E: Load: 100 Q calibration resistor

Figure 4. Baseline measurement data at each test location.



A: Load: 100 Q calibration resistor B: Load: (L4) Cable 2, RTD 2

Figure 5. Measurement data with all subsystems (except heaters) on at two locations.

Next, the heaters and two TACs were turned on. Measurement results, displayed in Figure 6, confirm a
large amount of EMI corrupting G1, G2, and G12. However, the electronics did not saturate right away
(Table 1). Note the baseline rises with the extra EMI, resulting in inaccurate reporting of temperature.
This is a good test of the tolerance of the system to EMI.

After a few hours of operation, the operators shut down the loop. The loop generated an unknown noise
that is concerning. All subsystems, TACs, and heaters are turned off. However, the temperature of the
loop takes some time to cool to room temperature. The measurement results from both shutdown and
cooldown are displayed in Figures 7 and 8.

The important points shown by the data are as follows.

1.

Enough EMI will paralyze the system. As shown in Figure 6, it is possible to inject a sufficient
amount of EMI to make the measurement unusable.

EMI will be averaged out only if it is not correlated between the two channels. The uncorrelated
signals are removed during cross-correlation operations. If EMI is injected onto the RTD itself and is
correlated in both channels, the correlated portion appears to be part of the desired signal. This makes
shielding and isolated wells extremely important.

JNT system will survive real-world application environments. While the system did saturate
eventually, it survived large amounts of EMI. The rejection method was not able to accurately
compute temperature and therefore motivated development of a new method. The subtraction method
is able to remove this EMI reliably, allowing for an accurate temperature measurement. Actually, the
larger the EMI, the better the subtraction method is at removing it.




A: Load: (L1) Cable 4, RTD 3 B: Load: (L2) Cable 1, RTD 1

NO DATA Recorded
At this Location

D: Load: (L4) Cable 2, RTD 2
C: Load: (L3) Cable 6, RTD 4

E: Load: 100 Q Calibration Resistor

Figure 6. Measurement data with all subsystems on, heaters on, TAC on at each location.



Load: (L2) Cable 1, RTD 1

Figure 7. Measurement data with all
subsystems on, heaters on, TAC on; then
system turned off during measurement.

Load: (L2) Cable 1, RTD 1

Figure 8. Measurement data with all
subsystems off during cooldown.
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5. CONFIGURATION OF THE SYSTEM FOR SUBTRACTION

As presented in the previous reports [1]-[5], the INT system consists of several parts, shown in Figure 9.
This system is identical to the original system with the addition of one channel. This report describes the
additional subtraction system components. All other components are identical to previous designs [1]-[5].

Digitizer

Antenna
Amplifier Analog Signal
[Filter
Digital
Communcation
Sensor and
Interconnect
AC-DC
Power
Supply

Figure 9. Johnson noise thermometry system block diagram.

Antenna and Associated Electronics (Amplifier/Filter)

Processing
computer

1. Antenna. Several antenna configurations were tested, but ultimately a simple wire antenna that runs
along the RTD cable was good enough for proof of concept. The antenna provides the environmental

information needed to accurately remove EMI from the JNT voltage output signal.

2. Preamplifier. The preamplifier design consists of a low noise amplifier with the necessary gain to
increase the signal to a point where the electronic noise of successive stages will not be a significant

source of error.

The JNT signal of the RTD uses a differential measurement by two independent channels. The signal at
each of the two channel outputs contains primarily the sensor noise plus a small amount of noise from the
filters and the other amplifiers associated with the channel [1]. The software signal processing computes
the cross-correlation noise between the two channels. This allows any uncorrelated and unwanted noise to
average out over the measurement run time leaving only the signal of interest, the sensor noise.

3. Differential Amplifier/Gain. Differential amplifier and gain stage cancels most of the pickup noise.

4. Bandpass Filter/Gain. The bandpass filter design uses the sixth order Sallen-key filter topology with
three stages to implement the high-pass and low-pass functions.

The antenna channel electronics are as identical to the two noise voltage channels as physically possible,

allowing for comparable measurements [7].
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Signal Processing Technique

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
PSDs/CPSDs are time averaged, the power of the uncorrelated noise approaches zero. This same
technique is in the rejection method. However, the subtraction method does not solely rely on cross-
correlation and averaging over time to remove the EMI noise. The antenna signal is acquired using the
fifth high-speed channel and is subtracted from each amplifier/filter channel output voltage [7]. The
signal processing steps to remove EMI with the subtraction method are displayed in Figures 10 and 11.
The sample data from the amplifier/filter channels and the antenna form a block made of 16 sub-blocks.
The order of operation is critical for the subtraction algorithm. To properly subtract EMI, the cross-
frequency response of the antenna to the output of the JNT channels is established. First the antenna
voltage is measured. Eqg. (1) is representative of the antenna output voltage (V). The CPSD between the
antenna and amplifier/filter channel voltage outputs is given in Egs. (2) and (3), and the PSD of Vais
solved for in Eq. (4).

Initialize Hardware
Define Global Variables
Setup Front Panel Inputs

Turn On Pilot Tone

Acquire Data &
Compute PSD/CPSD

Turn Off Pilot Tone

Acquire Data &
Compute PSD/CPSD

Start Calculations: (outputs) NPTRPSD, Despiked NPTRPSD,
PTRPSD, Despiked PTRPSD, Rs, Temperature, NPTJNT
Temperature, PTJNT Temperature, Calculated |Hp?|, First

Frequency Out

Figure 10. Flow chart of INT signal processing [7].

PT ON
Compute C|_c|>mpufte Subtract Compute Subtract
Acquire | Window | FFT Gl il EMI: N PT: Compute
vy(t) v4(t) V,(f) Garsplf) Hoalh) Vie(f) Genlh) Vies(f) Greelf)
Vo(t) Vs(t) Vy(f) GA2+p(f) Hpa(f) Vo e(f) Gizeplf) VZ-E-p(f)
|
PT OFF
Compute Subtract | Compute
Acquire Window FFT = Ga(f) Compute EMI: G, (f)
v4(t) v4(t) Vi(f) Gai(f) Haq(f) Vig(f) G, ()
vy(t) Va(t) Vo(f) Gaalf) Haa(f) Vo.e(f) Gyze(f)

Figure 11. Block diagram of steps for subtraction method algorithm [7].
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Gare(f) is the CPSD between the antenna and channel 1 voltage outputs, Ga; g(f) is the CPSD between the
antenna and channel 2 voltage outputs, Gg(f) is the PSD of the EMI, and Hg(f) is the frequency response
of the EMI. Hea(f) is the frequency response of the EMI-to-antenna voltage, Va3(f) is the antenna’s
associated channel electronics noise, and H,s(f) is the frequency response of the antenna channel
electronics. Using the CPSD between the antenna and the channel outputs [Gai(f), Gaz(f)] and the PSD of
the antenna [Ga(F)], the cross-frequency response of the antenna to the channel outputs is solved using

Eqg. (5). Equation 6 solves for the output voltages from each of the JNT channels with EMI subtracted,
where V() and V£(f) are the output voltages from two channels with EMI corruption, given in Eq. (7)

[7].
G, (f)
G,(f)

GAZ(f) (5)
G,(f)

H,(f)=

H,,(f)=

Vi (F) =V (F)-H,, (F)V,(f)

VZ*E(f):VZE(f)_HAz(f)VA(f) 6)

GA,lE(f)
.0 V(1)

G, () )
o 0

V. (f)=

V, . (f)=

In Egs. (5) and (6), Hay(f) and Hax(f) are the frequency responses from the output voltage of the antenna
electronics to the JNT channel output voltages. The EMI detected by the antenna and the EMI noise
corrupting the channel output voltages are coherent, making this subtraction technigque possible [6]. The
better the EMI is detected by the antenna, the better the model of the EMI environment [Hea(f)] and
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therefore the better the subtraction method performs. Now that the voltage signals no longer have EMI
corruption, the CPSD between the two signals is computed [Eqg. (8)], similar to the rejection method [1]-

[5].

VliE,A ( f )VZfE,A ( f )
A

Glzg(f)=giggoE( ]=[GRs(f)+GRc(f)]|Hs<f)|2Hl(f>H2<f) @

The final temperature calculation depends heavily on the CPSD between JNT channels 1 and 2 being
accurate and independent of the EMI environment:

G, (f 1
Ts{—”( )—GRc(f)}{—] ©)
H,(f) 2kR
where Hi,(f) is the cross-power frequency response from the sensor to the outputs of channels 1 and 2,
Grc(f) is the PSD of the cable resistance, k is Boltzmann’s constant, and R is the sensor resistance. Using

this method has proven better than the rejection method because more EMI sources are detected and
removed.

6. VALIDATION OF SUBTRACTION ALGORITHM

The subtraction method was validated through testing at ORNL before it was taken to other facilities.
First the system was tested under the cleanest environment with minimal EMI (referred to as an ambient
environment). This was used as a baseline test for the system.

The CPSD between the two JNT channels, displayed in Figure 12, is from testing with the system in an
ambient environment. These results reveal EMI noise sources at 60 Hz, at 27 kHz from the light ballast, at
44 kHz from the internal signal generator, and at 63 kHz from an unidentified noise source from inside
the JINT front end board. The results displayed in Figure 12A show the subtraction method from a single
test run. The results displayed in Figure 12B show the subtraction method from multiple test runs,
including the results displayed in Figure 12A. The subtraction method is accurately and repetitively
removing the EMI noise sources across multiple measurement runs.

The system is then subjected to environments with generated EMI; Table 2 lists these environments. All
contributing noise sources from the ambient environment will be present in the testing of these
environments.

The first EMI environment tested is a single sine wave with a frequency of 20 kHz (0.05 msec period). To

generate these noise environments a large coil antenna is driven by a bipolar power amplifier. An Agilent
3351A signal generator controls the signal input to the amplifier (Figure 13).

14
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Figure 12. Measurement results from ambient EMI environment.

Table 2. EMI environments generated for validation of subtraction method

EMI environment 1 (EE1) Single Sine (20 kHz) EMI—tested in ice bath
EMI environment 2 (EE2) Broadband EMI—tested in ice bath
EMI environment 3 (EE3) Sandia EMI—tested in ice bath
Antenna

Agilent 33521A

Bipolar Operational Power % !
Supply/Amplifier o _
Double Coil Inductor

Signal Generator

Figure 13. EMI generation system [7].

Results from EE1 (EMI environment 1) are displayed in Figure 14. Note the large spike at 20 kHz. The
subtraction method removes this spike easily as shown in Figure 14A. The EMI is large and easily
detected by the antenna, and therefore the frequency response of the antenna is very representative of the
EMI environment. Figure 14B shows that the subtraction of this spike is repeatable across four different

experimental measurements.
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Figure 14. Measurement results from EMI environment 1 [7].

The next EMI environment is a broadband EMI, EE2. This experiment is important because the rejection
method is not able to reject broadband EMI in its current configuration. The broadband EMI is difficult to
reject but easy to subtract due to the frequency response of the EMI. A good antenna can detect
broadband EMI, where the rejection method depends on well-defined spikes. Note the baseline data
appear fuzzier due to the broadband EMI in Figure 15. The temperature computations are also accurate
across multiple runs with this EMI environment.
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Figure 15. Measurement results from EMI environment 2 [7].
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The last generated EMI environment (EE3) reflects the measured EMI from testing at Sandia (Figure 16).
A 2 kHz square wave is generated to reflect the measured results displayed in Figure 5 at location 4 and
Figure 8 at location 2. The rejection method was able to remove some of this EMI over a long run time,
whereas the subtraction method was able to detect the unwanted EMI noise and remove it quickly.
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Figure 16. Measurement results from EMI environment 3 [7].

From these environmental experiments, it can be concluded that the subtraction method is superior to the
rejection method at removing EMI without biasing the temperature measurement and baseline data. The
subtraction method is able to model the EMI environment using an antenna and amplifier/filter electronics
and then subtract the EMI from the windowed frequency domain data. This method does depend on a
good antenna and some time to accurately generate the cross-frequency response. However, the amount of
time is much less than that for the rejection method.

Another concern is whether the temperature computation tracks as the temperature changes. Table 3

outlines a wide range of temperature experiments. To heat the RTDs to the desired elevated temperatures
a tube furnace was used (Figure 17).

Table 3. Temperatures under test

Temperature case 1 Ice bath (0°C = 273 K)
Temperature case 2 100°C =373.15K
Temperature case 3 150°C = 423.15K
Temperature case 4 200°C =473.15K
Temperature case 5 250°C =523.15 K
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Figure 17. Tube furnace used in temperature testing.

In the first experiment, the RTD was placed in an ice bath. This test is a good baseline for temperature

experiments because the only EMI present is from ambient environmental noise sources (Figure 18). The
results from this experiment are similar to those shown in Figure 12. The only contributing noise sources
are from 60 Hz, 27 kHz (light ballast), 44 kHz (internal signal generator), and 63 kHz (unknown internal

oscillation).
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Figure 18. Measurement results for temperature case 1 [7].

Next, the RTD was placed inside the tube furnace, and the temperature of the furnace was set to 100°C
(Figure 19). The measured temperatures from this experiment are given in Table 4. The furnace
contributes some unwanted EMI noise due to the “burp” power function of the furnace. Added EMI from
the furnace contributes EMI spikes at 13 kHz, 35 kHz, 40 kHz, and 58 kHz. Placing an antenna inside the
furnace does allow for this noise to be accounted for. For this reason, a special high temperature antenna
was designed, allowing for field measurements inside the furnace. All of the measurements inside the

furnace had about the same noise spectrum.
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Figure 19. Measurement results from temperature case 2 [7].

Table 4. Temperature results from each temperature case [7]

Case Measured Temperature
Test 1: 112.7°C
Temperature case 2 Test 2: 113.74°C
(114.15°C) Test 3: 114.00°C

Test 4: 118.05°C
Test 1: 168.41°C

Temperature case 3 Test 2: 168.57°C
(168.15°C) Test 3: 167.2°C

Test 4: 167.83°C
Test 1: 221.36°C

Temperature case 4 Test 2: 222.77°C
(222.15°C) Test 3: 222.87°C
Test 4: 222.10°C

Test 1: 275.8°C

Temperature case 5 Test 2: 276.12°C
(275.15°C) Test 3: 275.69°C

Test 4: 275.09°C

The furnace temperature was then increased to 150°C for temperature case 3 (Figure 20). Note the EMI
noise contribution similarities between case 2 and case 3. The temperature results from both of these
experiments are given in Table 4.
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Figure 20. Measurement results from temperature case 3 [7].

Next, the furnace temperature was increased to 200°C, and multiple experiments at temperature case 4
were performed (Figure 21). The temperature results from these experiments are given in Table 4.
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Figure 21. Measurement results from temperature case 4 [7].

Finally, the furnace temperature was elevated to 250°C, and experiments were performed (Figure 22).
The baseline data for this case, as well as all the other temperature cases where the furnace was used,

were the same. The shape of the baseline data reflects the transfer function of the electronics, and the

magnitude is the CPSD between JNT channels 1 and 2.
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Figure 22. Measurement results from temperature case 2 [7].

The results from the temperature testing demonstrate that even with elevated temperature cases the
subtraction method is able to properly remove EMI and compute temperatures accurately and repeatedly.

7. CONCLUSION

The success of the rejection method depends largely on the environment into which it is deployed;
therefore, the subtraction method was developed. This method actually works better with large amounts
of EMI. Testing at Sandia reaffirmed the abilities of the rejection method but also displayed holes in the
method. Testing results from the Sandia measurements were remodeled for proof of concept of the
subtraction method. Elevated temperature experiments also displayed the superiority of the subtraction
method to the rejection method.
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