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Abstract 

In-Cylinder Diagnostics Using Feedback from Resonant Cavity Ignition Sources 

James F. Hunsucker III 

The Quarter-Wave Coaxial Cavity Resonator (QWCCR) Plasma Igniter is a spark ignition 

replacement system based on a novel technology. This system creates coronal plasma through 

the use of radio frequency voltage step-up. Because this device is an open loop resonant 

structure, it is sensitive to changes in the environment it operates in, the physical and the 

combustion environment. A relationship can be developed between the effects of the pressure in 

the combustion environment and the changes in resonance frequency experienced by the igniter. 

These diagnostic capabilities can be utilized to detect and alleviate misfires, incomplete fuel 

burns, etc. in an engine cycle.  

A series of tests were conducted to prove these principles. The QWCCR plasma igniter was 

inserted into the Cooperative Fuel Research (CFR) test engine. Data was collected via an in-

cylinder pressure computer and a network analyzer. The engine was set at different increments in 

crank angle to map the changes in the parameters at different volumes throughout the 

compression and power strokes. During these tests there was no fuel or combustion only air as 

the medium in-cylinder. 

The results compare a baseline frequency calculated from the in-cylinder pressure data and an 

experimental frequency that was collected using the network analyzer. The percent error between 

these two is at a maximum 1.725%. Three-dimensional plots were created from this data to show 

that frequency and pressure can be predicted and to show that this is a valid means of tracking 

changes in the combustion chamber. The results demonstrate that QWCCR Plasma igniter can be 

used as a diagnostics tool. This validation provides numerous additional opportunities for 

diagnostic capabilities using the other fundamental parameters of the igniter physical and electro-

magnetic properties. 



iii 

 

 

Tables of Contents 

Abstract .......................................................................................................................................... ii 

List of Figures .................................................................................................................................v 

Nomenclature .............................................................................................................................. vii 

Acknowledgments ..........................................................................................................................1 

Chapter 1: Introductions ...............................................................................................................2 

1.1: Research Objective ................................................................................................................2 

1.2: Summary of Chapter 1 ..........................................................................................................2 

Chapter 2: Historical Review ........................................................................................................3 

2.1: Introduction of Spark Ignition ...............................................................................................3 

2.2: Review of QWCCR ...............................................................................................................5 

2.3: Review of Other Plasma Ignition Systems ..........................................................................10 

2.4: Resonator - Frequency, Temperature, Pressure ..................................................................19 

2.5: Summary of Chapter 2 ........................................................................................................21 

Chapter 3: Methodology..............................................................................................................22 

3.1: Testing Setup .......................................................................................................................22 

3.2: Testing Process ....................................................................................................................25 

3.3: Data Processing ...................................................................................................................26 

3.4: Summary of Chapter 3 ........................................................................................................28 

Chapter 4: Results........................................................................................................................29 

4.1: Results Compared to Baseline and Percent Error ...............................................................30 

4.2: Summary of Chapter 4 ........................................................................................................37 

Chapter 5: Conclusion .................................................................................................................38 

Chapter 6: Recommendations ....................................................................................................39 

Chapter 7: References .................................................................................................................40 

Appendix .......................................................................................................................................46 

Appendices A: Matlab Code ......................................................................................................46 

A.1: Read_binary_CFR ..............................................................................................................46 

A.2: Volume Calculation ............................................................................................................47 

A.3: Data Plotting .......................................................................................................................48 



iv 

 

Appendices B: Raw Data ...........................................................................................................58 

B.1: Volume of Cylinder by Crank Angle  ................................................................................58 

B.2: Pressure Data (Pa) ..............................................................................................................59 

B.3: Temperature Data (K) .........................................................................................................64 

B.4: Pressure Data (bar) .............................................................................................................69 

B.5: Frequency (GHz) ................................................................................................................74 

B.6: Density (kg/m3) ..................................................................................................................81 



v 

 

List of Figures 

Figure 1: Cylinder Pressure (Pa) vs Crank Angle (degrees) ........................................................... 5 

Figure 2: Figure 3 from US 5,361,737, Radio frequency coaxial cavity resonator as an ignition 

source and associated method ......................................................................................................... 6 

Figure 3: Diagram from U.S. 7,721,697 B2, 25 May 2010 of new form of apparatus  .................. 7 

Figure 4: Diagram from US 8783220 B2, 22 Jul 2014, showing the component breakdown  ....... 8 

Figure 5: Diagram from US 8887683 B2, 18 Nov 2014, showing the folded cavity that permits 

the coaxial caivty resonator to resonate at a lower operating frequency than the unfolded varient 

......................................................................................................................................................... 8 

Figure 6: Diagram from US Patent 20150287574, 8 October 2015, showing the dual signal 

nature of the ignitor  ........................................................................................................................ 9 

Figure 7: QWCCR Plasma Igniter ................................................................................................ 10 

Figure 8: Diagram from US Patent 20140226252,  14 August 2014, showing how the control 

system would be established  ........................................................................................................ 11 

Figure 9: Diagram from US Patent 8217560 B2, 10 July 2012, showing the structure of the 

ignition device  .............................................................................................................................. 12 

Figure 10: Diagram from US Patent 8767372 B2, 01 July 2014, showing the general structure 

and compenents that is outlined in the patent ............................................................................... 12 

Figure 11: Diagram from US Patent 8226901 B2, 24 July 2012, showing general structure of 

ignition device ............................................................................................................................... 14 

Figure 12: Diagram from US Patent 8638540 B2, 28 January 2014, showing the compnents of 

the corona igniter including the ignition coil ................................................................................ 15 

Figure 13: Diagram from US Patent 8839752 B2, 23 September 2014, showing the magnetic 

screening ....................................................................................................................................... 16 

Figure 14: Diagram from US Patent 8839753 B2, 23 September 2014, showing the electrode gap 

....................................................................................................................................................... 17 

Figure 15: Diagram from US Patent 8844490 B2, 30 September 2014, showing the wider shell 

gap ................................................................................................................................................. 17 

Figure 16: Example plot of temperature vs. normalized operating frequency  ............................ 20 

Figure 17: Example plot of pressure vs. normalized operating frequency  .................................. 20 

Figure 18: Example plot of temperature vs. pressure vs. normalized operating frequency  ......... 21 

Figure 19: CFR Engine ................................................................................................................. 22 

Figure 20: Plasma Igniter in CFR engine connected via n-type cable .......................................... 23 

Figure 21: Network analyzer, signal generator, and oscilloscope ................................................ 24 

Figure 22: Plot of Baseline Pressure (Pa) vs Change in Crank Angle .......................................... 29 

Figure 23: Plot of Baseline Frequency and Resonant Frequency from network analyzer vs 

Change in Crank Angle ................................................................................................................. 30 

Figure 24: Percent error between experimental frequency and baseline frequency ..................... 31 

Figure 25: Plot of baseline density and density calculated from the frequency ........................... 32 

Figure 26: Percent error between experimental density and baseline density .............................. 33 



vi 

 

Figure 27: Plot of Baseline Pressure and Baseline Frequency, and Baseline Pressure and 

Experimental Frequency vs Crank Angle ..................................................................................... 35 

Figure 28: Plot of Baseline Density and Baseline Frequency, and Experimental Density and 

Experimental Frequency vs Crank Angle ..................................................................................... 37 

 

  



vii 

 

Nomenclature 

 

Γ reflection coefficient N/A 

ε0 free-space permittivity  (F/m) 

εr relative permittivity  (F/m) 

εrN permittivity of gas/vapor under standard temperature and pressure (F/m) 

θ temperature  (K) 

θN standard temperature  (K) 

λ wavelength  (m) 

µ0 free-space permeability  (H/m) 

µr relative permeability  (H/m) 

ρ material specific resistivity  (Ω/m) 

ρ magnitude of reflection coefficient N/A 

φ phase (°) 

ω angular frequency  (rads/s) 

C capacitance  (C) 

c0 speed of light  (m/s) 

f frequency  (Hz) 

fr resonance frequency  (Hz) 

J joules  (J) 

L inductance  (H) 

n number of moles  (mol) 

P pressure  (bar, Pa) 

Pf time-varying forward power  (W) 

PN standard pressure  (bar) 



viii 

 

Pr time-varying reflected power  (W) 

R gas constant  (J/K*mol) 
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Chapter 1: Introduction 

The Quarter-Wave Coaxial Cavity Resonator (QWCCR) Plasma Igniter is a novel microwave 

plasma source replacement for a spark plug for internal combustion engines. [1] [2] [3] In a 

previous series of ignition tests at Wright Patterson Air Force Base this system was proven to 

provide faster and more complete combustion of unique gaseous mixtures than that of a standard 

spark ignition system. [4] The other important attribute of the QWCCR is its potential ability to 

act as a diagnostics tool. The fundamental aspect that allows for diagnostic capabilities is the 

physical and electro-magnetic characteristics of the coaxial cavity resonator. 

In previous publications of this technology the system was primarily mentioned for ignition 

purposes. These publications did not adequately address the ability of this system to be used as a 

tool for in-cylinder engine sensing and diagnostics. In these internal combustion engine 

applications the coaxial cavity resonator is acting as an antenna and has the ability to probe the 

combustion chamber and react to changes in pressure, temperature, impedance, volume, etc. 

prior to combustion, during the entire combustion process, and after the coronal discharge has 

ceased. Since the QWCCR is a dynamic system, when used in an engine environment, this 

diagnostic information can be useful throughout the engine-cycle process. 

The coaxial cavity resonator takes the form of a quarter wave structure. This allows it to be used 

as a step-up amplifying device to increase the electric field potential. The separating factor 

between this system and other coaxial cavity systems is these other systems are typically closed 

loop systems. The QWCCR is an open loop system allowing for it to be sensitive to the local 

environment. This allows the system to sense changes in pressure, temperature, etc. in the engine 

environment. All of these factors affect the operation and performance of the QWCCR. Small 

changes in the combustion environment will have a measureable effect on impedance and 

resonance frequency. Similarly, changes to the input of the resonator, such as frequency and 

power delivered, will affect the combustion process and diagnostic capabilities. 

1.1: Research Objective: The objective of this research is to prove that the Quarter-Wave 

Coaxial Cavity Resonator Plasma Igniter can be used as an in-cylinder diagnostics tool by 

establishing a relationship between in-cylinder pressure and the resonant frequency that can be 

used to predict the events occurring in the combustion chamber. 

 

1.2: Summary of Chapter 1 

The QWCCR plasma igniter is an alternative to a spark plug in an ignition system. With the 

innate capability of being a resonator it is responsive to changes in its operational environment. 

These changes can be tracked and mapped to be used for diagnostic purposes. There is a 

relationship that can be shown that relates frequency and in-cylinder pressure. This dependent 

relationship is the bases for this research. 
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Chapter 2: Literature Review 

This chapter is a literature review of the QWCCR Plasma Igniter and other resonator cavity 

ignition systems. It first goes through a basic introduction to spark ignition starting from the first 

spark plug. The next section goes into depth the QWCCR Plasma Igniter, how it works and what 

makes it unique for this diagnostics purpose. The following section reviews other resonator 

cavity ignition systems in order to show that this has not previously been tested as an aspect of 

other systems. These sections review patents and published works on these technologies. The last 

sections go through the science and equations relating to the operation of the QWCCR. 

 

2.1: Introduction of Spark Ignition 

Power is what moves things. Without the production of power there would be no electricity, 

automobiles, or air travel. The most abundant way of generating power is to burn or ignite a fuel 

source. These combustible fuels drive turbines for the creation of electricity or in the case of an 

automobile an internal combustion engine.  

Fossil fuels are a concentrated organic compound. They are used to generate steam, electricity 

and power automobiles.  

Edwin Drake’s successful extraction of oil at his well in 

northwestern Pennsylvania in 1859 marked the dawn of the age of 

petroleum. Petroleum’s first decisive impact was displacing whale 

oil in lighting in the late 19th century. But it was the victory of the 

internal combustion engine over steam and electricity as the 

preferred means to propel the recently-invented automobile in the 

first decade of the 20th century that thrust petroleum into the 

prominence it still enjoys today. Fueled by gasoline made from 

inexpensive and readily available oil, internal combustion cars, 

notes Alan P. Loeb, “alone offered a combination of speed and 

power, range and infrastructure that gave motorists the ability to 

achieve the automotive purposes they desired.” [5] 

Fossil fuels are the most cost effective and abundant source of fuel creating power, available 

today. It is this reason that they are the most common fuel used to produce power. The energy 

released from burning fossil fuels is what is used to drive turbines and engines. In the case of 

turbines it is used to create steam, and in the case of engines it is used to drive pistons. 

The spark plug is essential to providing the initial energy to ignite the fuel in spark-ignited 

engines. Edmond Berger invented the first spark plug, on February 2, 1839. Etienee Lenoir, 

however, was the first to use a spark plug in an internal combustion engine. Others creating early 

patents for spark plugs included Nikola Tesla (1898) [6], Frederick Richard Simms (1898) [7], 
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and Robert Bosch (1898) [8]. The spark plug has been in continuous use since its first inception, 

although the demand of its use has changed. 

The automotive industry has been faced with the demanding task of satisfying new emissions 

standards. There are multiple ways that these issues are being addressed. The one that will be 

focused on in this review will deal with the spark ignition system. It is known, that currently with 

standard spark plugs, it is not possible to achieve complete combustion in most cylinder 

applications. Also the pollutants that are required to be eliminated, or minimized, include 

unburnt hydrocarbons, carbon monoxide (CO), nitrous oxides (NOx), and sulfur oxide (SOx). All 

of these pollutants are the result of combustion or the incomplete combustion of fuels. 

In order to comply with these new emission standards spark plug manufacturers are attempting to 

modify or reinvent the spark plug to achieve maximum efficiency and improved combustion. 

These manufacturers are going about this in a number of ways, from focusing mainly on the 

modification of already existing spark plug designs to laser ignition and plasma ignition systems. 

It is these latter advanced technologies that this review will focus on. 

For this experiment the engine used will be a four-stroke engine. This four-stroke process is 

comprised of the intake, compression, power, and exhaust cycles. Specifically this will focus on 

the compression and power strokes, these are centered on top-dead-center. 

In order to verify the forthcoming results engine data from Zweiri is shown for the pressure in 

relation to crank angle. These results are from a single cylinder engine where top-dead-center is 

at 360°. [9] 

The following graph shows the cylinder pressure in relation to crank angle, with top-dead-center 

in this case being at 360°. 
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Figure 1: Cylinder Pressure (Pa) vs Crank Angle (degrees) 

This is a typical pressure curve versus crank angle for a four-stroke engine during the 

compression and power strokes.   

 

2.2: Review of QWCCR 

The original patent for the QWCCR (U.S. 5,361,737, 08 November 1994) and documentation 

covered the invention of the apparatus of having a radio frequency oscillator, an amplifier, and a 

coaxial cavity resonator for the purpose of providing an ignition source to an internal combustion 

engine. The system is also adaptable for communication with the combustion chambers. The 

system provides a large plasma compared to that of a conventional spark plug. This plasma is 

created by using a radio frequency voltage and amplifying it, this is then resonated in the coaxial 

cavity in order to produce the plasma. [10] [11] [12] 
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Figure 2: Figure 3 from US 5,361,737, Radio frequency coaxial cavity resonator as an ignition 

source and associated method [12] 

Subsequent documentation follows the development of the plasma igniter in its adaption to a 

quarter-wave coaxial cavity resonator. This quarter-wave structure allows it to magnify the 

electric field. The testing for this device showed that it could operate under ambient conditions. 

[13] A model was made of this system at the 820-900 MHz frequency range. Further pressure 

testing showed that the device could generate plasma at the same operation pressures as a spark 

ignition system. [14] Based on the theoretical results from this model three identical igniters 

were created for engine testing. By testing these in an engine the optimal resonator geometry was 

determined and the first successful tests in an internal combustion engine were achieved in 2001. 

[15] 

With successful testing several ways of improving the plasma igniter were developed. By adding 

a dielectric medium in the cavity with the correct dielectric properties the electromagnetic 

properties of the system could be modified. [16] [17] 

From this point a feasibility analysis was conducted on the validity of this system to be used in 

Spark Ignition Engines. It was found that with some refinement it would be possible to provide 

the appropriate amount of energy necessary for automotive combustion purposes. [18] 

Based upon prior testing and results a new patent (U.S. 7,721,697 B2, 25 May 2010) was created 

with this new knowledge of the system. [19] This patent covers the system more thoroughly 

describing in detail how the plasma is created from the radio frequency voltage and the coaxial 

cavity resonator. [19] A new high-level model of a pulsed microwave igniter is created based on 

the new designs. This model accounts for a simplistic plasma formation delay, a drop in 

resonance frequency as a result of plasma formation, and a subsequent change in the associated 

microwave reflection coefficient. Using this model a control system can be developed based on 

the variables. [20] 
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Figure 3: Diagram from U.S. 7,721,697 B2, 25 May 2010 of new form of apparatus [19] 

Based on previous testing it has been shown that there is a significant environmental and 

economic benefit to using this system in an engine, because the system is able to operate at lean 

conditions. [4] The system also operates at a significantly lower energy requirement compared to 

that of a conventional spark ignition system. At 150 W, a microwave pulse of 2 ms can deliver 

energy of close to 300 mJ at a large sustained average power level compared to with a 

convention spark plug. [21] [22] 

At this time, 2009, there is a focus on applying the technology to a new geometry that is capable 

of use in a Briggs and Stratton 16-hp V-twin engine. An analysis is done on the geometric and 

material parameters in order to adapt the system to this purpose for further testing. [22] This new 

prototype was used with a Briggs and Stratton engine with Jet A fuel. The Briggs and Stratton is 

a single cylinder engine with a fuel injection system. Tests were performed to determine the 

cold-start temperature limit, the lowest temperature the engine could be repeatedly started. [23] 

Two more patents (US 8783220 B2, 22 Jul 2014, US 8887683 B2, 18 Nov 2014) were filed in 

order to protect new designs and methods of operation. A new folded cavity for the resonator is 

protected as this allows the system to operate at a lower frequency than the previously unfolded 

cavity. [24] [25] The new compact design was presented to show that the new folded cavity 

quality factors are comparable to the previously tapered cavity designs. [26] [27] 
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Figure 4: Diagram from US 8783220 B2, 22 Jul 2014, showing the component breakdown [24] 

 

Figure 5: Diagram from US 8887683 B2, 18 Nov 2014, showing the folded cavity that permits 

the coaxial caivty resonator to resonate at a lower operating frequency than the unfolded varient 

[25] 

The current iteration (US Patent 20150287574, 8 October 2015) of the plasma igniter involves 

the use of a dual signal. [28] This dual signal is composed of the radio frequency power source 

and a high voltage source that is used to step-up the total energy. This system allows the plasma 

igniter to operate at the mJ level since there is a minimal current present due to the nanosecond 

pulses. [28] 



9 

 

 

Figure 6: Diagram from US Patent 20150287574, 8 October 2015, showing the dual signal 

nature of the ignitor [28] 

There is currently an active patent application concerning the diagnostics capabilities of this 

system. [29] This patent covers the use of the plasma igniter as an apparatus for igniting a 

combustible mixture that consists of a feedback module that is able to sense a condition in the 

combustion environment by measuring characteristics of the coaxial cavity resonator. This 

control is meant to process the feedback in order to modulate operation of the coaxial cavity 

resonator.  
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The version of the plasma igniter that was used for these experiments can be seen in Figure 6.  

 
Figure 7: QWCCR Plasma Igniter 

 

2.3: Review of Other Plasma Ignition Systems 

The following are advanced ignition systems either in current development or production. This 

section will be a review of these systems and how they relate to this research. 

System and method for generating and sustaining a corona electric discharge for igniting a 

combustible gaseous mixture 

This system (US Patent 6883507, 26 Apr 2005) was developed by a company called Etatech. 

[30] The electric field in the combustion chamber is controlled such that the fuel-air mixture 

does not experience full dielectric breakdown producing a high current electric arc. This electric 

field is maintained high, but not high enough to cause complete dielectric breakdown. After the 

fuel-air mixture has been sufficiently ionized a flame front is developed to propagate throughout 

the chamber. This process is done by having a center electrode inside the combustion chamber 

being supplied by an electrical circuit that provides radio frequency power; a ground is 

established with the walls of the combustion chamber. This voltage differential produces a radio 

frequency electric field that causes the air-fuel mixture to ionize. [30] A control system (US 

Patent 8746218 B2, 10 June 2014, US Patent 20140226252, 14 August 2014) was also 
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developed separately for this system. The control system consists of measuring the baseline 

impedance of the circuit with the electrode, the measuring of an actual impedance circuit, the 

determination of an impedance set point based on the baseline impedance, a comparison of the 

actual impedance to the impedance set point, and the adjustment of the actual impedance based 

on the comparison of the actual impedance and the impedance set point. [31] [32] [33] 

 

Figure 8: Diagram from US Patent 20140226252,  14 August 2014, showing how the control 

system would be established [31] 

There is another related technology (US Patent 8217560 B2, 10 July 2012) developed by 

BorgWarner BERU developed by a different group. This technology is a corona ignition device 

for use in an internal combustion engine that consists of an ignition electrode, an outer conductor 

that surrounds the electrode, and an insulator between the electrode and outer conductor. The 

insulator and electrode protrude beyond the outer conductor. The electrode has a number of 

branches starting at its base. [34] 
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Figure 9: Diagram from US Patent 8217560 B2, 10 July 2012, showing the structure of the 

ignition device [34] 

A high frequency ignition device was patented for use in an internal combustion engine (US 

Patent 20110146640 A1, 23 June 2011, US Patent 8550048 B2, 08 October 2013, US Patent 

8767372 B2, 01 July 2014, US Patent 8860290 B2, 14 October 2014, US Patent 8857396 B2, 14 

October 2014). The device consists of a center electrode, and insulating body around this center 

electrode, a metallic housing that has been threaded for insertion into an internal combustion 

engine, and an electrical circuit to provide HF excitation to the center electrode. The insulator is 

made of an electrically conductive coating. The HF for this system is to be at least one MHz and 

the voltage is to be a few kV. [35] [36] [37] [38] [39] 

 

Figure 10: Diagram from US Patent 8767372 B2, 01 July 2014, showing the general structure 

and compenents that is outlined in the patent [34] 

Ignition or plasma generation apparatus 

This ignition system is designed to be installed without any modifications to the current engine 

system. [40] A plasma source is generated by a spark discharge; this is then expanded by 

radiating a microwave into the plasma. The way that this is generated causes a high electron 

temperature, but a low gas temperature. The frequency of the microwave is 2.45 GHz. This is 
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also the frequency of a magnetron from a microwave oven. A spark plug with an antenna was 

developed in order to adapt the system without changing the current engine system. This antenna 

is made of tungsten wire and goes around the center electrode. Plasma was successfully 

generated with this system up to 1.0 MPa. When this system was tested against a standard SI 

system it was shown to start combustion earlier. [40] At an IMEP of 275kPa, the plasma was 

able to increase the lean limit from 19.3 to 24.1. This system also reduced CO, CO2, and NOx 

emissions as the airflow ratio was increased.  This test was done in a single cylinder engine. [41] 

This same system was then modified to be operable in a multi-cylinder engine system. This was 

done without modifying the combustion chamber. In order to adapt the system to be useable with 

a multi-cylinder system a mixer unit was developed. The mixer operated as a high-voltage and 

frequency isolator. The system once again showed improved initial combustion initiation. [42] 

Patents (US Patent 8226901 B2, 24 July 2012, US Patent 20120258016 A1, 11 October 2012) 

were developed based on this technology. The first defines the system as having a center 

electrode that is supplied with energy from a spark discharge and microwaves in order to ignite 

an air-fuel mixture in an internal combustion chamber. This system includes the mixing circuit to 

combine the high-voltage pulse and the microwave energy, both of these coming from their 

respective generators. The nature of the mixing circuit causes the high-voltage pulse and the 

microwave energy to be superimposed upon each other on the same transmission line. [43] [44] 

The subsequent patent deals with the reflection of electromagnetic waves. The plasma generating 

device (U.S. application 20140041611) now includes an electromagnetic wave oscillator and a 

stub adjustment unit. The stub adjusts a short circuit location during engine operation based on 

the intensity of a reflected wave of the electromagnetic wave reflected from the antenna on the 

system. [45] 
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Figure 11: Diagram from US Patent 8226901 B2, 24 July 2012, showing general structure of 

ignition device [43] 

Multi-event corona discharge ignition assembly and method of control and operation 

This corona discharge fuel ignition system provides a corona discharge to ignite a fuel-air 

mixture with the purpose of reducing energy usage and costs compared to other corona discharge 

systems. The system consists of a power supply to provide radio frequency energy. The system 

uses pulses to provide the corona discharge. [46] 

A corona discharge fuel igniter system and a control system for the long term operation of the 

system in a combustion environment were developed (US Patent 20120145136 A1, 14 June 

2012). [46]The invention provides a corona discharge while incorporating the use of a specified 

insulator or dielectric material that increases the efficiency of the corona discharge in order to 

ignite fuel in a combustion environment. The dielectric material’s purpose is to extend the life of 

the igniter system in a combustion environment. The igniter system uses radio frequency to 

produce the corona discharge. This RF voltage is passed through an electrical conductor to the 

tip of the igniter device. This conductor is surrounded by a ceramic dielectric material that 

provides efficiency to the corona discharge. The system also includes an inductor on the 

emission end of the igniter that increases the RF voltage. A dielectric material also surrounds this 

inductor. [47] In an attempt to suppress arc from forming when voltage is applied to the igniter 

various tip shapes were patented. Some of these shapes include angular depressions at the tip in 

multiple orientations. [48] A modification to the corona igniter’s circuit was developed to add a 

self-tuning power amplifier. [49] 

A subsequent patent (US Patent 8638540 B2, 28 January 2014) covers a corona igniter that is 

provided by a radio frequency electric field with the purpose to ionize a fuel-air mixture and 

create a corona discharge in the combustion chamber. This system consist of a housing, a coil 
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inside the housing to receive energy as a voltage and transmit this energy at a higher voltage, an 

electrode that is electrically coupled to the coil to receive the energy and provide the RF field, 

and a coil filler that consists of a resin material with the purpose of reducing capacitance. [50] 

 

Figure 12: Diagram from US Patent 8638540 B2, 28 January 2014, showing the compnents of 

the corona igniter including the ignition coil [50] 

The following patent (US Patent 8729782 B2, 20 May 2014) in the same series provides a 

corona ignition system that includes an electrode and insulator that extends along the electrode. 

[51]This electrode is formed from an electrically conductive material. The insulator contains a 

matrix of electrically insulating material on the firing end of the electrode. This insulator has the 

purpose of reducing and/or eliminating arcing during the use of the corona ignition system. The 

igniter creates controllable and repeatable non-thermal plasma that consists of multiple steams of 

ions in the form of a corona. This discharge is for the purpose of ignition of a fuel-air mixture 

with the benefits of improved fuel economy and reduced CO2 emissions.  [51] 

The next patent in this series (US Patent 8749945 B2, 10 June 2014) builds upon and changes the 

parts of the previous system. [52] This system consists of an electrode, a corona drive circuit, 

and an energy storage circuit. This drive circuit provides energy to the electrode to emit a 

discharge from the electrode. The energy circuit provided is a supplementary system to the drive 

circuit; it stores energy while the drive circuit is providing energy to the electrode, and after a 

discharge is detected continues to provide energy in order to maintain the arc discharge being 

created. This continuous maintenance of the arc discharge is to ensure a robust and reliable 

ignition. [52]  

A following patent (US Patent 8776751 B2, 15 July 2014) provides specifications for the 

emitting tip to enhance corona discharge.  This enhanced tip could be a wire, layer, or sintered 

mass that is made of a precious metal. This emitting tip is placed upon a base member that is 
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made of a nickel alloy. The emitting member has a purpose of being more resistant to erosion 

and chemical corrosion than the base member. The emitting tip has a small spherical radius in 

order to concentrate and strengthen the electrical field that is emitted. [53]  

Another patent (US Patent 8839752 B2, 23 September 2014) was made to provide this system 

with magnetic screening. This was achieved by including inductor windings between the 

housing, and an electric shield located between the housing and these inductor windings. The 

purpose of this was to prevent magnetic flux from emitting from the device. [54] 

 

Figure 13: Diagram from US Patent 8839752 B2, 23 September 2014, showing the magnetic 

screening [54] 

A patent (US Patent 8839753 B2, 23 September 2014) concerning the electrode gap further 

continues upon the structure of the corona igniter in this series. The center electrode is 

surrounded by an insulating material. There is a space between the electrode and the inner 

surface of the insulator that is the electrode gap. A shell of electrically conductive material is 

around the insulator. The space between the insulator and the shell is referred to as the shell gap. 

In either the electrode gap or the shell gap an electrically conductive coating is applied. These 

gaps and coatings are used to prevent ionized gas from forming and from a corona discharge 

being formed in these areas. The purpose is to ensure that a corona discharge is only created at 

the time of the ignition. [55] 
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Figure 14: Diagram from US Patent 8839753 B2, 23 September 2014, showing the electrode gap 

[55] 

A patent (US Patent 8844490 B2, 30 September 2014, US Patent 8749126 B2, 10 June 2014) 

was submitted changing this design to better control the location of the plasma, which consists of 

a wider shell gap. This wider shell gap is achieved by decreasing the thickness of the shell 

towards the emitting tip end of the corona igniter. This allows the flow of air into the shell gap. 

This process enhances the corona discharge along the insulator. [56] [57] 

 

Figure 15: Diagram from US Patent 8844490 B2, 30 September 2014, showing the wider shell 

gap [56] 
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A patent (US Patent 9010294 B2, 21 April 2015) that further builds upon this design changes the 

electrode so that it consists of a core made of a material such as copper that is clad to another 

material such as nickel. This core material consists of at least 90% of the electrode. 

The purpose of this modification is to reduce the temperature of the system. [58] This continues 

to build upon the series of patents in order to prevent the formation of a conductive path between 

the central electrode and the shell. This is done by adding an abruption extending radially from 

the center electrode. This abruption increases the thickness of the insulator. The abruption 

changes the electric field and voltage potential gradient in the shell gap, thus preventing the 

formation of a conductive path. [59] 

Another adjustment to the system (US Patent 9088136 B2, 21 July 2015) was made in order to 

improve the electrical performance. This electrical performance was achieved by adding an 

intermediate conductive component between the outer conductive shell and the insulator. [60] 

An asymmetric firing tip is added to the system. This tip is noted by having one surface area with 

a sharp edge, and a second surface area having a rounded edge. This sharp area faces the fuel 

injector, while the round edge faces the cylinder block. This orientation makes it so the corona 

discharge is emitted from the sharp edge facing the fuel injector. This makes it so there is no 

arcing occurring between the tip and the cylinder block. [61] 

None of these ignition systems provide in-cylinder diagnostics. There are also no currently 

available systems that can be used for combustion and provide in-cylinder diagnostics in a single 

system.  
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2.4: Resonators - Frequency, Temperature, Pressure 

There is a fundamental principle in physics that links frequency, propagation velocity, and 

wavelength. [62] This can be expanded to compare the propagation velocity to that of light in a 

vacuum. This can further be expanded to include propagation through various mediums: 

𝑓𝑜 [Hz] =
𝑣 [m/s]

𝜆 [m]
=

𝑣 [m/s]

𝜆 [m] √𝜇0𝜇𝑟𝜀0𝜀𝑟

=
𝑐0 [m/s]

𝜆 [m] √𝜇𝑟𝜀𝑟

, 
(1) 

 

where, f is the operating frequency, v is the wave velocity, λ is the wavelength, εr 

and ε0 are the relative and free-space permittivity, respectively, and μr and μ0 are 

the relative and free-space permeability, respectively, and c0 is the speed of light 

in a vacuum. 

This model assumes for the vacuum case that permittivity and permeability of the medium are 

fixed, time-invariant values. This is not true in an internal combustion engine, where the 

pressures and temperatures vary with respect to time and the varying positions of the piston, 

which is affected by the crank angle, in the cylinder during the combustion cycle. The 

permittivity can thus be modified so that it includes time-varying pressures and temperatures: 

[63] 

𝜀𝑟(𝜃, 𝑃, 𝑡) = 1 + [𝜀𝑟𝑁
(𝜃𝑁, 𝑃𝑁) − 1] ∙

𝜃𝑁 [K] ∙ 𝑃(𝑡) [bar]

𝜃(𝑡) [K] ∙ 𝑃𝑁 [bar]
, 

(2) 

 

where, εr is the calculated permittivity, εrN is the permittivity of gas/vapor under 

standard temperature and pressure, θ and P are the process temperature and 

pressure, respectively, and θN and PN are standard temperature and pressure. 

Most gaseous fuels are non-magnetic, or in rare cases they are paramagnetic. In both of these 

cases the contribution towards 𝜇𝑟 is close to unity so for this study it will be assumed to be 

negligible.  

This time varying model can be substituted into (1) in order to achieve a time-varying frequency 

that is dependent on the process temperature and pressure: 

𝑓𝑜(𝜃, 𝑃, 𝑡) =
𝑐0 

𝜆√1 + [𝜀𝑟𝑁
− 1] ∙

𝜃𝑁 ∙ 𝑃(𝑡)
𝜃(𝑡) ∙ 𝑃𝑁

, (3) 

The following figures were created using a Matlab code created by Dr. Andrew Lowery to show 

the change in temperature vs. operating frequency for a fixed pressure, PN (1), and pressure vs. 

frequency for a fixed temperature, θN (2). [64] The third figure shows a surface curve of 
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temperature vs. pressure vs. frequency over the predicted operating conditions in a combustion 

environment. 

 

Figure 16: Example plot of temperature vs. normalized operating frequency [64] 

 

Figure 17: Example plot of pressure vs. normalized operating frequency [64] 
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Figure 18: Example plot of temperature vs. pressure vs. normalized operating frequency [64] 

It should be noted that continuity exists between all points of temperature and pressure. This 

demonstrates that knowing one data set, such as an initial set of conditions, the process can be 

tracked across the entire range of operation. 

 

2.5: Summary of Chapter 2 

Through reviewing the documentation on the QWCCR a better understanding of how the system 

works and where it is going in the future is established based on current patent applications. The 

transition to a dual signal plug allows for it to be operated at lower energies, because of the high 

voltage signal that is now being used to step up the radio frequency. This takes away the need for 

large power supplies and moves the system closer to being integrated into an engine. There is 

currently a provisional patent that is associated with covering the diagnostic capabilities of the 

QWCCR. 

By reviewing other advanced ignition systems including plasma and corona, it can be shown that 

no other current technologies are utilizing a resonator device for diagnostic purposes. Some of 

these systems are utilizing the radio frequency power that the QWCCR uses. Because of this the 

systems should be able to create similar plasma to that of the QWCCR, but will not be able to do 

so at the same efficiency due to the lack of the dual signal, and more importantly not be able to 

operate at the high compression ratios of an internal combustion engine. 

The QWCCR holds the unique advantage over all other in-cylinder diagnostics tools as it 

requires no additional modifications in order to perform diagnostics.   
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Chapter 3: Methodology 

The following testing was completed in cooperation with the Center for Alternative Fuels 

Engines and Emissions (CAFEE) at West Virginia University. This testing was done in order to 

collect data to show the relationship of the pressure and temperature of the engine and the 

resonant frequency of the QWCCR with respect to the engines crank angle. The CFR engine was 

chosen for this process because it is a simple, single cylinder engine that the crank angle for data 

collection can be set. This was necessary to collect the frequency data as the sweep needed to be 

trigger to collect data only at the specified crank angle. 

 

3.1: Testing Setup 

The plasma ignition system was integrated into the spark plug port on the Cooperative Fuel 

Research (CFR) engine and connected to a HP 8753 network analyzer. The trigger from the in-

cylinder pressure computer was imported into the network analyzer in order to sync the data 

collection. This trigger needed to be boosted in order for the network analyzer to properly 

receive the signal; this was done by running the signal through a signal generator in order to 

boost it. The plasma igniter was connected to the analyzer via an n-type cable.  

The network analyzer was calibrated out to the n-type cable prior to testing using the n-type 50-

ohm calibration kit. 

 

Figure 19: CFR Engine 
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This figure shows the plasma igniter inserted into the spark plug port on the CFR engine. 

 

 

Figure 20: Plasma Igniter in CFR engine connected via n-type cable 

This figure provides an up close view of the plasma igniter in the CFR engine. Also in this 

picture a closer view of the valves has been provided. 
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Figure 21: Network analyzer, signal generator, and oscilloscope 

This figure shows the other components in the test set up consisting of the Tektronix TDS 3012B 

two channel color digital phosphor oscilloscope, the Global Specialties 4001: 5 MHZ ultra-
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variable pulse generator, that is being used as a trigger, and the HP 8753 network analyzer that 

the plasma igniter is connected to via the n-type cable. 

 

3.2: Testing Process 

In order to collect the needed data a data logger was used to collect the engine data and the 

network analyzer was used to collect the frequency data. The network analyzer was set to collect 

data at the desired crank angle set by the computer. It was able to collect these specific points 

because of the syncing of the triggers. 

The data collection consisted of setting up the system as shown, setting the crank angle with the 

computer, and then having the analyzer perform a sweep. The network analyzer data collection 

settings were set prior to testing. The range of the sweep was between 2.39 - 2.53 GHz. This 

range was chosen because prior to this test the plug was examined using the network analyzer 

and this range covered the curve of the plug. The resolution used for this sweep was 201 data 

points. The sweep was saved as a data file onto a floppy disk. This data was then later imported 

into a Matlab file for processing. 

The engine was set to run at approximately 500 RPM, with a compression ratio of 5:1. For the 

purposes of this validation testing no fuel was used in this test. All of the data collection was 

done with air as the only intake. 

The data logger collected data throughout the entire testing process. This consisted of pressure, 

intake and outtake temperatures, and engine speed. The pressure data was collected from a 

piezoelectric sensor in the cylinder. [65]  

The specific crank angles that were used for data collection were from -180° to 180° at 10° 

increments. This range of angles was chosen because they cover the range of the valves being 

closed. The compression process exhibits an almost sinusoidal structure, so the incrementation of 

the crank angle of 10° is suited because this sinusoidal nature and be properly observed with this 

resolution. This 10° incrementation provides a good handoff for data collection timing. In a fully 

implemented system the positions at which are sample could be set to certain degrees that show 

diagnostic significance or based on timing. This range and incrementation shows the minimums 

and maximums as well as showing the full broad spectrum.  

 These angles coincide with the compression and power stroke of the engine. Power stroke is an 

interesting range to have diagnostic capabilities. During the power stroke misfires and the 

completeness of fuel combustion can be observed.  

All the data collected was in the form of data files that could be imported into spreadsheets. 
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3.3: Data Processing 

A Matlab file was used to calculate the volume of the cylinder based upon the crank angle and 

geometry of the engine cylinder. This can be found in appendices A:2. 

The data collected from the data logger was in the form of text files, however, they were 

encrypted and needed to be decrypted with the use of a Matlab file, which can be found in 

appendices A:1. Data received from this file includes: engine speed, intake and exhaust 

temperatures, cylinder pressure, average temperature, and maximum temperature.  

From the data logger in-cylinder pressure at the individual crank angles is determined. Intake and 

outtake temperature are included in the data collection, however, it is in-cylinder temperature 

that is desired. In order to calculate this in-cylinder temperature the ideal gas law equation was 

used: 

𝑃𝑉 = 𝑛𝑅𝑇, (15) 

where, P is the pressure in Pascal’s, V is the volume in m3, n is the amount of the 

substance of gas in moles, R is the ideal gas constant, and T is the temperature of 

the gas in kelvin  

The pressure at each crank angle is used, along with the volume at the crank angle. The gas 

constant R is given as 8314 J/K*mol. In order to find the amount of moles (n) the pressure at 

atmospheric, the volume at -180°, the gas constant, and the average intake temperature were 

used. These parameters were chosen as this would determine the amount of air in the cylinder for 

the testing process. The elevation in Morgantown, WV is 961 ft., this gives a local atmospheric 

pressure of 97855.31426 Pa. The average intake temperature was 288.6613419 K. The n 

calculated (2.73E-5 mol) was considered to be constant, as the amount of gas in the cylinder 

would not change for this experiment as there was no combustion present. This was deemed to 

be a good starting point for diagnostics in an ideal situation as there was to be no combustion. 

And this takes in the assumption that the valves do not leak holding the moles of the gas to be 

constant. 

After establishing the constants n and R, the temperature was calculated at each crank angle from 

the pressure at each crank angle and the volume of each crank angle. 

A baseline was created for pressure from this data. The average at each crank angle was used for 

this baseline. 

From this pressure and calculated temperature the frequency could be calculated. The following 

equation shown early as (Equation 3) was used: 

𝑓𝑜(𝜃, 𝑃, 𝑡) =
𝑐0 

𝜆√1 + [𝜀𝑟𝑁
− 1] ∙

𝜃𝑁 ∙ 𝑃(𝑡)
𝜃(𝑡) ∙ 𝑃𝑁

, (16) 
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The speed of light is 299792458 m/s which was used for c0. The wavelength was calculated 

based upon the resonant frequency previously determined with the network analyzer, this value 

was 2.45 GHz. The resulting wavelength was 0.122364268571429 m. The dielectric constant for 

air is 1.00059 S/m. The sub n components represent standard conditions, in this case the initial 

conditions used for the calculation of n were used, intake temperature and the air pressure (bar) 

at elevation. The sub t components represent the experimental pressure and temperature.  

This equation allows for the calculation of frequency from the in-cylinder pressure previously 

found. This data was also calculated for every crank angle allowing for the establishment of a 

frequency baseline. These data sets and baseline are plotted along with the frequency data 

collected from the network analyzer in the following results section. 

From the pressure data the density can also be found by modifying the ideal gas law equation: 

𝜌𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 =
𝑃

𝑅 ∗ 𝑇
, (17) 

The frequency data from the network analyzer was also in the form of text files. These individual 

files for each crank angle were imported into excel and combined. The data is initially imported 

as SWR. The minimum SWR is used to find the resonant frequency for each sweep. 

The data from the baseline was compared to that of the experimental frequency to calculate 

percent error: 

% 𝑒𝑟𝑟𝑜𝑟 = |
#𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 − #𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

#𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
| ∗ 100, (18) 

 

Once again using a previous equation (Equation 3) the relationship between pressure and 

frequency can be explored to find experimental density: 

𝑓𝑜(𝜃, 𝑃, 𝑡) =
𝑐0 

𝜆√1 + [𝜀𝑟𝑁
− 1] ∙

𝜃𝑁 ∙ 𝑃(𝑡)
𝜃(𝑡) ∙ 𝑃𝑁

, (19) 

The same initial parameters are used as were used in calculating the frequency from the pressure 

data. The ratio of  
𝑃(𝑡)

𝜃(𝑡)
 is found so that it can be used to find the experimental density. 

𝜌𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 =
𝑃(𝑡)

𝜃(𝑡)
∗

1

𝑅
, (18) 

With the baseline pressure, baseline frequency, crank angle, and experimental frequency a 3-D 

plot can be created. 
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3.4: Summary of Chapter 3 

This section showed the experimental setup, data collection process, and how the data was 

processed. The setup consisted of the CFR engine, the QWCCR Plasma Igniter, and the 

equipment needed to collect the data including the data logger and the network analyzer. The 

collection process explains how the crank angle was set with the computer allowing the network 

analyzer to perform a sweep at each individual crank angle. The data processing section walks 

through all the information necessary to process the data into useful information, including the 

values for specific variables and equations used. From this data plots were created to display the 

results, which can be seen in the following section. 
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Chapter 4: Results 

In this chapter the results will be discussed in detail. A baseline was established for pressure, 

temperature, and frequency from the data in order to show the consistency of the data collected. 

Percent error is calculated by comparing the results from individual data runs versus this 

baseline. The final portion of this chapter will present graphs from another study that tracked 

similar results for pressure and temperature in relation to crank angle. [9] 

 

4.1: Results Compared to Baseline and Percent Error 

The object of this study was to establish a connection between the parameters of an engine and 

the resonance frequency across the crank angles of the engine. 

This first plot (Figure 21) shows the change in pressure with respect to crank angle that was 

collected from the data logger.  

 

Figure 22: Plot of Baseline Pressure (Pa) vs Change in Crank Angle 

The established baseline is shown in black. The two vertical dashed lines show the crank angles 

where the valves close and open, -156.5 and 130.5. Data outside these lines is susceptible to 

error, as the cylinder is not fully sealed. The dip at the peak of the pressure curve can also be 

explained by these valves. This CFR engine is an older system, and its age, wear and tear can be 

shown by the valves leaking at the peak pressure. 
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This next plot (Figure 23) shows the frequency calculated from the pressure the frequency 

collected from the network analyzer.  

 

Figure 23: Plot of Baseline Frequency and Resonant Frequency from network analyzer vs 

Change in Crank Angle 

The baseline frequency calculated from the pressure data is shown in black. The frequency from 

the network analyzer is shown as the blue line. The frequency collected from the network 

analyzer was found to be discretized, this is due to the number of points selected for the sweep 

on the network analyzer. This could be improved by increasing the number of points in the 

sweep.  

The next plot (Figure 24) shows that based on the pressure a frequency can be found that is at all 

points less than 1.725% error of the resonant frequency found with the network analyzer. 

However this does not tell the whole story, because of the need to take into account the resonator 

properties. These two curves do not fall within a 3 dB bandwidth. This difference would not 

allow the QWCCR to operate properly; it could not achieve the conditions necessary for ignition. 
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There is a clear offset between the two curves of approximately 10 MHz. Using this method it 

can be shown that the resonance frequency can be found during this portion of the engine cycle. 

Things that cannot be found are the 3 dB bandwidth, the Q, SWR, and the various power 

measurements. 

 

Figure 24: Percent error between experimental frequency and baseline frequency 

The next plot (Figure 25) shows the density calculated from the pressure and the density 

calculated from the frequency found by the network analyzer. 
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Figure 25: Plot of baseline density and density calculated from the frequency 

The baseline density from the pressure is shown in black. The density from the frequency is 

shown as the blue line.  The density from the frequency shows the same discretizion that was 

found in the frequency from the network analyzer. This could be fixed in the same way as the 

frequency by increasing the number of points in the sweep. 

  



33 

 

The next plot (Figure 26) shows the percent error for the experimental density and baseline 

density: 

 

Figure 26: Percent error between experimental density and baseline density 

The error at the trailing ends and the top near top dead center of the density are due to the 

resolution as can be seen in the density plot (Figure 25). 

The following table lists the percent error for the frequency and the density. The ranges outside 

of -150° and 130° are taken out of the error analysis because the system is no longer a closed 

loop system since the valves are open. The error at top-dead-center is artificially large due to the 

leaks at maximum pressure and the age of the engine. The error in the range of 60°-100° is due 

to mechanical linkage slop in the piston motion. 

Percent Error Minimum Maximum Average 

Frequency 0.437031741% 1.725585583% 0.789007832% 

Density 2.142010431% 63.56411371% 27.07050832% 

 

The following two 3-D plots (Figure 27 and Figure 28) show the 3-D relationships between 

pressure, frequency, and crank angle and density, frequency, and crank angle.  
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This first plot (Figure 27) shows both the baseline pressure and baseline frequency versus the 

crank angle of the engine and the baseline pressure and experimental frequency versus the crank 

angle. This 3-D plot provides a combine view of the two that allows for a comparison. Following 

what was previously stated with the individual plots as the pressure reaches the maximum at 

crank angle 0° the observed frequency changes.  
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Figure 27: Plot of Baseline Pressure and Baseline Frequency, and Baseline Pressure and 

Experimental Frequency vs Crank Angle 

It can be seen that there is a relationship that can be traced between pressure and frequency. 
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The next plot (Figure 28) shows both the baseline density and baseline frequency versus the 

crank angle of the engine and the experimental density and experimental frequency versus the 

crank angle. The experimental density shows the same discretizion shown previously with the 

density plot (Figure 25). 
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Figure 28: Plot of Baseline Density and Baseline Frequency, and Experimental Density and 

Experimental Frequency vs Crank Angle 

As seen previously with Figure 26 the relationship between density and frequency can be used to 

trace the events occurring in the cylinder. 

4.2: Summary of Chapter 4 

This chapter went through the results calculated from the raw data. It displays the pressure and 

frequency curves with respect to the crank angle. The baseline frequency was calculated from the 

in-cylinder pressure data. This calculated frequency is then compared to the experimental 

frequency collected from the network analyzer. The percent error between these two is at a 

maximum approximately 1.725% throughout the crank angles. From both of these sets of data a 

density can be found. A baseline density was calculated from the in-cylinder pressure and the 

experimental density was calculated from the experimental frequency. From these densities the 

percent error was calculated. The average percent error for the density is approximately 27.07%. 

Three-dimensional plots were created from this data in order to show how two elements can be 

traced together against the crank angle of the engine. 

By comparing frequency plots it is shown that frequency and pressure can be predicted and that 

this is a valid means of tracking changes in the combustion chamber. 
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Chapter 5: Conclusions 

The results demonstrate that QWCCR Plasma igniter can be used as a diagnostics tool. Based on 

in-cylinder pressure there is a corresponding frequency. This frequency is comparable to the 

resonant frequency found with the network analyzer. Thus this system could be used detect 

changes in the combustion chamber. 

In an advanced version of this system deviations from the operating frequency (to be determined 

for specific engine and system) could allow for the detection of engine events such as misfires 

and the completeness of the fuel burn. 

With further development and integration of the device, and a control system, into an engine 

environment, this system could be used as an engine diagnostics tool that is self-adjusting. This 

self-adjusting system could modify the parameters related to operation of the QWCCR Plasma 

Igniter in order to operate at the desired operating frequency that is correspondent to the desired 

outcome in the combustion chamber. 
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Chapter 6: Recommendations 

My recommendations consist of the furthering of this research. This is the first step as proof-of-

concept to using this device as a diagnostics tool. A feedback and control system is needed to 

utilize these diagnostic capabilities. With a control system not only would the device be able to 

detect things such as misfires, it could make the necessary adjustments in order to correct this 

problem. 

By intelligently controlling the QWCCR with a control system that could adapt it would allow 

for drastically improved combustion. With the capability to detect incomplete fuel burn the 

system could change appropriately to correct the issue. 

Further, more data needs to be collected with varying fuels and combustion. These different fuels 

will have different densities and thus affect the resonator in different ways. A lookup table 

should be compiled to show and utilize the differences between the fuels. The effects will also 

change depending on the combustion environment, as the pressure and temperature are 

dependent on the volume of the combustion chamber. This means if the system is to be 

implemented in a different engine it would be suggested to collect data with different fuels in the 

new engine. 

For these further tests it would also be recommended that new equipment be acquire to improve 

the testing efficiency and reliability. A completely integrated data collection system would 

drastically improve the data processing step. Being able to collect the SWR and frequency data 

on a system that is synced and integrated in to the same system that the pressure and temperature 

data is collected would be beneficial.   
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Appendix 

Appendices A: Matlab Code 

A.1: Read_Binary_CFR 

clear all; 

  

fid=fopen('C:\Users\Trey.Hunsucker\Dropbox\Diagnostics Tests 1-27-16\Data 

Logger\Data_PSP-001_012716_15;9;48.bin','r'); 

  

  

RowsPerChannels=1440; 

  

  

i=1; 

EndOfFile=feof(fid); 

  

while (EndOfFile == 0) 

        Time(i,1)               = fread(fid, 1,'double'); 

        EngineSpeed(i,1)        = fread(fid, 1,'double'); 

        IntakeTemperature(i,1)  = fread(fid, 1,'double'); 

        ExhaustTemperature(i,1) = fread(fid, 1,'double'); 

        ChannelNumber(i,1)      = fread(fid, 1,'int'); 

        Pressure(:,i)           = fread(fid, RowsPerChannels,'int16')/2.0; 

         

         if (min(Pressure(:,i)) < -1000) 

            % should have been read as unsigned int16 

            fseek(fid, -2*RowsPerChannels, 'cof'); 

            Pressure(:,i) = fread(fid, RowsPerChannels,'uint16')/2.0; 

        end 

         

        i=i+1; 

        %Check end of file 

        position=ftell(fid); 

        testEnd=fread(fid, 1,'double'); 

        if (feof(fid) == 0) 

            fseek(fid,position,'bof'); 

        else 

            EndOfFile = 1; 

        end 

end 

  

fclose(fid); 
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A.2: Volume Calculation 

function[CA,V]=CAVolume(Stroke,Bore,CR,VD,Conn) 

  

CA(1)=-180; 

V(1)=(VD/(CR-1))+((pi*Bore^2)/4)*(Conn+(Stroke/2)... 

        -((Stroke/2)*cos(CA(1)*pi/180)+sqrt((Conn^2)... 

        -((Stroke/2)^2)*(sin(CA(1)*pi/180)^2)))); 

for i=2:1440; 

    CA(i,1)=CA(i-1,1)+.25; 

    V(i,1)=(VD/(CR-1))+((pi*Bore^2)/4)*(Conn+(Stroke/2)... 

        -((Stroke/2)*cos(CA(i,1)*pi/180)+sqrt((Conn^2)... 

        -((Stroke/2)^2)*(sin(CA(i,1)*pi/180)^2)))); 

end 

  



48 

 

A.3: Data Plotting 

clear;clc; 

close all 

  

% Dielectric constant under normal conditions 

e_rN = 1.00059;    % Air 

CR = 5;            % ICE Compression Ratio 

  

% Normal conditions 

T_N = 269.9407581; 

P_N = 0.8433084577; 

  

%Import Pressure 

P_N_180 = xlsread('DataCLean.xlsx','Baseline','F2:F38'); % Pressure -180 

P_N_170 = xlsread('DataCLean.xlsx','Baseline','G2:G38'); % Pressure -170 

P_N_160 = xlsread('DataCLean.xlsx','Baseline','H2:H38'); % Pressure -160 

P_N_150 = xlsread('DataCLean.xlsx','Baseline','I2:I38'); % Pressure -150 

P_N_140 = xlsread('DataCLean.xlsx','Baseline','J2:J38'); % Pressure -140 

P_N_130 = xlsread('DataCLean.xlsx','Baseline','K2:K38'); % Pressure -130 

P_N_120 = xlsread('DataCLean.xlsx','Baseline','L2:L38'); % Pressure -120 

P_N_110 = xlsread('DataCLean.xlsx','Baseline','M2:M38'); % Pressure -110 

P_N_100 = xlsread('DataCLean.xlsx','Baseline','N2:N38'); % Pressure -100 

P_N_90 = xlsread('DataCLean.xlsx','Baseline','O2:O38'); % Pressure -90 

P_N_80 = xlsread('DataCLean.xlsx','Baseline','P2:P38'); % Pressure -80 

P_N_70 = xlsread('DataCLean.xlsx','Baseline','Q2:Q38'); % Pressure -70 

P_N_60 = xlsread('DataCLean.xlsx','Baseline','R2:R38'); % Pressure -60 

P_N_50 = xlsread('DataCLean.xlsx','Baseline','S2:S38'); % Pressure -50 

P_N_40  = xlsread('DataCLean.xlsx','Baseline','T2:T38'); % Pressure -40 

P_N_30 = xlsread('DataCLean.xlsx','Baseline','U2:U38'); % Pressure -30 

P_N_20 = xlsread('DataCLean.xlsx','Baseline','V2:V38'); % Pressure -20 

P_N_10 = xlsread('DataCLean.xlsx','Baseline','W2:W38'); % Pressure -10 

P_0 = xlsread('DataCLean.xlsx','Baseline','X2:X38'); % Pressure 0 

P_10 = xlsread('DataCLean.xlsx','Baseline','Y2:Y38'); % Pressure 10 

P_20 = xlsread('DataCLean.xlsx','Baseline','Z2:Z38'); % Pressure 20 

P_30 = xlsread('DataCLean.xlsx','Baseline','AA2:AA38'); % Pressure 30 

P_40 = xlsread('DataCLean.xlsx','Baseline','AB2:AB38'); % Pressure 40 

P_50 = xlsread('DataCLean.xlsx','Baseline','AC2:AC38'); % Pressure 50 

P_60 = xlsread('DataCLean.xlsx','Baseline','AD2:AD38'); % Pressure 60 

P_70 = xlsread('DataCLean.xlsx','Baseline','AE2:AE38'); % Pressure 70 

P_80 = xlsread('DataCLean.xlsx','Baseline','AF2:AF38'); % Pressure 80 

P_90 = xlsread('DataCLean.xlsx','Baseline','AG2:AG38'); % Pressure 90 

P_100 = xlsread('DataCLean.xlsx','Baseline','AH2:AH38'); % Pressure 100 

P_110 = xlsread('DataCLean.xlsx','Baseline','AI2:AI38'); % Pressure 110 

P_120 = xlsread('DataCLean.xlsx','Baseline','AJ2:AJ38'); % Pressure 120 

P_130 = xlsread('DataCLean.xlsx','Baseline','AK2:AK38'); % Pressure 130 

P_140 = xlsread('DataCLean.xlsx','Baseline','AL2:AL38'); % Pressure 140 
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P_150 = xlsread('DataCLean.xlsx','Baseline','AM2:AM38'); % Pressure 150 

P_160 = xlsread('DataCLean.xlsx','Baseline','AN2:AN38'); % Pressure 160 

P_170 = xlsread('DataCLean.xlsx','Baseline','AO2:AO38'); % Pressure 170 

P_180 = xlsread('DataCLean.xlsx','Baseline','AP2:AP38'); % Pressure 180 

P_BASELINE = xlsread('DataCLean.xlsx','Baseline','AQ2:AQ38'); % Pressure Baseline 

  

%Import Temperature 

T_N_180 = xlsread('DataCLean.xlsx','Baseline','F40:F76'); % Temperature -180 

T_N_170 = xlsread('DataCLean.xlsx','Baseline','G40:G76'); % Temperature -170 

T_N_160 = xlsread('DataCLean.xlsx','Baseline','H40:H76'); % Temperature -160 

T_N_150 = xlsread('DataCLean.xlsx','Baseline','I40:I76'); % Temperature -150 

T_N_140 = xlsread('DataCLean.xlsx','Baseline','J40:J76'); % Temperature -140 

T_N_130 = xlsread('DataCLean.xlsx','Baseline','K40:K76'); % Temperature -130 

T_N_120 = xlsread('DataCLean.xlsx','Baseline','L40:L76'); % Temperature -120 

T_N_110 = xlsread('DataCLean.xlsx','Baseline','M40:M76'); % Temperature -110 

T_N_100 = xlsread('DataCLean.xlsx','Baseline','N40:N76'); % Temperature -100 

T_N_90 = xlsread('DataCLean.xlsx','Baseline','O40:O76'); % Temperature -90 

T_N_80 = xlsread('DataCLean.xlsx','Baseline','P40:P76'); % Temperature -80 

T_N_70 = xlsread('DataCLean.xlsx','Baseline','Q40:Q76'); % Temperature -70 

T_N_60 = xlsread('DataCLean.xlsx','Baseline','R40:R76'); % Temperature -60 

T_N_50 = xlsread('DataCLean.xlsx','Baseline','S40:S76'); % Temperature -50 

T_N_40 = xlsread('DataCLean.xlsx','Baseline','T40:T76'); % Temperature -40 

T_N_30 = xlsread('DataCLean.xlsx','Baseline','U40:U76'); % Temperature -30 

T_N_20 = xlsread('DataCLean.xlsx','Baseline','V40:V76'); % Temperature -20 

T_N_10 = xlsread('DataCLean.xlsx','Baseline','W40:W76'); % Temperature -10 

T_0 = xlsread('DataCLean.xlsx','Baseline','X40:X76'); % Temperature 0 

T_10 = xlsread('DataCLean.xlsx','Baseline','Y40:Y76'); % Temperature 10 

T_20 = xlsread('DataCLean.xlsx','Baseline','Z40:Z76'); % Temperature 20 

T_30 = xlsread('DataCLean.xlsx','Baseline','AA40:AA76'); % Temperature 30 

T_40 = xlsread('DataCLean.xlsx','Baseline','AB40:AB76'); % Temperature 40 

T_50 = xlsread('DataCLean.xlsx','Baseline','AC40:AC76'); % Temperature 50 

T_60 = xlsread('DataCLean.xlsx','Baseline','AD40:AD76'); % Temperature 60 

T_70 = xlsread('DataCLean.xlsx','Baseline','AE40:AE76'); % Temperature 70 

T_80 = xlsread('DataCLean.xlsx','Baseline','AF40:AF76'); % Temperature 80 

T_90 = xlsread('DataCLean.xlsx','Baseline','AG40:AG76'); % Temperature 90 

T_100 = xlsread('DataCLean.xlsx','Baseline','AH40:AH76'); % Temperature 100 

T_110 = xlsread('DataCLean.xlsx','Baseline','AI40:AI76'); % Temperature 110 

T_120 = xlsread('DataCLean.xlsx','Baseline','AJ40:AJ76'); % Temperature 120 

T_130 = xlsread('DataCLean.xlsx','Baseline','AK40:AK76'); % Temperature 130 

T_140 = xlsread('DataCLean.xlsx','Baseline','AL40:AL76'); % Temperature 140 

T_150 = xlsread('DataCLean.xlsx','Baseline','AM40:AM76'); % Temperature 150 

T_160 = xlsread('DataCLean.xlsx','Baseline','AN40:AN76'); % Temperature 160 

T_170 = xlsread('DataCLean.xlsx','Baseline','AO40:AO76'); % Temperature 170 

T_180 = xlsread('DataCLean.xlsx','Baseline','AP40:AP76'); % Temperature 180 

T_BASELINE = xlsread('DataCLean.xlsx','Baseline','AQ40:AQ76'); % Temperature Baseline 
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%Import Frequency 

F_N_180 = xlsread('DataCLean.xlsx','Baseline','F116:F152'); % Frequency -180 

F_N_170 = xlsread('DataCLean.xlsx','Baseline','G116:G152'); % Frequency -170 

F_N_160 = xlsread('DataCLean.xlsx','Baseline','H116:H152'); % Frequency -160 

F_N_150 = xlsread('DataCLean.xlsx','Baseline','I116:I152'); % Frequency -150 

F_N_140 = xlsread('DataCLean.xlsx','Baseline','J116:J152'); % Frequency -140 

F_N_130 = xlsread('DataCLean.xlsx','Baseline','K116:K152'); % Frequency -130 

F_N_120 = xlsread('DataCLean.xlsx','Baseline','L116:L152'); % Frequency -120 

F_N_110 = xlsread('DataCLean.xlsx','Baseline','M116:M152'); % Frequency -110 

F_N_100 = xlsread('DataCLean.xlsx','Baseline','N116:N152'); % Frequency -100 

F_N_90 = xlsread('DataCLean.xlsx','Baseline','O116:O152'); % Frequency -90 

F_N_80 = xlsread('DataCLean.xlsx','Baseline','P116:P152'); % Frequency -80 

F_N_70 = xlsread('DataCLean.xlsx','Baseline','Q116:Q152'); % Frequency -70 

F_N_60 = xlsread('DataCLean.xlsx','Baseline','R116:R152'); % Frequency -60 

F_N_50 = xlsread('DataCLean.xlsx','Baseline','S116:S152'); % Frequency -50 

F_N_40 = xlsread('DataCLean.xlsx','Baseline','T116:T152'); % Frequency -40 

F_N_30 = xlsread('DataCLean.xlsx','Baseline','U116:U152'); % Frequency -30 

F_N_20 = xlsread('DataCLean.xlsx','Baseline','V116:V152'); % Frequency -20 

F_N_10 = xlsread('DataCLean.xlsx','Baseline','W116:W152'); % Frequency -10 

F_0 = xlsread('DataCLean.xlsx','Baseline','X116:X152'); % Frequency 0 

F_10 = xlsread('DataCLean.xlsx','Baseline','Y116:Y152'); % Frequency 10 

F_20 = xlsread('DataCLean.xlsx','Baseline','Z116:Z152'); % Frequency 20 

F_30 = xlsread('DataCLean.xlsx','Baseline','AA116:AA152'); % Frequency 30 

F_40 = xlsread('DataCLean.xlsx','Baseline','AB116:AB152'); % Frequency 40 

F_50 = xlsread('DataCLean.xlsx','Baseline','AC116:AC152'); % Frequency 50 

F_60 = xlsread('DataCLean.xlsx','Baseline','AD116:AD152'); % Frequency 60 

F_70 = xlsread('DataCLean.xlsx','Baseline','AE116:AE152'); % Frequency 70 

F_80 = xlsread('DataCLean.xlsx','Baseline','AF116:AF152'); % Frequency 80 

F_90 = xlsread('DataCLean.xlsx','Baseline','AG116:AG152'); % Frequency 90 

F_100 = xlsread('DataCLean.xlsx','Baseline','AH116:AH152'); % Frequency 100 

F_110 = xlsread('DataCLean.xlsx','Baseline','AI116:AI152'); % Frequency 110 

F_120 = xlsread('DataCLean.xlsx','Baseline','AJ116:AJ152'); % Frequency 120 

F_130 = xlsread('DataCLean.xlsx','Baseline','AK116:AK152'); % Frequency 130 

F_140 = xlsread('DataCLean.xlsx','Baseline','AL116:AL152'); % Frequency 140 

F_150 = xlsread('DataCLean.xlsx','Baseline','AM116:AM152'); % Frequency 150 

F_160 = xlsread('DataCLean.xlsx','Baseline','AN116:AN152'); % Frequency 160 

F_170 = xlsread('DataCLean.xlsx','Baseline','AO116:AO152'); % Frequency 170 

F_180 = xlsread('DataCLean.xlsx','Baseline','AP116:AP152'); % Frequency 180 

F_BASELINE = xlsread('DataCLean.xlsx','Baseline','AQ116:AQ152'); % Frequency Baseline 

F_E = xlsread('DataCLean.xlsx','Baseline','E2:E38'); % Frequency Experimental 

  

%Import Density 

D_N_180 = xlsread('DataCLean.xlsx','Baseline','F193:F229'); % Density -180 

D_N_170 = xlsread('DataCLean.xlsx','Baseline','G193:G229'); % Density -170 

D_N_160 = xlsread('DataCLean.xlsx','Baseline','H193:H229'); % Density -160 

D_N_150 = xlsread('DataCLean.xlsx','Baseline','I193:I229'); % Density -150 
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D_N_140 = xlsread('DataCLean.xlsx','Baseline','J193:J229'); % Density -140 

D_N_130 = xlsread('DataCLean.xlsx','Baseline','K193:K229'); % Density -130 

D_N_120 = xlsread('DataCLean.xlsx','Baseline','L193:L229'); % Density -120 

D_N_110 = xlsread('DataCLean.xlsx','Baseline','M193:M229'); % Density -110 

D_N_100 = xlsread('DataCLean.xlsx','Baseline','N193:N229'); % Density -100 

D_N_90 = xlsread('DataCLean.xlsx','Baseline','O193:O229'); % Density -90 

D_N_80 = xlsread('DataCLean.xlsx','Baseline','P193:P229'); % Density -80 

D_N_70 = xlsread('DataCLean.xlsx','Baseline','Q193:Q229'); % Density -70 

D_N_60 = xlsread('DataCLean.xlsx','Baseline','R193:R229'); % Density -60 

D_N_50 = xlsread('DataCLean.xlsx','Baseline','S193:S229'); % Density -50 

D_N_40 = xlsread('DataCLean.xlsx','Baseline','T193:T229'); % Density -40 

D_N_30 = xlsread('DataCLean.xlsx','Baseline','U193:U229'); % Density -30 

D_N_20 = xlsread('DataCLean.xlsx','Baseline','V193:V229'); % Density -20 

D_N_10 = xlsread('DataCLean.xlsx','Baseline','W193:W229'); % Density -10 

D_0 = xlsread('DataCLean.xlsx','Baseline','X193:X229'); % Density 0 

D_10 = xlsread('DataCLean.xlsx','Baseline','Y193:Y229'); % Density 10 

D_20 = xlsread('DataCLean.xlsx','Baseline','Z193:Z229'); % Density 20 

D_30 = xlsread('DataCLean.xlsx','Baseline','AA193:AA229'); % Density 30 

D_40 = xlsread('DataCLean.xlsx','Baseline','AB193:AB229'); % Density 40 

D_50 = xlsread('DataCLean.xlsx','Baseline','AC193:AC229'); % Density 50 

D_60 = xlsread('DataCLean.xlsx','Baseline','AD193:AD229'); % Density 60 

D_70 = xlsread('DataCLean.xlsx','Baseline','AE193:AE229'); % Density 70 

D_80 = xlsread('DataCLean.xlsx','Baseline','AF193:AF229'); % Density 80 

D_90 = xlsread('DataCLean.xlsx','Baseline','AG193:AG229'); % Density 90 

D_100 = xlsread('DataCLean.xlsx','Baseline','AH193:AH229'); % Density 100 

D_110 = xlsread('DataCLean.xlsx','Baseline','AI193:AI229'); % Density 110 

D_120 = xlsread('DataCLean.xlsx','Baseline','AJ193:AJ229'); % Density 120 

D_130 = xlsread('DataCLean.xlsx','Baseline','AK193:AK229'); % Density 130 

D_140 = xlsread('DataCLean.xlsx','Baseline','AL193:AL229'); % Density 140 

D_150 = xlsread('DataCLean.xlsx','Baseline','AM193:AM229'); % Density 150 

D_160 = xlsread('DataCLean.xlsx','Baseline','AN193:AN229'); % Density 160 

D_170 = xlsread('DataCLean.xlsx','Baseline','AO193:AO229'); % Density 170 

D_180 = xlsread('DataCLean.xlsx','Baseline','AP193:AP229'); % Density 180 

D_BASELINE = xlsread('DataCLean.xlsx','Baseline','AQ193:AQ229'); % Density Baseline 

D_E = xlsread('DataCLean.xlsx','Baseline','H231:H267'); % Density from Frequency 

  

CA = xlsread('DataCLean.xlsx','Baseline','A2:A38'); 

  

  

%Temperature and pressure ranges 

Num_points = 37; 

for index = 1:length(CR) 

    F(index,:) = linspace(300,500,Num_points); 

    P(index,:) = linspace(1,CR(index).^1.4,Num_points); 
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% Change in permittivity 

e_r = 1 + (e_rN - 1)*((T_N.*P(index,:))./(T(index,:).*P_N)); 

  

% Change in frequency 

f = 1; 

f_e_r(index,:) = f./sqrt(e_r); 

  

end 

  

%Baseline pressure 

figure (1) 

plot(CA(:,1),P_N_180(:,1),... 

    CA(:,1),P_N_170(:,1),... 

    CA(:,1),P_N_160(:,1),... 

    CA(:,1),P_N_150(:,1),... 

    CA(:,1),P_N_140(:,1),... 

    CA(:,1),P_N_130(:,1),... 

    CA(:,1),P_N_120(:,1),... 

    CA(:,1),P_N_110(:,1),... 

    CA(:,1),P_N_100(:,1),... 

    CA(:,1),P_N_90(:,1),... 

    CA(:,1),P_N_80(:,1),... 

    CA(:,1),P_N_70(:,1),... 

    CA(:,1),P_N_60(:,1),... 

    CA(:,1),P_N_50(:,1),... 

    CA(:,1),P_N_40(:,1),... 

    CA(:,1),P_N_30(:,1),... 

    CA(:,1),P_N_20(:,1),... 

    CA(:,1),P_N_10(:,1),... 

    CA(:,1),P_0(:,1),... 

    CA(:,1),P_10(:,1),... 

    CA(:,1),P_20(:,1),... 

    CA(:,1),P_30(:,1),... 

    CA(:,1),P_40(:,1),... 

    CA(:,1),P_50(:,1),... 

    CA(:,1),P_60(:,1),... 

    CA(:,1),P_70(:,1),... 

    CA(:,1),P_80(:,1),... 

    CA(:,1),P_90(:,1),... 

    CA(:,1),P_100(:,1),... 

    CA(:,1),P_110(:,1),... 

    CA(:,1),P_120(:,1),... 

    CA(:,1),P_130(:,1),... 

    CA(:,1),P_140(:,1),... 

    CA(:,1),P_150(:,1),... 

    CA(:,1),P_160(:,1),... 
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    CA(:,1),P_170(:,1),... 

    CA(:,1),P_180(:,1)) 

hold on 

   plot(CA(:,1),P_BASELINE(:,1),'k','LineWidth',4) 

x1=[-156.,-156.5]; 

x2=[130.5,130.5]; 

y=[0,1000000]; 

plot(x1,y,'--k',x2,y,'--k','LineWidth',1) 

title('Plot of Baseline Pressure (Pa) vs Change in Crank Angle') 

xlabel('Crank Angle (degree)') 

ylabel('Pressure (Pa)') 

xlim([min(min(CA)) max(max(CA))]) 

ylim([min(min(P_BASELINE)) max(max(P_BASELINE)*1.05)]) 

hold off 

  

%Baseline temperature 

figure (2) 

plot(CA(:,1),T_N_180(:,1),... 

    CA(:,1),T_N_170(:,1),... 

    CA(:,1),T_N_160(:,1),... 

    CA(:,1),T_N_150(:,1),... 

    CA(:,1),T_N_140(:,1),... 

    CA(:,1),T_N_130(:,1),... 

    CA(:,1),T_N_120(:,1),... 

    CA(:,1),T_N_110(:,1),... 

    CA(:,1),T_N_100(:,1),... 

    CA(:,1),T_N_90(:,1),... 

    CA(:,1),T_N_80(:,1),... 

    CA(:,1),T_N_70(:,1),... 

    CA(:,1),T_N_60(:,1),... 

    CA(:,1),T_N_50(:,1),... 

    CA(:,1),T_N_40(:,1),... 

    CA(:,1),T_N_30(:,1),... 

    CA(:,1),T_N_20(:,1),... 

    CA(:,1),T_N_10(:,1),... 

    CA(:,1),T_0(:,1),... 

    CA(:,1),T_10(:,1),... 

    CA(:,1),T_20(:,1),... 

    CA(:,1),T_30(:,1),... 

    CA(:,1),T_40(:,1),... 

    CA(:,1),T_50(:,1),... 

    CA(:,1),T_60(:,1),... 

    CA(:,1),T_70(:,1),... 

    CA(:,1),T_80(:,1),... 

    CA(:,1),T_90(:,1),... 

    CA(:,1),T_100(:,1),... 
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    CA(:,1),T_110(:,1),... 

    CA(:,1),T_120(:,1),... 

    CA(:,1),T_130(:,1),... 

    CA(:,1),T_140(:,1),... 

    CA(:,1),T_150(:,1),... 

    CA(:,1),T_160(:,1),... 

    CA(:,1),T_170(:,1),... 

    CA(:,1),T_180(:,1)) 

hold on 

   plot(CA(:,1),T_BASELINE(:,1),'k','LineWidth',4) 

x1=[-156.,-156.5]; 

x2=[130.5,130.5]; 

y=[0,1200]; 

plot(x1,y,'--k',x2,y,'--k','LineWidth',1) 

title('Plot of Baseline Temperature (K) vs Change in Crank Angle') 

xlabel('Crank Angle (degree)') 

ylabel('Temperature (K)') 

xlim([min(min(CA)) max(max(CA))]) 

ylim([min(min(T_BASELINE)) max(700)]) 

hold off 

  

%Baseline frequency 

figure (3) 

plot(CA(:,1),F_E(:,1),... 

    CA(:,1),F_N_180(:,1),... 

    CA(:,1),F_N_170(:,1),... 

    CA(:,1),F_N_160(:,1),... 

    CA(:,1),F_N_150(:,1),... 

    CA(:,1),F_N_140(:,1),... 

    CA(:,1),F_N_130(:,1),... 

    CA(:,1),F_N_120(:,1),... 

    CA(:,1),F_N_110(:,1),... 

    CA(:,1),F_N_100(:,1),... 

    CA(:,1),F_N_90(:,1),... 

    CA(:,1),F_N_80(:,1),... 

    CA(:,1),F_N_70(:,1),... 

    CA(:,1),F_N_60(:,1),... 

    CA(:,1),F_N_50(:,1),... 

    CA(:,1),F_N_40(:,1),... 

    CA(:,1),F_N_30(:,1),... 

    CA(:,1),F_N_20(:,1),... 

    CA(:,1),F_N_10(:,1),... 

    CA(:,1),F_0(:,1),... 

    CA(:,1),F_10(:,1),... 

    CA(:,1),F_20(:,1),... 

    CA(:,1),F_30(:,1),... 
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    CA(:,1),F_40(:,1),... 

    CA(:,1),F_50(:,1),... 

    CA(:,1),F_60(:,1),... 

    CA(:,1),F_70(:,1),... 

    CA(:,1),F_80(:,1),... 

    CA(:,1),F_90(:,1),... 

    CA(:,1),F_100(:,1),... 

    CA(:,1),F_110(:,1),... 

    CA(:,1),F_120(:,1),... 

    CA(:,1),F_130(:,1),... 

    CA(:,1),F_140(:,1),... 

    CA(:,1),F_150(:,1),... 

    CA(:,1),F_160(:,1),... 

    CA(:,1),F_170(:,1),... 

    CA(:,1),F_180(:,1)) 

hold on 

   plot(CA(:,1),F_BASELINE(:,1),'k','LineWidth',4) 

x1=[-156.,-156.5]; 

x2=[130.5,130.5]; 

y=[0,10000000000000]; 

plot(x1,y,'--k',x2,y,'--k','LineWidth',1) 

title('Plot of Baseline Frequency (GHz) vs Change in Crank Angle') 

xlabel('Crank Angle (degree)') 

ylabel('Frequency (GHz)') 

xlim([min(min(CA)) max(max(CA))]) 

ylim([min(min(F_BASELINE)*.999) max(max(F_E)*1.005)]) 

hold off 

  

%Density 

figure (4) 

plot(CA(:,1),D_N_180(:,1),... 

    CA(:,1),D_N_170(:,1),... 

    CA(:,1),D_N_160(:,1),... 

    CA(:,1),D_N_150(:,1),... 

    CA(:,1),D_N_140(:,1),... 

    CA(:,1),D_N_130(:,1),... 

    CA(:,1),D_N_120(:,1),... 

    CA(:,1),D_N_110(:,1),... 

    CA(:,1),D_N_100(:,1),... 

    CA(:,1),D_N_90(:,1),... 

    CA(:,1),D_N_80(:,1),... 

    CA(:,1),D_N_70(:,1),... 

    CA(:,1),D_N_60(:,1),... 

    CA(:,1),D_N_50(:,1),... 

    CA(:,1),D_N_40(:,1),... 

    CA(:,1),D_N_30(:,1),... 
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    CA(:,1),D_N_20(:,1),... 

    CA(:,1),D_N_10(:,1),... 

    CA(:,1),D_0(:,1),... 

    CA(:,1),D_10(:,1),... 

    CA(:,1),D_20(:,1),... 

    CA(:,1),D_30(:,1),... 

    CA(:,1),D_40(:,1),... 

    CA(:,1),D_50(:,1),... 

    CA(:,1),D_60(:,1),... 

    CA(:,1),D_70(:,1),... 

    CA(:,1),D_80(:,1),... 

    CA(:,1),D_90(:,1),... 

    CA(:,1),D_100(:,1),... 

    CA(:,1),D_110(:,1),... 

    CA(:,1),D_120(:,1),... 

    CA(:,1),D_130(:,1),... 

    CA(:,1),D_140(:,1),... 

    CA(:,1),D_150(:,1),... 

    CA(:,1),D_160(:,1),... 

    CA(:,1),D_170(:,1),... 

    CA(:,1),D_180(:,1)) 

hold on 

   plot(CA(:,1),D_BASELINE(:,1),'k','LineWidth',4) 

   plot(CA(:,1),D_E(:,1),'b','Linewidth',2) 

x1=[-156.,-156.5]; 

x2=[130.5,130.5]; 

y=[0,1000]; 

plot(x1,y,'--k',x2,y,'--k','LineWidth',1) 

title('Plot of Baseline Density (kg/m^3) vs Change in Crank Angle') 

xlabel('Crank Angle (degree)') 

ylabel('Density (kg/m^3)') 

xlim([min(min(CA)) max(max(CA))]) 

ylim([min(min(0)) max(max(7.5))]) 

hold off 

  

  

  

  

%Surface plot for CR(1); 

[T, P] = meshgrid(T(1,:),P(1,:)); 

f_e_r = f./sqrt(1 + (e_rN - 1)*((T_N.*P)./(T.*P_N))); 

  

figure(5) 

mesh(P_BASELINE,CA,F_BASELINE) 

xlabel('Pressure (Pa)') 

ylabel('Crank Angle') 
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zlabel('Frequency (GHz)') 

xlim([min(min(P_BASELINE)) max(max(P_BASELINE))]) 

ylim([min(min(CA)) max(max(CA))]) 

zlim([min(min(F_BASELINE)) max(max(F_BASELINE))]) 

view([-120 120]) 

  

figure(6) 

mesh(P_BASELINE,CA,F_E) 

xlabel('Pressure (Pa)') 

ylabel('Crank Angle') 

zlabel('Frequency (GHz)') 

xlim([min(min(P_BASELINE)) max(max(P_BASELINE))]) 

ylim([min(min(CA)) max(max(CA))]) 

zlim([min(min(F_E)) max(max(F_E))]) 

view([-120 120]) 
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Appendices B: Raw Data 

B.1: Volume of Cylinder by Crank Angle 

 

Volume (m^3) 

-180 0.000764745 

-170 0.000761128 

-160 0.000750298 

-150 0.000732328 

-140 0.000707364 

-130 0.000675667 

-120 0.000637659 

-110 0.000593974 

-100 0.000545509 

-90 0.000493451 

-80 0.000439281 

-70 0.000384745 

-60 0.000331786 

-50 0.000282445 

-40 0.00023874 

-30 0.000202541 

-20 0.000175446 

-10 0.000158677 

0 0.000153 

10 0.000158677 

20 0.000175446 

30 0.000202541 

40 0.00023874 

50 0.000282445 

60 0.000331786 

70 0.000384745 

80 0.000439281 

90 0.000493451 

100 0.000545509 

110 0.000593974 

120 0.000637659 

130 0.000675667 

140 0.000707364 

150 0.000732328 

160 0.000750298 

170 0.000761128 

180 0.000764745 
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B.2: Pressure Data (Pa) 

 

P -180 P -170 P -160 P -150 P -140 P -130 P -120 P -110 P -100 P -90 P -80 P -70 P -60 

-180 84331 75000 79500 88000 79500 76500 63500 90000 82000 63500 81000 75000 53000 

-170 89786 76000 65500 92500 92500 97000 102500 90000 132500 102000 83000 76000 110500 

-160 87159 84500 56000 91000 96500 100500 99500 77000 76000 127000 101500 84500 88500 

-150 87261 58000 87000 46000 77500 107500 78000 81000 56500 51000 115000 58000 105000 

-140 91836 82000 57500 57500 69000 66000 97500 67500 115500 101500 100000 82000 119000 

-130 91072 115500 90000 72500 109500 121500 74000 81000 86500 103500 102000 115500 81000 

-120 108863 106500 94000 97500 81000 92500 100000 91000 96500 75000 93000 106500 82000 

-110 114719 56000 83500 110000 89000 82500 99500 115000 108500 113000 96500 56000 114500 

-100 117796 98500 101000 105000 128500 130500 135500 105000 95500 110000 118000 98500 117000 

-90 157209 133500 124500 105500 134500 137000 122000 152500 134500 132000 125000 133500 94500 

-80 149741 152000 127000 161500 121500 151500 133000 155000 133500 119500 164000 152000 123000 

-70 222206 155500 147500 187500 172000 144000 172000 157500 157000 180000 183500 155500 154500 

-60 247953 199500 201000 197500 230000 192000 214500 200000 185000 210500 220000 199500 180000 

-50 257216 246000 205500 240000 263500 223500 195500 261500 281500 218500 226000 246000 246000 

-40 433644 264500 323000 278000 309000 315500 295000 337500 284500 318500 283000 264500 318000 

-30 483744 386500 353500 395500 348000 349000 388500 400500 373500 359000 381500 386500 370000 

-20 502709 464000 490000 484000 475500 467500 481500 465000 498500 503000 464000 464000 536000 

-10 759659 609500 584500 606500 566500 598500 623000 616500 592000 574500 611000 609500 588500 

0 795806 809500 790000 781000 795000 807000 776000 789000 765000 796000 800500 809500 820500 

10 751585 767500 767500 777000 801500 808000 800000 785500 737000 768500 788500 767500 761000 

20 698348 774000 813500 817000 768000 787500 785500 790000 756500 765000 759000 774000 802500 

30 689361 719000 708000 734000 716500 710500 698000 739000 738000 714500 690000 719000 703500 

40 411545 593000 582500 633000 614500 584000 572000 589500 575500 602500 573000 593000 585000 

50 378117 484500 479000 470000 474000 478500 431000 467500 468000 461000 455500 484500 470500 

60 296040 338500 387500 349500 377000 358500 385000 361000 378500 385000 352500 338500 364500 
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70 202100 219500 213000 260500 204000 228000 185000 191000 176500 218000 260500 219500 172000 

80 170726 134000 149500 146500 175000 157500 165000 178500 189500 163500 180500 134000 201500 

90 139107 163000 124000 125500 117500 153000 114500 112000 125000 147500 131000 163000 127000 

100 129888 168000 143000 144500 138000 162000 159500 126000 153500 125000 155500 168000 138000 

110 126565 165000 157500 134000 105000 163000 117500 115500 137000 129500 112000 165000 152000 

120 93465 132000 93500 102000 102500 118500 98000 116500 111500 116500 99000 132000 115500 

130 88405 138000 111500 121000 81000 106000 105000 77500 96000 76000 116000 138000 124500 

140 90973 106000 78500 95000 69500 109500 99000 121000 74000 111000 97000 106000 112000 

150 75910 73000 65000 64500 64500 63000 108000 76000 54000 76000 92500 73000 59000 

160 79806 93500 58500 91000 93000 65000 78000 86000 69500 80000 96500 93500 64500 

170 77923 109500 83000 75000 49500 102000 96500 84000 69500 91500 88500 109500 67500 

180 82303 71500 105500 71500 98500 88000 101000 77500 77000 80000 106000 71500 80500 

 

P -50 P -40 P -30 P -20 P -10 P 0 P 10 P 20 P 30 P 40 P 50 P 60 P 70 P 80 

101500 72500 57000 77500 63500 67000 74500 102500 63500 107000 79500 123500 83500 106000 

91500 95500 84500 74500 88000 53500 83500 81500 104500 113000 92500 90000 116000 122000 

84500 89000 97500 90000 58500 81000 114000 91000 87500 62000 96500 60500 78000 106000 

121000 82000 80000 67000 91000 106500 129000 106000 88000 99000 77500 63500 115500 60500 

109500 67000 56500 94000 75500 86500 67500 127500 129000 99000 69000 81500 89000 103000 

110000 72500 91000 80000 108000 71000 87000 71000 97000 65000 109500 116000 80000 64500 

74500 74000 125500 112000 101000 100500 118000 101000 87500 112500 81000 132500 85000 106000 

69500 145000 93000 109000 103500 128500 109500 74000 98000 137000 89000 108500 91000 88500 

139000 95000 122500 114500 80000 113000 163500 79000 118000 142500 128500 92000 124500 101500 

92500 123500 144500 113000 115500 136000 139000 120000 136500 124000 134500 127500 119500 98000 

142000 166000 155500 150500 159000 108500 163500 189000 112500 146000 121500 139500 126000 145000 

170500 160500 215000 170500 160500 170500 179000 176500 171500 192000 172000 148000 192000 175500 

182500 198000 174000 228000 212500 202000 187000 206000 180500 218000 230000 215500 229000 192000 
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215000 236000 265000 262000 212500 249500 252500 225000 245000 259500 263500 245500 235000 218000 

325500 278000 325000 298000 299500 291500 302000 268000 328500 303500 309000 311500 318500 303000 

366000 372500 410500 358500 398000 373000 352000 383000 394000 377500 348000 418000 397500 351000 

454000 439500 485500 477000 448500 519500 486500 448000 484000 482500 475500 485500 481500 464500 

590000 595500 583000 607500 621000 606000 578000 608500 609500 565000 566500 580500 620500 586500 

805000 781500 791500 809500 811500 810500 776000 784500 820000 792500 795000 804000 800000 751500 

810000 765000 753500 792000 757500 765000 766500 828000 783500 742500 801500 813500 802000 795500 

785500 797500 803500 825500 774000 789000 778500 791000 786000 801500 768000 779000 817000 771000 

693500 729000 658000 712500 756000 701000 727500 732000 678000 724000 716500 696500 739500 688500 

612000 623500 590500 602000 583500 604500 640000 594000 605000 602000 614500 609500 599000 616000 

467500 480000 488000 470500 504000 462000 483000 441500 472500 465500 474000 480000 465500 469500 

348000 387500 360500 404500 387500 379000 355000 369000 407500 379500 377000 401500 387500 391500 

207500 229000 205000 205000 189500 222500 243000 212000 206500 201500 204000 205500 205500 212500 

174000 187500 118000 163000 165500 213000 173000 143000 182500 135500 175000 150000 157000 168000 

138500 109000 134500 143000 123500 96500 124500 132000 149500 142000 117500 164000 149000 131000 

174000 182500 133000 146000 153500 148500 132000 125500 153500 126500 138000 124000 134500 179000 

126500 187500 127000 155500 124000 125000 84500 147000 135000 140500 105000 87000 104000 97000 

95000 147000 123500 125500 136500 101000 141000 150000 96500 142000 102500 113500 132500 122500 

94000 134000 92000 118500 74500 102500 113500 95500 72500 99000 81000 106000 71500 78500 

89000 72500 66000 95500 83000 93000 74500 84500 111000 105500 69500 92000 107000 54500 

74000 114000 85500 49500 64500 84000 95500 77500 86500 94500 64500 100000 102500 76000 

61500 70000 72000 91500 110500 129500 68500 89500 79500 87500 93000 105500 81000 80500 

55500 51000 79000 72500 67000 53500 87500 82000 79500 72500 49500 91500 68500 46000 

55500 92500 65500 114500 82500 61000 77500 74000 91500 68000 98500 103500 55500 87000 

 

P 90 P 100 P 110 P 120 P 130 P 140 P 150 P 160 P 170 P 180 Baseline Average 

67000 66500 63500 106000 67000 66500 120500 63500 89500 79500 84280 
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53500 81500 102500 122000 53500 81500 111500 104500 128500 92500 90095 

81000 81000 99500 106000 81000 81000 103000 87500 87000 96500 87234 

106500 73000 78000 60500 106500 73000 60500 88000 81000 77500 85395 

86500 119000 97500 103000 86500 119000 110000 129000 76000 69000 87310 

71000 77000 74000 64500 71000 77000 106000 97000 64000 109500 90249 

100500 99000 100000 106000 100500 99000 124000 87500 77500 81000 95860 

128500 96500 99500 88500 128500 96500 119500 98000 121500 89000 113875 

113000 112500 135500 101500 113000 112500 105500 118000 114500 128500 113875 

136000 112000 122000 98000 136000 112000 93500 136500 150000 134500 125265 

108500 134000 133000 145000 108500 134000 123500 112500 123000 121500 142990 

170500 148000 172000 175500 170500 148000 157500 171500 158000 172000 166560 

202000 195500 214500 192000 202000 195500 214000 180500 161500 230000 201545 

249500 228000 195500 218000 249500 228000 225000 245000 223500 263500 242525 

291500 272000 295000 303000 291500 272000 318000 328500 331500 309000 301145 

373000 355000 388500 351000 373000 355000 397500 394000 386500 348000 374715 

519500 481500 481500 464500 519500 481500 516000 484000 516500 475500 475655 

606000 599500 623000 586500 606000 599500 615500 609500 608500 566500 591375 

810500 784000 776000 751500 810500 784000 794500 820000 804000 795000 796010 

765000 767000 800000 795500 765000 767000 778000 783500 765500 801500 782495 

789000 784500 785500 771000 789000 784500 822500 786000 813500 768000 782495 

701000 716000 698000 688500 701000 716000 731500 678000 703000 716500 718150 

604500 558000 572000 616000 604500 558000 594000 605000 566500 614500 599945 

462000 451000 431000 469500 462000 451000 481000 472500 494500 474000 477615 

379000 341500 385000 391500 379000 341500 373500 407500 372500 377000 371940 

222500 181000 185000 212500 222500 181000 224000 206500 186500 204000 203325 

213000 194000 165000 168000 213000 194000 188000 182500 175000 175000 170595 

96500 126000 114500 131000 96500 126000 126000 149500 99000 117500 135890 

148500 161000 159500 179000 148500 161000 151000 153500 165500 138000 153940 
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125000 123000 117500 97000 125000 123000 162500 135000 128500 105000 129005 

101000 80500 98000 122500 101000 80500 112000 96500 148000 102500 114665 

102500 78000 105000 78500 102500 78000 101000 72500 89500 81000 99605 

93000 82000 99000 54500 93000 82000 113000 111000 100000 69500 92350 

84000 108500 108000 76000 84000 108500 98500 86500 76000 64500 92350 

129500 113500 78000 80500 129500 113500 65000 79500 100000 93000 81205 

53500 49000 96500 46000 53500 49000 87500 79500 81500 49500 75515 

61000 59000 101000 87000 61000 59000 51500 91500 62500 98500 82020 
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B.3: Temperature Data (K) 

 

-180 -170 -160 -150 -140 -130 -120 -110 -100 -90 -80 -70 -60 

-180 289 289 289 289 289 289 289 289 289 289 289 289 289 

-170 284 253 268 296 268 258 214 303 276 214 273 253 178 

-160 301 255 219 310 310 325 343 302 444 342 278 255 370 

-150 288 279 185 301 319 332 329 254 251 419 335 279 292 

-140 281 187 280 148 250 347 251 261 182 164 371 187 339 

-130 286 255 179 179 215 206 304 210 360 316 311 255 371 

-120 271 344 268 216 326 361 220 241 257 308 303 344 241 

-110 306 299 264 274 227 260 281 255 271 211 261 299 230 

-100 300 146 218 288 233 216 260 301 284 295 252 146 299 

-90 283 237 243 252 309 313 325 252 229 264 283 237 281 

-80 342 290 270 229 292 298 265 331 292 287 272 290 205 

-70 290 294 246 312 235 293 257 300 258 231 317 294 238 

-60 376 263 250 318 291 244 291 267 266 305 311 263 262 

-50 362 291 294 288 336 280 313 292 270 307 321 291 263 

-40 320 306 256 298 328 278 243 325 350 272 281 306 306 

-30 456 278 339 292 325 332 310 355 299 335 297 278 334 

-20 431 345 315 353 310 311 346 357 333 320 340 345 330 

-10 388 358 378 374 367 361 372 359 385 389 358 358 414 

0 531 426 408 424 396 418 435 431 414 401 427 426 411 

10 536 545 532 526 535 544 523 531 515 536 539 545 553 

20 525 536 536 543 560 564 559 549 515 537 551 536 532 

30 539 598 628 631 593 608 607 610 584 591 586 598 620 

40 615 641 631 654 639 634 622 659 658 637 615 641 627 

50 433 623 612 665 646 614 601 620 605 633 602 623 615 

60 470 602 596 584 589 595 536 581 582 573 566 602 585 
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70 432 494 566 510 551 524 562 527 553 562 515 494 532 

80 342 372 361 441 346 386 313 324 299 369 441 372 291 

90 330 259 289 283 338 305 319 345 366 316 349 259 390 

100 302 354 269 273 255 332 249 243 272 320 285 354 276 

110 312 403 343 347 331 389 383 303 369 300 373 403 331 

120 331 431 412 350 275 426 307 302 358 339 293 431 397 

130 262 371 262 286 288 333 275 327 313 327 278 371 324 

140 263 410 332 360 241 315 312 231 286 226 345 410 370 

150 283 330 244 296 216 341 308 377 230 346 302 330 349 

160 245 235 210 208 208 203 348 245 174 245 298 235 190 

170 264 309 193 301 307 215 258 284 230 264 319 309 213 

180 261 367 278 251 166 342 323 281 233 307 297 367 226 

 

-50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 

289 289 289 289 289 289 289 289 289 289 289 289 289 289 

342 244 192 261 214 226 251 345 214 360 268 416 281 357 

307 320 283 250 295 179 280 273 350 379 310 302 389 409 

279 294 322 297 193 268 377 301 289 205 319 200 258 350 

390 264 258 216 293 343 416 342 284 319 250 205 372 195 

341 209 176 293 235 269 210 397 402 308 215 254 277 321 

327 216 271 238 321 211 259 211 289 193 326 345 238 192 

209 208 352 314 284 282 331 284 246 316 227 372 239 298 

182 379 243 285 271 336 286 194 256 358 233 284 238 231 

334 228 294 275 192 271 393 190 283 342 309 221 299 244 

201 268 314 245 251 295 302 261 297 269 292 277 260 213 

275 321 301 291 307 210 316 366 218 282 235 270 244 280 

289 272 364 289 272 289 303 299 290 325 291 251 325 297 
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267 289 254 333 310 295 273 301 264 318 336 315 334 280 

267 293 330 326 264 310 314 280 305 323 328 305 292 271 

342 292 342 313 315 306 317 282 345 319 325 327 335 318 

326 332 366 320 355 333 314 342 351 337 310 373 354 313 

351 339 375 368 346 401 376 346 374 373 367 375 372 359 

412 416 407 424 434 423 404 425 426 395 396 406 433 410 

542 526 533 545 547 546 523 528 552 534 535 542 539 506 

566 534 526 553 529 534 535 578 547 519 560 568 560 556 

607 616 621 638 598 609 601 611 607 619 593 602 631 596 

618 650 587 635 674 625 649 653 605 646 639 621 659 614 

643 655 621 633 613 635 673 624 636 633 646 641 630 647 

581 597 607 585 627 574 601 549 588 579 589 597 579 584 

508 566 527 591 566 554 519 539 595 554 551 586 566 572 

351 388 347 347 321 377 412 359 350 341 346 348 348 360 

336 363 228 315 320 412 335 277 353 262 338 290 304 325 

301 237 292 311 268 210 270 287 325 308 255 356 324 285 

418 438 319 351 369 357 317 301 369 304 331 298 323 430 

331 490 332 407 324 327 221 384 353 367 275 227 272 254 

267 413 347 352 383 284 396 421 271 399 288 319 372 344 

280 399 274 352 222 305 338 284 216 294 241 315 213 234 

277 226 206 297 258 290 232 263 346 329 216 286 333 170 

239 368 276 160 208 271 308 250 279 305 208 322 330 245 

203 231 238 302 365 428 226 296 263 289 307 348 268 266 

186 171 265 243 225 179 293 275 266 243 166 307 230 154 

 

90 100 110 120 130 140 150 160 170 180 Baseline Temperature 

289 289 289 289 289 289 289 289 289 289 289 
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226 224 214 357 226 224 406 214 301 268 284 

179 273 343 409 179 273 374 350 431 310 302 

268 268 329 350 268 268 340 289 287 319 288 

343 235 251 195 343 235 195 284 261 250 275 

269 371 304 321 269 371 343 402 237 215 272 

211 229 220 192 211 229 315 289 190 326 268 

282 278 281 298 282 278 348 246 218 227 269 

336 252 260 231 336 252 312 256 318 233 298 

271 270 325 244 271 270 253 283 275 309 273 

295 243 265 213 295 243 203 297 326 292 272 

210 259 257 280 210 259 239 218 238 235 277 

289 251 291 297 289 251 267 290 268 291 282 

295 286 313 280 295 286 313 264 236 336 294 

310 284 243 271 310 284 280 305 278 328 302 

306 286 310 318 306 286 334 345 348 325 317 

333 317 346 313 333 317 354 351 345 310 334 

401 372 372 359 401 372 399 374 399 367 367 

423 419 435 410 423 419 430 426 425 396 413 

546 528 523 506 546 528 535 552 542 535 536 

534 536 559 556 534 536 543 547 535 560 547 

609 606 607 596 609 606 635 607 628 593 604 

625 638 622 614 625 638 652 605 627 639 640 

635 586 601 647 635 586 624 636 595 646 631 

574 561 536 584 574 561 598 588 615 589 594 

554 499 562 572 554 499 546 595 544 551 543 

377 307 313 360 377 307 379 350 316 346 344 

412 375 319 325 412 375 364 353 338 338 330 

210 274 249 285 210 274 274 325 215 255 295 
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357 387 383 430 357 387 363 369 397 331 370 

327 322 307 254 327 322 425 353 336 275 337 

284 226 275 344 284 226 314 271 415 288 322 

305 232 312 234 305 232 300 216 266 241 296 

290 255 308 170 290 255 352 346 311 216 288 

271 350 348 245 271 350 318 279 245 208 298 

428 375 258 266 428 375 215 263 330 307 268 

179 164 323 154 179 164 293 266 273 166 253 
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B.4: Pressure Data (bar) 

 

-180 -170 -160 -150 -140 -130 -120 -110 -100 -90 -80 -70 -60 

-180 0.84 0.75 0.80 0.88 0.80 0.77 0.64 0.90 0.82 0.64 0.81 0.75 0.53 

-170 0.90 0.76 0.66 0.93 0.93 0.97 1.03 0.90 1.33 1.02 0.83 0.76 1.11 

-160 0.87 0.85 0.56 0.91 0.97 1.01 1.00 0.77 0.76 1.27 1.02 0.85 0.89 

-150 0.87 0.58 0.87 0.46 0.78 1.08 0.78 0.81 0.57 0.51 1.15 0.58 1.05 

-140 0.92 0.82 0.58 0.58 0.69 0.66 0.98 0.68 1.16 1.02 1.00 0.82 1.19 

-130 0.91 1.16 0.90 0.73 1.10 1.22 0.74 0.81 0.87 1.04 1.02 1.16 0.81 

-120 1.09 1.07 0.94 0.98 0.81 0.93 1.00 0.91 0.97 0.75 0.93 1.07 0.82 

-110 1.15 0.56 0.84 1.10 0.89 0.83 1.00 1.15 1.09 1.13 0.97 0.56 1.15 

-100 1.18 0.99 1.01 1.05 1.29 1.31 1.36 1.05 0.96 1.10 1.18 0.99 1.17 

-90 1.57 1.34 1.25 1.06 1.35 1.37 1.22 1.53 1.35 1.32 1.25 1.34 0.95 

-80 1.50 1.52 1.27 1.62 1.22 1.52 1.33 1.55 1.34 1.20 1.64 1.52 1.23 

-70 2.22 1.56 1.48 1.88 1.72 1.44 1.72 1.58 1.57 1.80 1.84 1.56 1.55 

-60 2.48 2.00 2.01 1.98 2.30 1.92 2.15 2.00 1.85 2.11 2.20 2.00 1.80 

-50 2.57 2.46 2.06 2.40 2.64 2.24 1.96 2.62 2.82 2.19 2.26 2.46 2.46 

-40 4.34 2.65 3.23 2.78 3.09 3.16 2.95 3.38 2.85 3.19 2.83 2.65 3.18 

-30 4.84 3.87 3.54 3.96 3.48 3.49 3.89 4.01 3.74 3.59 3.82 3.87 3.70 

-20 5.03 4.64 4.90 4.84 4.76 4.68 4.82 4.65 4.99 5.03 4.64 4.64 5.36 

-10 7.60 6.10 5.85 6.07 5.67 5.99 6.23 6.17 5.92 5.75 6.11 6.10 5.89 

0 7.96 8.10 7.90 7.81 7.95 8.07 7.76 7.89 7.65 7.96 8.01 8.10 8.21 

10 7.52 7.68 7.68 7.77 8.02 8.08 8.00 7.86 7.37 7.69 7.89 7.68 7.61 

20 6.98 7.74 8.14 8.17 7.68 7.88 7.86 7.90 7.57 7.65 7.59 7.74 8.03 

30 6.89 7.19 7.08 7.34 7.17 7.11 6.98 7.39 7.38 7.15 6.90 7.19 7.04 

40 4.12 5.93 5.83 6.33 6.15 5.84 5.72 5.90 5.76 6.03 5.73 5.93 5.85 

50 3.78 4.85 4.79 4.70 4.74 4.79 4.31 4.68 4.68 4.61 4.56 4.85 4.71 

60 2.96 3.39 3.88 3.50 3.77 3.59 3.85 3.61 3.79 3.85 3.53 3.39 3.65 
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70 2.02 2.20 2.13 2.61 2.04 2.28 1.85 1.91 1.77 2.18 2.61 2.20 1.72 

80 1.71 1.34 1.50 1.47 1.75 1.58 1.65 1.79 1.90 1.64 1.81 1.34 2.02 

90 1.39 1.63 1.24 1.26 1.18 1.53 1.15 1.12 1.25 1.48 1.31 1.63 1.27 

100 1.30 1.68 1.43 1.45 1.38 1.62 1.60 1.26 1.54 1.25 1.56 1.68 1.38 

110 1.27 1.65 1.58 1.34 1.05 1.63 1.18 1.16 1.37 1.30 1.12 1.65 1.52 

120 0.93 1.32 0.94 1.02 1.03 1.19 0.98 1.17 1.12 1.17 0.99 1.32 1.16 

130 0.88 1.38 1.12 1.21 0.81 1.06 1.05 0.78 0.96 0.76 1.16 1.38 1.25 

140 0.91 1.06 0.79 0.95 0.70 1.10 0.99 1.21 0.74 1.11 0.97 1.06 1.12 

150 0.76 0.73 0.65 0.65 0.65 0.63 1.08 0.76 0.54 0.76 0.93 0.73 0.59 

160 0.80 0.94 0.59 0.91 0.93 0.65 0.78 0.86 0.70 0.80 0.97 0.94 0.65 

170 0.78 1.10 0.83 0.75 0.50 1.02 0.97 0.84 0.70 0.92 0.89 1.10 0.68 

180 0.82 0.72 1.06 0.72 0.99 0.88 1.01 0.78 0.77 0.80 1.06 0.72 0.81 

 

-50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 

1.02 0.73 0.57 0.78 0.64 0.67 0.75 1.03 0.64 1.07 0.80 1.24 0.84 1.06 

0.92 0.96 0.85 0.75 0.88 0.54 0.84 0.82 1.05 1.13 0.93 0.90 1.16 1.22 

0.85 0.89 0.98 0.90 0.59 0.81 1.14 0.91 0.88 0.62 0.97 0.61 0.78 1.06 

1.21 0.82 0.80 0.67 0.91 1.07 1.29 1.06 0.88 0.99 0.78 0.64 1.16 0.61 

1.10 0.67 0.57 0.94 0.76 0.87 0.68 1.28 1.29 0.99 0.69 0.82 0.89 1.03 

1.10 0.73 0.91 0.80 1.08 0.71 0.87 0.71 0.97 0.65 1.10 1.16 0.80 0.65 

0.75 0.74 1.26 1.12 1.01 1.01 1.18 1.01 0.88 1.13 0.81 1.33 0.85 1.06 

0.70 1.45 0.93 1.09 1.04 1.29 1.10 0.74 0.98 1.37 0.89 1.09 0.91 0.89 

1.39 0.95 1.23 1.15 0.80 1.13 1.64 0.79 1.18 1.43 1.29 0.92 1.25 1.02 

0.93 1.24 1.45 1.13 1.16 1.36 1.39 1.20 1.37 1.24 1.35 1.28 1.20 0.98 

1.42 1.66 1.56 1.51 1.59 1.09 1.64 1.89 1.13 1.46 1.22 1.40 1.26 1.45 

1.71 1.61 2.15 1.71 1.61 1.71 1.79 1.77 1.72 1.92 1.72 1.48 1.92 1.76 

1.83 1.98 1.74 2.28 2.13 2.02 1.87 2.06 1.81 2.18 2.30 2.16 2.29 1.92 



71 

 

 

 

2.15 2.36 2.65 2.62 2.13 2.50 2.53 2.25 2.45 2.60 2.64 2.46 2.35 2.18 

3.26 2.78 3.25 2.98 3.00 2.92 3.02 2.68 3.29 3.04 3.09 3.12 3.19 3.03 

3.66 3.73 4.11 3.59 3.98 3.73 3.52 3.83 3.94 3.78 3.48 4.18 3.98 3.51 

4.54 4.40 4.86 4.77 4.49 5.20 4.87 4.48 4.84 4.83 4.76 4.86 4.82 4.65 

5.90 5.96 5.83 6.08 6.21 6.06 5.78 6.09 6.10 5.65 5.67 5.81 6.21 5.87 

8.05 7.82 7.92 8.10 8.12 8.11 7.76 7.85 8.20 7.93 7.95 8.04 8.00 7.52 

8.10 7.65 7.54 7.92 7.58 7.65 7.67 8.28 7.84 7.43 8.02 8.14 8.02 7.96 

7.86 7.98 8.04 8.26 7.74 7.89 7.79 7.91 7.86 8.02 7.68 7.79 8.17 7.71 

6.94 7.29 6.58 7.13 7.56 7.01 7.28 7.32 6.78 7.24 7.17 6.97 7.40 6.89 

6.12 6.24 5.91 6.02 5.84 6.05 6.40 5.94 6.05 6.02 6.15 6.10 5.99 6.16 

4.68 4.80 4.88 4.71 5.04 4.62 4.83 4.42 4.73 4.66 4.74 4.80 4.66 4.70 

3.48 3.88 3.61 4.05 3.88 3.79 3.55 3.69 4.08 3.80 3.77 4.02 3.88 3.92 

2.08 2.29 2.05 2.05 1.90 2.23 2.43 2.12 2.07 2.02 2.04 2.06 2.06 2.13 

1.74 1.88 1.18 1.63 1.66 2.13 1.73 1.43 1.83 1.36 1.75 1.50 1.57 1.68 

1.39 1.09 1.35 1.43 1.24 0.97 1.25 1.32 1.50 1.42 1.18 1.64 1.49 1.31 

1.74 1.83 1.33 1.46 1.54 1.49 1.32 1.26 1.54 1.27 1.38 1.24 1.35 1.79 

1.27 1.88 1.27 1.56 1.24 1.25 0.85 1.47 1.35 1.41 1.05 0.87 1.04 0.97 

0.95 1.47 1.24 1.26 1.37 1.01 1.41 1.50 0.97 1.42 1.03 1.14 1.33 1.23 

0.94 1.34 0.92 1.19 0.75 1.03 1.14 0.96 0.73 0.99 0.81 1.06 0.72 0.79 

0.89 0.73 0.66 0.96 0.83 0.93 0.75 0.85 1.11 1.06 0.70 0.92 1.07 0.55 

0.74 1.14 0.86 0.50 0.65 0.84 0.96 0.78 0.87 0.95 0.65 1.00 1.03 0.76 

0.62 0.70 0.72 0.92 1.11 1.30 0.69 0.90 0.80 0.88 0.93 1.06 0.81 0.81 

0.56 0.51 0.79 0.73 0.67 0.54 0.88 0.82 0.80 0.73 0.50 0.92 0.69 0.46 

0.56 0.93 0.66 1.15 0.83 0.61 0.78 0.74 0.92 0.68 0.99 1.04 0.56 0.87 

 

90 100 110 120 130 140 150 160 170 180 Baseline Pressure (bar) 

0.67 0.67 0.64 1.06 0.67 0.67 1.21 0.64 0.90 0.80 0.84 
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0.54 0.82 1.03 1.22 0.54 0.82 1.12 1.05 1.29 0.93 0.90 

0.81 0.81 1.00 1.06 0.81 0.81 1.03 0.88 0.87 0.97 0.87 

1.07 0.73 0.78 0.61 1.07 0.73 0.61 0.88 0.81 0.78 0.85 

0.87 1.19 0.98 1.03 0.87 1.19 1.10 1.29 0.76 0.69 0.87 

0.71 0.77 0.74 0.65 0.71 0.77 1.06 0.97 0.64 1.10 0.90 

1.01 0.99 1.00 1.06 1.01 0.99 1.24 0.88 0.78 0.81 0.96 

1.29 0.97 1.00 0.89 1.29 0.97 1.20 0.98 1.22 0.89 1.14 

1.13 1.13 1.36 1.02 1.13 1.13 1.06 1.18 1.15 1.29 1.14 

1.36 1.12 1.22 0.98 1.36 1.12 0.94 1.37 1.50 1.35 1.25 

1.09 1.34 1.33 1.45 1.09 1.34 1.24 1.13 1.23 1.22 1.43 

1.71 1.48 1.72 1.76 1.71 1.48 1.58 1.72 1.58 1.72 1.67 

2.02 1.96 2.15 1.92 2.02 1.96 2.14 1.81 1.62 2.30 2.02 

2.50 2.28 1.96 2.18 2.50 2.28 2.25 2.45 2.24 2.64 2.43 

2.92 2.72 2.95 3.03 2.92 2.72 3.18 3.29 3.32 3.09 3.01 

3.73 3.55 3.89 3.51 3.73 3.55 3.98 3.94 3.87 3.48 3.75 

5.20 4.82 4.82 4.65 5.20 4.82 5.16 4.84 5.17 4.76 4.76 

6.06 6.00 6.23 5.87 6.06 6.00 6.16 6.10 6.09 5.67 5.91 

8.11 7.84 7.76 7.52 8.11 7.84 7.95 8.20 8.04 7.95 7.96 

7.65 7.67 8.00 7.96 7.65 7.67 7.78 7.84 7.66 8.02 7.82 

7.89 7.85 7.86 7.71 7.89 7.85 8.23 7.86 8.14 7.68 7.82 

7.01 7.16 6.98 6.89 7.01 7.16 7.32 6.78 7.03 7.17 7.18 

6.05 5.58 5.72 6.16 6.05 5.58 5.94 6.05 5.67 6.15 6.00 

4.62 4.51 4.31 4.70 4.62 4.51 4.81 4.73 4.95 4.74 4.78 

3.79 3.42 3.85 3.92 3.79 3.42 3.74 4.08 3.73 3.77 3.72 

2.23 1.81 1.85 2.13 2.23 1.81 2.24 2.07 1.87 2.04 2.03 

2.13 1.94 1.65 1.68 2.13 1.94 1.88 1.83 1.75 1.75 1.71 

0.97 1.26 1.15 1.31 0.97 1.26 1.26 1.50 0.99 1.18 1.36 

1.49 1.61 1.60 1.79 1.49 1.61 1.51 1.54 1.66 1.38 1.54 
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1.25 1.23 1.18 0.97 1.25 1.23 1.63 1.35 1.29 1.05 1.29 

1.01 0.81 0.98 1.23 1.01 0.81 1.12 0.97 1.48 1.03 1.15 

1.03 0.78 1.05 0.79 1.03 0.78 1.01 0.73 0.90 0.81 1.00 

0.93 0.82 0.99 0.55 0.93 0.82 1.13 1.11 1.00 0.70 0.92 

0.84 1.09 1.08 0.76 0.84 1.09 0.99 0.87 0.76 0.65 0.92 

1.30 1.14 0.78 0.81 1.30 1.14 0.65 0.80 1.00 0.93 0.81 

0.54 0.49 0.97 0.46 0.54 0.49 0.88 0.80 0.82 0.50 0.76 

0.61 0.59 1.01 0.87 0.61 0.59 0.52 0.92 0.63 0.99 0.82 
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B.5: Frequency (GHz) 

Frequency -180 -170 -160 -150 -140 -130 -120 -110 

-180 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 

-170 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

-160 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

-150 2.44E+09 2.45E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

-140 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 

-130 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

-120 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

-110 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

-100 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

-90 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

-80 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

-70 2.43E+09 2.44E+09 2.44E+09 2.44E+09 2.43E+09 2.44E+09 2.44E+09 2.44E+09 

-60 2.44E+09 2.43E+09 2.43E+09 2.44E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 

-50 2.44E+09 2.43E+09 2.44E+09 2.43E+09 2.43E+09 2.43E+09 2.44E+09 2.43E+09 

-40 2.42E+09 2.43E+09 2.42E+09 2.43E+09 2.43E+09 2.43E+09 2.42E+09 2.43E+09 

-30 2.43E+09 2.42E+09 2.43E+09 2.42E+09 2.43E+09 2.43E+09 2.42E+09 2.43E+09 

-20 2.43E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 

-10 2.41E+09 2.41E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.41E+09 

0 2.42E+09 2.41E+09 2.41E+09 2.41E+09 2.41E+09 2.41E+09 2.41E+09 2.41E+09 

10 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 

20 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 

30 2.42E+09 2.42E+09 2.43E+09 2.43E+09 2.42E+09 2.43E+09 2.43E+09 2.42E+09 

40 2.44E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 

50 2.43E+09 2.43E+09 2.43E+09 2.44E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 

60 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.43E+09 2.44E+09 
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70 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

80 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

90 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

100 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

110 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

120 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

130 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

140 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

150 2.44E+09 2.45E+09 2.44E+09 2.45E+09 2.44E+09 2.45E+09 2.44E+09 2.45E+09 

160 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 

170 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 

180 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

 

-100 -90 -80 -70 -60 -50 -40 -30 -20 

2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.45E+09 2.45E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.43E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.43E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.43E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.43E+09 2.44E+09 2.44E+09 2.43E+09 2.44E+09 2.43E+09 
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2.43E+09 2.44E+09 2.44E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 

2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.42E+09 2.43E+09 2.43E+09 2.43E+09 

2.42E+09 2.43E+09 2.42E+09 2.42E+09 2.43E+09 2.43E+09 2.42E+09 2.42E+09 2.43E+09 

2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 

2.42E+09 2.42E+09 2.41E+09 2.41E+09 2.42E+09 2.41E+09 2.41E+09 2.42E+09 2.42E+09 

2.41E+09 2.41E+09 2.41E+09 2.41E+09 2.41E+09 2.41E+09 2.41E+09 2.41E+09 2.41E+09 

2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 

2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 

2.42E+09 2.42E+09 2.43E+09 2.42E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 

2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 

2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.43E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 

2.45E+09 2.45E+09 2.44E+09 2.45E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

 

-10 0 10 20 30 40 50 60 70 

2.45E+09 2.45E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 
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2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 

2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.45E+09 2.45E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.43E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.43E+09 2.44E+09 2.44E+09 2.43E+09 2.44E+09 2.43E+09 2.44E+09 2.43E+09 

2.43E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.43E+09 2.43E+09 2.44E+09 

2.44E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.44E+09 

2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 

2.42E+09 2.42E+09 2.43E+09 2.42E+09 2.43E+09 2.43E+09 2.43E+09 2.42E+09 2.43E+09 

2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 

2.41E+09 2.42E+09 2.42E+09 2.41E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 

2.41E+09 2.41E+09 2.41E+09 2.41E+09 2.41E+09 2.41E+09 2.41E+09 2.41E+09 2.41E+09 

2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 

2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 

2.42E+09 2.43E+09 2.42E+09 2.42E+09 2.43E+09 2.43E+09 2.42E+09 2.43E+09 2.43E+09 

2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 

2.43E+09 2.43E+09 2.43E+09 2.44E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 
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2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.45E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 

2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.45E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

 

80 90 100 110 120 130 140 150 160 

2.44E+09 2.45E+09 2.45E+09 2.45E+09 2.44E+09 2.45E+09 2.45E+09 2.44E+09 2.45E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.45E+09 2.44E+09 2.45E+09 2.44E+09 2.45E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.43E+09 2.44E+09 2.44E+09 2.44E+09 2.43E+09 2.44E+09 2.44E+09 2.43E+09 

2.44E+09 2.44E+09 2.43E+09 2.43E+09 2.44E+09 2.44E+09 2.43E+09 2.43E+09 2.44E+09 

2.43E+09 2.43E+09 2.43E+09 2.44E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 

2.43E+09 2.43E+09 2.43E+09 2.42E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 

2.43E+09 2.42E+09 2.42E+09 2.42E+09 2.43E+09 2.42E+09 2.42E+09 2.43E+09 2.43E+09 

2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 
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2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 

2.41E+09 2.41E+09 2.41E+09 2.41E+09 2.41E+09 2.41E+09 2.41E+09 2.41E+09 2.41E+09 

2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 

2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 2.42E+09 

2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 

2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 

2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 2.43E+09 

2.44E+09 2.44E+09 2.44E+09 2.43E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 

2.45E+09 2.45E+09 2.45E+09 2.44E+09 2.45E+09 2.45E+09 2.45E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.44E+09 2.45E+09 2.44E+09 

 

170 180 Baseline Frequency 

2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 

2.45E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 
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2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.43E+09 2.44E+09 

2.44E+09 2.43E+09 2.43E+09 

2.43E+09 2.43E+09 2.43E+09 

2.43E+09 2.43E+09 2.43E+09 

2.43E+09 2.43E+09 2.43E+09 

2.42E+09 2.42E+09 2.42E+09 

2.42E+09 2.42E+09 2.42E+09 

2.41E+09 2.41E+09 2.41E+09 

2.42E+09 2.42E+09 2.42E+09 

2.42E+09 2.42E+09 2.42E+09 

2.43E+09 2.42E+09 2.43E+09 

2.43E+09 2.43E+09 2.43E+09 

2.43E+09 2.43E+09 2.43E+09 

2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 

2.43E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 

2.45E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 
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2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.44E+09 2.44E+09 

2.44E+09 2.45E+09 2.44E+09 

2.45E+09 2.44E+09 2.44E+09 

 

B.6: Density 

 

-180 -170 -160 -150 -140 -130 -120 -110 

-180 1.018 0.905 0.959 1.062 0.959 0.923 0.766 1.086 

-170 1.102 1.049 0.853 1.088 1.204 1.312 1.670 1.035 

-160 1.009 1.156 0.889 1.023 1.085 1.077 1.009 0.889 

-150 1.056 0.724 1.638 0.533 0.847 1.128 0.827 1.109 

-140 1.137 1.528 0.714 1.351 0.962 0.663 1.351 0.900 

-130 1.109 1.576 1.751 1.410 1.775 2.059 0.849 1.342 

-120 1.400 1.080 1.223 1.575 0.866 0.892 1.583 1.316 

-110 1.308 0.653 1.102 1.400 1.364 1.107 1.235 1.568 

-100 1.368 2.343 1.611 1.272 1.923 2.107 1.814 1.216 

-90 1.936 1.966 1.788 1.457 1.518 1.523 1.306 2.107 

-80 1.527 1.826 1.636 2.455 1.449 1.773 1.748 1.630 

-70 2.673 1.843 2.092 2.091 2.550 1.712 2.330 1.830 

-60 2.295 2.639 2.803 2.166 2.750 2.742 2.565 2.612 

-50 2.474 2.941 2.438 2.898 2.732 2.776 2.174 3.118 

-40 4.723 3.012 4.404 3.245 3.285 3.955 4.228 3.616 

-30 3.697 4.843 3.627 4.715 3.733 3.666 4.365 3.933 

-20 4.060 4.690 5.415 4.781 5.338 5.233 4.842 4.536 

-10 6.816 5.925 5.380 5.652 5.373 5.774 5.836 5.980 

0 5.224 6.623 6.740 6.422 6.998 6.724 6.212 6.382 
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10 4.885 4.904 5.025 5.145 5.214 5.178 5.332 5.149 

20 4.634 5.029 5.286 5.244 4.778 4.860 4.897 5.015 

30 4.452 4.190 3.925 4.052 4.208 4.069 4.008 4.219 

40 2.332 3.222 3.214 3.369 3.351 3.211 3.202 3.117 

50 3.045 2.708 2.726 2.461 2.557 2.716 2.497 2.629 

60 2.193 1.957 2.266 2.083 2.228 2.099 2.503 2.163 

70 1.628 1.547 1.311 1.778 1.291 1.517 1.146 1.262 

80 1.737 1.256 1.444 1.157 1.764 1.421 1.834 1.922 

90 1.468 2.191 1.494 1.543 1.209 1.750 1.250 1.130 

100 1.497 1.653 1.849 1.846 1.883 1.698 2.234 1.804 

110 1.413 1.425 1.598 1.345 1.104 1.460 1.069 1.330 

120 0.984 1.066 0.791 1.014 1.301 0.969 1.111 1.344 

130 1.174 1.297 1.480 1.472 0.981 1.110 1.330 0.826 

140 1.205 0.900 0.825 0.919 1.005 1.210 1.104 1.828 

150 0.933 0.770 0.926 0.760 1.038 0.644 1.220 0.703 

160 1.136 1.384 0.972 1.524 1.558 1.115 0.780 1.223 

170 1.030 1.235 1.496 0.869 0.561 1.655 1.305 1.030 

180 1.098 0.679 1.321 0.991 2.069 0.897 1.088 0.959 

 

-100 -90 -80 -70 -60 -50 -40 -30 -20 

0.990 0.766 0.978 0.905 0.640 1.225 0.875 0.688 0.935 

1.672 1.662 1.060 1.049 2.157 0.933 1.363 1.534 0.995 

0.596 1.294 1.271 1.156 0.833 0.960 0.969 1.200 1.256 

0.784 0.424 1.195 0.724 1.251 1.510 0.972 0.865 0.785 

2.209 2.150 0.940 1.528 1.225 0.978 0.883 0.763 1.516 

0.838 1.141 1.141 1.576 0.761 1.124 1.210 1.802 0.952 
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1.307 0.849 1.068 1.080 1.186 0.793 1.195 1.615 1.640 

1.395 1.870 1.288 0.653 1.733 1.158 2.432 0.920 1.208 

1.173 1.297 1.629 2.343 1.361 2.664 0.873 1.755 1.399 

2.043 1.741 1.537 1.966 1.172 0.965 1.886 1.711 1.432 

1.592 1.452 2.104 1.826 2.087 2.462 2.155 1.726 2.136 

2.118 2.713 2.016 1.843 2.263 2.163 1.742 2.491 2.041 

2.423 2.405 2.466 2.639 2.396 2.201 2.537 1.664 2.750 

3.629 2.476 2.450 2.941 3.259 2.810 2.843 3.632 2.741 

2.831 4.084 3.508 3.012 3.622 4.242 3.300 3.436 3.187 

4.351 3.736 4.468 4.843 3.856 3.727 4.441 4.186 3.987 

5.214 5.474 4.752 4.690 5.660 4.846 4.610 4.621 5.198 

5.356 5.151 5.939 5.925 4.952 5.861 6.111 5.416 5.744 

6.444 6.910 6.534 6.623 6.953 6.804 6.545 6.770 6.645 

4.983 4.993 5.094 4.904 4.797 5.204 5.063 4.924 5.060 

5.119 4.964 4.800 5.029 5.259 4.836 5.199 5.318 5.198 

4.400 4.213 4.100 4.190 3.954 3.982 4.123 3.694 3.893 

3.047 3.294 3.244 3.222 3.249 3.448 3.341 3.506 3.301 

2.695 2.536 2.635 2.708 2.666 2.532 2.552 2.739 2.590 

2.266 2.340 2.168 1.957 2.170 2.085 2.262 2.070 2.409 

1.112 1.350 1.763 1.547 1.125 1.422 1.409 1.356 1.209 

2.208 1.543 1.425 1.256 2.409 1.725 1.684 1.184 1.635 

1.188 1.625 1.307 2.191 1.135 1.434 1.047 2.053 1.580 

1.969 1.359 1.904 1.653 1.743 2.015 2.685 1.586 1.637 

1.295 1.503 1.045 1.425 1.598 1.055 1.490 1.385 1.545 

1.084 1.198 1.178 1.066 1.012 1.000 1.044 1.296 1.075 

1.068 0.810 1.454 1.297 1.338 1.228 1.131 0.924 1.172 

0.903 1.710 0.979 0.900 1.054 1.109 0.634 0.840 0.944 
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0.816 0.766 1.067 0.770 0.589 0.930 1.759 1.449 0.580 

1.391 1.137 1.127 1.384 1.181 0.898 0.663 0.910 1.997 

1.055 1.206 0.967 1.235 1.104 0.952 0.768 1.157 0.836 

1.152 0.909 1.245 0.679 1.240 1.040 1.886 0.862 1.642 

 

-10 0 10 20 30 40 50 60 70 80 

0.766 0.809 0.899 1.237 0.766 1.291 0.959 1.490 1.008 1.279 

1.434 0.826 1.160 0.823 1.703 1.093 1.204 0.754 1.437 1.191 

0.691 1.574 1.419 1.161 0.871 0.570 1.085 0.699 0.699 0.903 

1.641 1.387 1.193 1.228 1.061 1.684 0.847 1.107 1.562 0.602 

0.896 0.878 0.565 1.300 1.584 1.081 0.962 1.387 0.833 1.840 

1.600 0.918 1.442 0.623 0.841 0.734 1.775 1.592 1.006 0.701 

1.095 1.658 1.588 1.666 1.056 2.027 0.866 1.338 1.244 1.925 

1.272 1.587 1.152 0.909 1.390 1.511 1.364 1.016 1.329 1.036 

1.030 1.172 1.989 1.422 1.604 1.386 1.923 1.130 1.823 1.528 

2.094 1.746 1.233 2.203 1.678 1.262 1.518 2.010 1.392 1.401 

2.208 1.279 1.886 2.526 1.322 1.888 1.449 1.755 1.691 2.373 

1.818 2.831 1.972 1.682 2.746 2.369 2.550 1.911 2.745 2.180 

2.723 2.437 2.149 2.400 2.165 2.335 2.750 2.995 2.453 2.250 

2.385 2.946 3.220 2.605 3.237 2.839 2.732 2.717 2.447 2.708 

3.949 3.273 3.351 3.337 3.756 3.277 3.285 3.555 3.797 3.894 

4.405 4.241 3.863 4.737 3.975 4.123 3.733 4.448 4.137 3.840 

4.403 5.441 5.400 4.570 4.799 4.994 5.338 4.538 4.732 5.170 

6.245 5.261 5.359 6.126 5.680 5.281 5.373 5.393 5.812 5.695 

6.517 6.670 6.695 6.429 6.709 6.995 6.998 6.907 6.430 6.390 

4.828 4.882 5.109 5.459 4.942 4.846 5.214 5.233 5.185 5.475 
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5.096 5.143 5.065 4.764 5.003 5.383 4.778 4.775 5.080 4.833 

4.405 4.007 4.215 4.174 3.891 4.074 4.208 4.033 4.082 4.028 

3.015 3.369 3.437 3.170 3.486 3.249 3.351 3.419 3.165 3.495 

2.863 2.533 2.501 2.464 2.589 2.563 2.557 2.610 2.576 2.526 

2.154 2.298 2.059 2.342 2.416 2.284 2.228 2.343 2.332 2.336 

1.166 1.400 1.633 1.370 1.209 1.266 1.291 1.221 1.265 1.295 

1.796 1.969 1.464 1.387 1.818 1.383 1.764 1.501 1.571 1.626 

1.344 0.816 1.296 1.663 1.476 1.888 1.209 1.969 1.710 1.405 

1.993 2.468 1.700 1.525 1.647 1.429 1.883 1.212 1.448 2.191 

1.172 1.221 0.929 1.699 1.276 1.611 1.104 1.018 1.122 0.786 

1.467 1.076 2.223 1.359 0.952 1.346 1.301 1.738 1.697 1.682 

0.677 1.259 0.999 0.790 0.932 0.865 0.981 1.159 0.670 0.795 

1.305 1.063 0.769 1.036 1.793 1.248 1.005 1.016 1.753 0.813 

0.869 1.010 1.434 1.026 0.872 1.002 1.038 1.216 1.072 1.560 

1.851 1.666 0.775 1.248 0.993 1.000 1.558 1.140 0.854 1.145 

0.639 0.436 1.347 0.966 1.055 0.874 0.561 0.915 0.892 0.603 

1.280 1.185 0.921 0.938 1.197 0.975 2.069 1.176 0.842 1.966 

 

90 100 110 120 130 140 150 160 170 180 Baseline Density 
Frequency from 

P & T 

0.809 0.803 0.766 1.279 0.809 0.803 1.454 0.766 1.080 0.959 1.017 1.68866131 

0.826 1.268 1.670 1.191 0.826 1.268 0.957 1.703 1.486 1.204 1.106 
1.68866131 

1.574 1.033 1.009 0.903 1.574 1.033 0.960 0.871 0.704 1.085 1.007 
1.68866131 
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1.387 0.950 0.827 0.602 1.387 0.950 0.619 1.061 0.982 0.847 1.032 
1.68866131 

0.878 1.761 1.351 1.840 0.878 1.761 1.965 1.584 1.014 0.962 1.105 
1.68866131 

0.918 0.724 0.849 0.701 0.918 0.724 1.078 0.841 0.942 1.775 1.156 
1.68866131 

1.658 1.506 1.583 1.925 1.658 1.506 1.370 1.056 1.418 0.866 1.244 
1.68866131 

1.587 1.210 1.235 1.036 1.587 1.210 1.196 1.390 1.945 1.364 1.474 
1.68866131 

1.172 1.553 1.814 1.528 1.172 1.553 1.176 1.604 1.255 1.923 1.332 
1.68866131 

1.746 1.444 1.306 1.401 1.746 1.444 1.286 1.678 1.900 1.518 1.596 
1.68866131 

1.279 1.919 1.748 2.373 1.279 1.919 2.118 1.322 1.315 1.449 1.831 
2.007278984 

2.831 1.990 2.330 2.180 2.831 1.990 2.297 2.746 2.314 2.550 2.098 
2.007278984 

2.437 2.717 2.565 2.250 2.437 2.717 2.794 2.165 2.102 2.750 2.489 
2.007278984 

2.946 2.781 2.174 2.708 2.946 2.781 2.508 3.237 3.301 2.732 2.870 
2.474585006 

3.273 3.342 4.228 3.894 3.273 3.342 3.960 3.756 4.155 3.285 3.479 
2.474585006 

4.241 4.326 4.365 3.840 4.241 4.326 4.143 3.975 3.864 3.733 4.124 
3.226338304 

5.441 5.299 4.842 5.170 5.441 5.299 5.072 4.799 5.221 5.338 4.959 
4.635875926 

5.261 5.616 5.836 5.695 5.261 5.616 5.380 5.680 5.314 5.373 5.608 
4.635875926 
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6.670 6.522 6.212 6.390 6.670 6.522 6.437 6.709 6.589 6.998 6.713 
4.635875926 

4.882 5.060 5.332 5.475 4.882 5.060 5.065 4.942 4.924 5.214 5.084 
3.226338304 

5.143 5.101 4.897 4.833 5.143 5.101 5.272 5.003 5.300 4.778 4.987 
3.226338304 

4.007 4.116 4.008 4.028 4.007 4.116 4.011 3.891 3.898 4.208 4.139 
2.474585006 

3.369 3.045 3.202 3.495 3.369 3.045 3.173 3.486 3.148 3.351 3.264 
2.474585006 

2.533 2.679 2.497 2.526 2.533 2.679 2.684 2.589 2.893 2.557 2.639 
2.007278984 

2.298 2.121 2.503 2.336 2.298 2.121 2.175 2.416 2.110 2.228 2.182 
2.007278984 

1.400 1.264 1.146 1.295 1.400 1.264 1.430 1.209 1.194 1.291 1.304 
2.007278984 

1.969 2.204 1.834 1.626 1.969 2.204 1.726 1.818 1.930 1.764 1.726 
1.68866131 

0.816 1.170 1.250 1.405 0.816 1.170 1.207 1.476 1.019 1.209 1.435 
1.68866131 

2.468 2.049 2.234 2.191 2.468 2.049 1.922 1.647 2.681 1.883 1.817 
1.68866131 

1.221 1.108 1.069 0.786 1.221 1.108 1.561 1.276 1.126 1.104 1.216 
1.68866131 

1.076 0.872 1.111 1.682 1.076 0.872 0.918 0.952 1.534 1.301 1.184 
1.68866131 

1.259 1.202 1.330 0.795 1.259 1.202 1.119 0.932 0.750 0.981 1.078 
1.68866131 

1.063 1.231 1.104 0.813 1.063 1.231 1.310 1.793 1.309 1.005 1.086 
1.68866131 
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1.010 1.480 1.220 1.560 1.010 1.480 0.975 0.872 0.850 1.038 1.119 
1.68866131 

1.666 1.130 0.780 1.145 1.666 1.130 0.713 0.993 1.422 1.558 0.950 
1.68866131 

0.436 0.455 1.305 0.603 0.436 0.455 1.420 1.055 0.860 0.561 0.981 
1.68866131 

1.185 1.252 1.088 1.966 1.185 1.252 0.612 1.197 0.797 2.069 1.129 
1.68866131 
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