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Abstract

Probing Electrochemical Reactions with Radio Frequency Analysis
using Vector Network Analyzers

Characterization of arbitrary electrochemical cells through radio fre-

quency analysis is a promising method for understanding the intricacies of

electrolyte behavior and frequency-dependent impedance responses. This

thesis investigates the scattering parameters (S parameters) and power

dissipation of an electrochemical cell induced with and without an external

DC source connected using vector network analyzers (VNA) from 50 kHz to

6 GHz. A comprehensive study on the evolution of scattering parameters

by the effects of varying volumes, electrolyte concentrations, and applied

voltage biases on lithium hydroxide and sodium chloride electrolytes was

performed. The electrochemical cell consists of platinum electrodes housed

by a custom-designed plastic cell, enabling for controlled experimental con-

ditions. Bias-tees and coaxial cables were employed to ensure an applied DC

source onto the cell while measuring the radio frequency (RF) effects. This

combination enables electrochemical stimulus and RF interrogation. Both

S11 (reflection) and S21 (transmission) were specifically analyzed to interpret

the cell’s impedance under certain conditions. Circuit design and modeling

was used to compare mathematical derivations and empirical data. The

results demonstrated how S parameters and power dissipation are impacted

as a function of electrolyte volume, and variation in molarity. Voltage varia-

tion for the same concentration of an electrolyte did not demonstrate notable

effects on the signal response.
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Chapter 1: Introduction

1.1 Background

In recent years, radio frequency analysis on electrochemical cells have

been a growing concept in contemporary research. The interactions of

an arbitrary network system with a signal incident upon it serves as an

interesting �eld of study that should be explored more. These case stud-

ies revolve around impedance spectroscopy, scattering parameters, Smith

charts, and equivalent circuits to better probe and characterize an unknown

electrochemical cell. There are a multitude of di�erent ways to test electro-

magnetic responses of a network. However, the main focus of this thesis

work will cover vector network analyzers (VNA) and their data acquisition of

the scattering matrix across a broad frequency sweep.

A notable motivation worth mentioning is the implementation of low

energy nuclear reactions (LENR). In the pursuit of greater energy generation

with improved e�ciencies, nuclear fusion has remained a central focus

of modern scienti�c research. The capability of matching a star's energy

production would serve unimaginable wonders for humanity technologically.

Nuclear fusion essentially revolves around the concept of combing two

particles together, with the byproduct of an alpha particle, at incredibly high

temperatures. These temperatures can soar into the millions of degrees

Celsius. This process ultimately yields greater net energy. Now, due to

the impracticality of such experiments, LENR aims to explore the concept

of fusing atoms together at lowered temperature and energy incidences.

Tremendous energy generation is not the goal, but to simply understand and

repeat the foundational mechanisms that drive atomic fusion independent of

1



temperature and energy excitation. A combination of LENR experiments and

radio frequency analysis have been previously investigated on their relation

to heat production and thermal dynamics in electrochemical cells [1�3].

Studying the e�ects of signal responses in electrolysis reactions within

an electrochemical cell can pave a gateway for new research. Speci�cally,

looking at the S parameters and power loss based o� di�erent conditions

employed onto the cell. Optimization after acquiring data from these re-

sults can enable future works to reach closer feats into understanding the

processes of nuclear fusion, one tiny step at a time.

In this project, the NanoVNA-H4 1.1, Keysight N9923A 1.2 and E5072A

VNA 1.3 were used to cover as much frequency range as possible. A vector

network analyzer (VNA) is an instrument used to measure the electrical

characteristics of devices, such as transmission lines, antennas, �lters,

and other RF components [4 � 6]. The NanoVNA and Keysight VNAs used,

generated an RF signal across a range of frequencies, typically sweeping

from low kHz to several GHz. There are two S parameters explored as the

main focus of the data acquisition, S11 and S21. The S11 parameter measures

how much of the signal sent into the device under test (DUT) is re�ected back.

S21 measures how much of the signal passes through the DUT. Multiple

components of electromagnetism such as the voltage standing wave ratio

(VSWR), magnitude and phase of a signal, and the Smith chart are presented

by these VNAs.

Only the S11 and S21 are received per measurement and not S12 or S22.

This is due to the operational composition of the VNA where port 1 is solely

responsible for providing an excitation onto the DUT whereas port 2 does

not. This insinuates a "1.5 port VNA" instead of a 2 port VNA. The VNA

systematically measures the response of that excitation at port 1 to evaluate

2



Figure 1.1: NanoVNA Figure 1.2: Keysight
N9923A VNA

Figure 1.3: Keysight
E5072A VNA

the re�ection of the signal returning to the same port. It also measures

how much of the signal is transmitted through the DUT to port 2. Moreover,

since port 2 does not provide a power wave excitation onto the DUT, it is

e�ectively matched, meaning a2 = 0. Only the response signal is measured

at port 2, meaning the power wave b2 is taken into consideration.

For this experimentation project, VNAs are used to excite a signal onto an

electrochemical cell and determine the properties of the cell responding to

an AC perturbation. The electrochemical cell will be empty and �lled with an

aqueous solution and varying volumes and concentrations. Measurements

have been conducted while the electrochemical cell is connected to an

external DC source and without a DC external source. Electrolysis is

a fundamental concept in this thesis work to understand the e�ects of

electrical double layer and bubble evolution with the scattering matrix.

1.2 Literature Review

In modern research, radio frequency analysis on electrochemical cells

have been a growing topic of interest. Sobkiewicz et al. discussed how

scattering parameters can be e�ectively used to evaluate the integrity of
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composite materials, showcasing the crossover between RF applications and

electrochemical assessments. This work demonstrates how non-invasive

experimentation can be implemented to characterize the material of an

electrochemical cell [7]. Additionally, this �eld of study extends to other

material and geometrical con�gurations such as bipolar membrane and solid

oxide cells which have noticeable a�ects on electro-active species within

the electrolyte. Both these papers explain how radio frequency analysis can

help characterize and optimize electrochemical cells for e�cient reaction

facilitation [8,9].

Bubble formation in electrolysis cells can impact the conductivity, cur-

rent, and reaction rate at the electrodes. Cavity micro-electrodes have

been studied to monitor the oxygen bubble evolution within a cell. The

formation and departure of these bubble formations impact the electrolysis

current and resistance [10]. This is due to the fact that with an increase

in bubble formation as a result of a rising voltage bias, the less active

area is available for the electro-active species to react with their respective

electrodes. However, as the bubble forms, the current density decreases,

but upon the bubble departure the current increases once again. This

periodic �uctuation of the current density is emphasized in electrolysis

conditions. Additional works have examined the a�ects of bubble forma-

tion on the energy conversion e�ciency of an electrochemical cell [11]. It

details how bubble-induced impacts a�ect the overall ohmic resistance and

concentration overpotential of an electrochemical cell. Moreover, bubble

formation sites tend to have a slight correlation within the nanostructures

of an electrode [12]. It signi�es the �uid convection of electrolyte ions are

due to bubble evolutions. Reference [13] compliments this further by elab-

orating how electric �elds in electrolysis in�uence bubble movement and
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distribution. This research involves how the electric �eld in�uences bubbles

which inadvertently maintain ion concentration and optimize electrolysis

e�ciency. Overall, these references can explain the changes in solution

impedance due to bubble evolution and how bubble-induced convection

currents in�uence electro-active species towards reactive sites. This inad-

vertently impacts the reaction e�ciency of an electrochemical cell. To add,

bubble formation in�uence on the ohmic resistance and local concentration

of ions within the solution may a�ect the signal transmission through the

electrochemical cell. Complimentary research on speci�c electrochemical

voltage biases and concentrations suggest an interconnected and dynamical

in�uence on electric �eld strength, ionic transport, thermal kinetics, and

conductivity [14�17].

Radio frequency research examining the electrical impedance of arbitrary

devices under test has many applications to real-world examples. To start,

microwave components usually operate normally under room temperature

or higher temperature conditions. Experimental operations around the

millikelvin temperature range yields deviations in the S parameters [18].

Equivalent circuit design using impedance spectroscopy is derived to identify

the parasitic elements that vary as a function of frequency. These circuit

models are able to characterize the electrolyte parasitic components using

vector network analyzers [19]. Further research works on parasitic elements

can improve the understanding of these elements in electrical characteri-

zation of electrochemical cells [20]. The a�ects of noise, skin e�ect, and

parasitic a�ects can impact excess losses at higher frequencies [20, 21].

Based on the electrochemical cell's material composition, ionic and electric

conductivity could also be characterized by impedance spectroscopy [22].

On the topic of coaxial cables, a formula from [5] on the quarter wave trans-
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former is reconstructed to isolate the characteristic impedance is presented

in this thesis as shown by Equation (5.3). Double shell models of living

human cells can be evaluated through equivalent circuit modeling based o�

radio frequency analysis. This method allows for more detailed and accurate

representations of a cell's nucleus' compositions [23]. In extension to cell

characterization, inexpensive ways to identify the existence of bacterial

species of cDNA within cells using the S21 transmission parameter at 10

MHz have been conducted. This work aims to further hospital and medical

serves using e�cient devices sensitive to speci�c DNA concentrations in

bacterial samples [24]. Moreover, other implementations of radio frequency

analysis as shown through Reference [25], emphasizes how material thick-

ness, corrosion, and surface erosion of building structures under heavy

operating conditions can be classi�ed using S parameters. Wang et al.

reinforces the understanding of calorimetry using palladium structures to

evaluate excess heat emissions associated with RF emissions. Energy pro-

duction within these systems display relations to RF emissions and thermal

dynamics in electrochemical networks. Reference [26] analyzes deuterium

di�usion within palladium structures and how it relates to RF emissions

as a response to deuterium absorption. Research on the variability of S

parameters in di�erent frameworks and conditions impose how capacitance,

dielectric properties, and electrical �eld strength a�ect the electromagnetic

response of a system [16,27�29].

Exploring the applications and research studies revolving around elec-

trochemical cells and low energy nuclear reactions (LENR), Scholkmann et

al. provided an insightful analysis of electromagnetic emissions associated

with the electrochemical loading of deuterium into palladium, indicating

that signi�cant electromagnetic signals and excess power can occur in the
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kHz to GHz range during heat generation [1]. Complimenting that research,

Reference [2] suggests a strong correlation between heat production as a

result of active samples emitting RF signals. This work urges further re-

search to be done on electrochemical e�ects on the unknown dynamics of

metal-hydrogen systems. Reference [3] further compliments the study of

electrochemical hydrogen-loading processes and how it facilitates electro-

magnetic emissions.

Electrolysis research is vital for understating the building blocks that

comprise this thesis work. Reference [30] indicates that at a concentra-

tion of 0.5 M and a current density of 2 A=dm2, optimal performance was

observed. This study suggests how concentration directly impacts the ef-

fectiveness of electrochemical processes and product quality. Additionally,

researchers such as Rusanov et al. [31]. performed continuous replenish-

ment of feed water and changes in speci�c electrical conductivity. This

work provides valuable insight into how both the volume and concentra-

tion of the electrolyte evolve over time�an essential factor in improving

the overall e�ciency of electrolysis. Kang et al reviewed proton exchange

membrane water electrolysis to suggest how operating parameters such as

current density signi�cantly a�ects hydrogen gas volume formation [32]. It

also explains how porous transport layers a�ect the thermal, conductivity,

water and gas transport. Overall, the convergence of these studies paints

a complex picture of the interactions between electromagnetic emissions,

heat production, and electrochemical processes involving palladium and

deuterium in electrochemical cells.

A recent experiment was performed with similar electrochemical condi-

tions and setup to this thesis work. The transmission linear magnitude

was examined across a frequency band using similar aqueous solutions to

7



this project. Electron transfer and double layer capacitance was empha-

sized during the analysis of the experiment for the resulting transmission

di�erences between solutions [33].

1.3 Thesis Outline

The following sections of this thesis are organized as follows: Section 2

introduces the background knowledge of S-parameters, Smith charts, and

electrochemistry. Section 3 introduces the overall network system schematic,

and individual component testing. In Section 4, a detailed procedure of how

each experiment was performed in the overall project is presented. Section

5 presents measured results and an analysis from each VNA on various

devices and network systems. Finally, conclusions are drawn in Section 6.
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Chapter 2: Background Knowledge

2.1 Radio Frequency Equipment

Three vector network analyzers (VNAs) were used in this project. Ac-

cording to the datasheet provided by the manufactures of the nanoVNA-H4,

Keysight N9923A, and Keysight E5072A, each have their own respective

frequency range and power incident values. When exciting a DUT, these

values are vital for calculating data-speci�c results for each VNA used. The

nanoVNA-H4 outputs a 0 dBm excitation from 50 kHz to 2 GHz. Whereas,

the Keysight N9923A, with a frequency range of 2 MHz to 6 GHz, has two

options for power output: low and high power output. According to the

datasheet from the manufacturers, at low power mode with an intermediate

frequency (IF) bandwidth of 300 Hz, -40 dBm of power is exerted from the

generator. Converting decibels to watts, we use Equation (2.1):

P(watts) = 10
P(dBm)� 30

10 (2.1)

Plugging in � 40 dBm:

P = 10
� 40� 30

10 = 10� 7 = 0:0000001W = 100 nW

for low power mode. Now, for high power output, it is clearly speci�ed

that +5 dBm is produced.

P = 10
0� 30

10 = 10� 3 = 0:001 W = 1 mW

Using these conversions, we can unify our units in terms of energy input
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and output when analyzing S parameters alongside power loss. Let it be

known that throughout the entirety of this project, when using the Keysight

N9923A, the high power output option was the only parameter used for

power incident upon a DUT.

Additionally, the E5072A VNA was only used for a small portion of this

thesis work, speci�cally for testing the attenuation and insertion loss in

decibels of di�erent coaxial cables. This VNA was by far the most expensive

and highest quality grade among the rest of the RF equipment. It had a

frequency range of 30 kHz to 8.5 GHz with an adjustable power output.

Meaning, at a reasonable value, the user may decide how much power

incident can be imposed onto a DUT. However, in this thesis, the power

amount speci�ed was +5 dBm.

2.2 The Scattering Parameters

Scattering parameters, or S parameters, are mathematical tools used to

describe how electrical networks respond to high-frequency signals, partic-

ularly in radio frequency (RF) and microwave systems. S parameters focus

on the behavior of incident and re�ected waves at the ports of a device.

This wave-based approach is especially useful at high frequencies, where

parasitic e�ects and transmission line behaviors make direct measurement

and interpretation of voltages and currents di�cult [20]. S parameters

provide a clear and convenient way to understand how signals are transmit-

ted, re�ected, or absorbed by a component or network. They are typically

represented in a matrix form, where each element describes the relationship

between the input and output waves at speci�c ports. Because of their

practicality, S parameters are widely used in the analysis and design of RF

ampli�ers, �lters, antennas, and other high-frequency components.
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In a typical two-port network, two of the most important S parameters

are S11 and S21. S11 represents the input re�ection coe�cient, which tells

us how much of the signal that enters port 1 is re�ected back due to

impedance mismatches. It provides insight into how well the input of

the device is matched to the connected source. A value of S11 can be

represented in two ways: linear magnitude and logarithmic decibels. This

thesis focuses mainly on the linear magnitudes of both S11 and S21 and not

the logarithmic decibel values. Re�ection magnitude values close to zero

indicates a good match, meaning most of the signal is absorbed by the

network with minimal re�ection. On the other hand, a value closer to one

means that a large portion of the signal is being re�ected, suggesting a poor

match. S21 represents the forward transmission coe�cient and measures

how much of the signal applied at port 1 makes it through to port 2. This

parameter is crucial for understanding the transmission performance of a

device, including gain, insertion loss, and frequency-dependent behavior.

When the transmission linear magnitude value is close to zero, it means

the signal is not passing through the network under test. Conversely, if the

transmission is close to one, it insinuates that the majority of the signal is

passing through the network and is being received by the second port of

the VNA. In combination, S11 and S21 o�er valuable information about how

much of the signal a device re�ects and it passes through, making them

essential tools in high-frequency circuit analysis.

One important concept to grasp is that in a 1.5 port VNA, only S11 and S21

are measured and not S12 and S22. With this, it can be inferred that port 2

is terminated with a 50 W load. Hence, port 2 is matched and no excitation

is being inputted into port 2, but only port 1. However, the Keysight VNA

E5072A can measure S11, S21, S12, and S22 parameters, but won't be used for
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the majority of this thesis work.

Insertion loss (2.3) and return loss (2.2) are critical parameters for char-

acterizing the performance of high-frequency components and systems.

Insertion loss refers to the reduction in signal power as it passes through a

device under test (DUT) and is typically expressed in decibels (dB). It quan-

ti�es how much signal is lost due to absorption, re�ection, or impedance

mismatches within the component. Lower insertion values close to 0 dB in-

dicate a more e�cient signal transmission. Return loss, on the other hand,

measures the amount of signal that is re�ected back toward the source due

to impedance discontinuities at the input of the DUT. Also expressed in

decibels, a higher return loss value indicates better impedance matching

and lower re�ected power. These parameters are commonly derived from

scattering parameters, where S21 corresponds to insertion loss and S11 to

return loss. Analyzing these losses across frequency ranges enables precise

evaluation of a device's suitability for RF and microwave applications, as

well as identi�cation of resonances, mismatches, and potential performance

degradation. Understanding and minimizing insertion and return losses is

essential for ensuring signal integrity and optimizing system performance.

RL= � 20� log10(jGj) (2.2)

IL = � 20� log10(jS21j) (2.3)

The circuit design of the VNA along with the electrochemical cell con-

nected to the network can establish the framework of this project. A 1.5

port network system of a VNA includes an internal calculator to measure

scattering parameters which can be understood using basic circuit design.
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This method of using voltages and currents allow the user to mathematically

estimate the values of the scattering parameters and other parameters is-

sued with the VNA [6]. A circuit model with voltage, current, and impedance

can be examined in Figure 2.1 to determine the S parameters. The depiction

represents a two-port network in a 4-terminal system attached to the VNA.

Although the VNA is not shown here, this 2-port network represents a device

under test (DUT). An AC signal is generated by the VNA onto the network

where the potentials located on both ports are used to �nd the scattering

parameters. The potential V1, located on the left hand-side of the design, is

how the VNA examines the re�ective properties of the DUT. A current is run

through the DUT and any responsive signal sent back to the VNA would

be calculated as the S11 parameter. The potential and current are vital for

this calculation as scattering parameters can all be formulated in terms of

impedance. This is evident when looking at W's law shown below in (2.4):

V = Z � I (2.4)

The S21 parameter is similar to this case, but instead analyzes the excita-

tion done on port 1 and the response coming out of the DUT at port 2. The

potential di�erence V2, located on the right-hand side, along with taking

into account the potential V1 examines this concept and records it as the

S21 parameter.

The characteristic impedance ( Z0) is an important concept when math-

ematically deriving S parameters. It is the ratio of a voltage and current

traveling wave in a single direction. Generally speaking, most VNAs have a

characteristic impedance of 50 W. When the characteristic impedance of a

line does not match the impedance of a load, it causes re�ections. Other

VNAs tend to have a characteristic impedance of 75 Wor any other arbitrary
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Figure 2.1: Circuit schematic displaying voltage, current, and impedence to
derive S parameter expressions.

value, but for this thesis work, only 50 W is assumed. The expressions

below (2.5) and (2.6) depict the propagating waves in a system:

Ṽ(z) = V+
0 e� jbz+ V �

0 ejbz; (2.5)

Ĩ (z) =
V+

0

Z0
e� jbz �

V �
0

Z0
ejbz: (2.6)

These equations constitute the very foundation of radio frequency en-

gineering. The V0 symbols indicated are the potentials of the forward and

backward traveling wave within a system. The (V0)�
1 is speci�cally the re-

sponse of the signal. This is the wave calculated coming out of the DUT

and back into the generator. By contrast, the (V0)+
1 symbol represents the

forward traveling wave into the DUT. This is usually known as the excited

signal probing a system. b � z symbolizes the propagation constant of the

wave. A negative sign indicates it is moving in the forward direction (into

the DUT) and vice versa. The characteristic impedance of the VNA at each

port are displayed as " R0". For most cases, including this one, the R0 charac-

teristic impedance is 50 Was shown in Figure 2.2. For this thesis work, the

characteristic impedance of the VNA is known by the speci�cations provided

by the manufacturers.

14



Figure 2.2: Circuit schematic of AC signal generated from source (VNA). R0
characteristic impedance at port 1 and at port 2. "R" is the DUT example.

For the mathematical aspect of the scattering parameter using the for-

ward and backward traveling voltages, it can be simpli�ed as such:

S11 =
(V0)�

1

(V0)+
1

; where : (V0)+
2 = 0 (2.7)

S21 =
(V0)�

2

(V0)+
1

; where : (V0)+
2 = 0 (2.8)

The number subscripts associated with each of these symbols represent

their port.

Additionally, the potential (V0)+
2 located at port 2, entering the DUT is

equivalent to 0. This reiterates that the system is matched at port 2. It is

an automatic internal feature of 1.5 port VNAs that terminate the forward

traveling wave at port 2 in order to only get the S11 and S21 values. In the

case of S12 and S22 parameters, the forward traveling wave at port 1 would

be matched and e�ectively 0.

Power waves are exceptional concepts to use when dealing with circuit

analysis with scattering parameters. They can be another way of formulating

equations using voltages and currents within a system. An illustration of

these power wave connected to a DUT is shown in Figure 2.3. It has useful

properties when dealing with power transfers between a generator and load

in lossy or lossless transmission lines. Deriving these power wave equations
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Figure 2.3: S parameter in terms of power waves. Port 1 is on the left and
port 2 is on the right.

serves as a generalized form of the scattering matrix. The relationship

demonstrating its inclusion with scattering parameters is shown below,

where " b" is the response of the signal coming out of the DUT and " a" is the

excitation of the signal onto the DUT:

2

6
4

b1

b2

3

7
5 =

2

6
4

S11 S12

S21 S22

3

7
5 �

2

6
4

a1

a2

3

7
5 (2.9)

The corresponding number subscripts are associated with the port on

the VNA. Therefore demonstrating this expression of the matrix:

b1 = S11 � a1 + S12 � a2 (2.10)

b2 = S21 � a1 + S22 � a2 (2.11)

Since we are dealing with 1.5 port VNAs, the S12 and S22 parameters can

be excluded where the principle of a2 = 0 stands. Hence, the scattering

equations are derived:

S11 =
b1

a!
where a2 = 0; (2.12)
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S21 =
b2

a!
where a2 = 0: (2.13)

The characteristic impedance of the network must also be considered

when displaying the individual power wave components using the following

equations:

a1 =
1
2

� (
V1p
(Z0)1

+ i1 �
p

(Z0)1; (2.14)

a2 =
1
2

� (
V2p
(Z0)2

+ i2 �
p

(Z0)2) (2.15)

b1 =
1
2

� (
V1p
(Z0)1

� i1 �
p

(Z0)1) (2.16)

b2 =
1
2

� (
V2p
(Z0)2

� i2 �
p

(Z0)2) (2.17)

The characteristic impedance displayed above is a generalized expression

of the power waves. For the scope of this thesis work, both the characteristics

impedance of the ports are equivalent to 50 W and thus (Z0)1 = (Z0)2 = 50

W. Figure 2.4 visualizes a system with a di�erent characteristic impedance

than the VNA ( (Z0)1), if (Z0)2 was a di�erent value than (Z0)1, re�ections

would occur.

Figure 2.4: Network with di�ering characteristic impedance.
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2.3 The Smith Chart

A Smith chart essentially explains the re�ection characteristics of a DUT.

It produces an illustrative graphical representation of the properties of a

network as shown in Figure 2.5. Its mechanisms rely on the re�ection coef-

�cient and normalized real and imaginary parts of a system. Normalization

occurs when you have a known impedance, and simply dividing it by the

characteristic impedance of the device. Other parameters mentioned in the

Smith chart are admittance, capacitance, inductance, VSWR, and length

(in terms of l ). This allows for a uni�ed graphical demonstration of the

behaviors of a DUT. The horizontal axis of the chart represents the real

components of the load, while the vertical axis represents the imaginary

impedance of a network. A point closer to the center of the chart indicates a

matched system. Positive reactance means inductive and negative reactance

means capacitive components (see Figure 2.6).

Let it be known that, the ends of the chart indicate if the DUT is open or

shorted. The far right point of the circle, along the horizontal axis, mimics

open circuit behavioral properties. On the other hand, a far left point on the

chart represents a shorted circuit. The center of the chart is the normalized

impedance of the DUT assuming the characteristic impedance to be 50 W.

Conveniently, the Smith chart can be represented in two di�erent yet

very similar ways. The Impedance version is shown in the Figure 2.5,

and the admittance chart is shown on Figure 2.7. The Smith chart has

many applications for analyzing antennas and VNA data. One of the many

techniques that can be used is shunt and stub adjustments to a DUT. When

a DUT contains a high amount of reactance, the overall signal loses a lot of

its power being sent back to the generator. This eliminates the e�ciency of
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Figure 2.5: Smith chart

the network and could hinder readings. This can be �xed by adding a short

or open circuited LC wire known as a shunt or stub to the system. The

purpose of this addition is to cancel out the reactive components of the DUT

to maximize power transmission. This procedure can be done by utilizing

and understanding the Smith chart. The outermost edges of the Smith

chart have length values in terms of l which can identify speci�c shunt or

stub lengths relative to the operating frequency for minimum re�ections.

2.4 Electrochemistry

The essence of this project encompassed the properties and e�ects of

electrolysis chemical reactions within an aqueous solution (Figure2.8). The

VNA accompanied by the electrochemical cell emits radio frequency signals

to the aqueous solution undergoing electrolysis and sends back information
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Figure 2.6: Smith chart with resistive, inductive, and capacitive trends.

done to the signal. An external DC source is connected to the cell to induce

electrolysis and the scattering parameters will take note of any changes

across a range of frequencies and voltages.

Electrolysis is a process where current is excited across an electrolyte

solution. This setup involves several components in order to initiate the

experiment: the electrolyte contains the ions and allows them to move,

the electrodes are the two metallic rods or plates, ions are the substances

within the solution undergoing the reaction, cations being positively charged

ions, and anions being negatively charged ions. Two gridded metallic plates

serve as the electrodes used in this experiment, one being positively charged

platinum and one also being platinum but negatively charged. The positively

charged electrode in an electrolysis experiment is known as the anode and

the negatively charged electrode is the cathode. Anodes and cathode polari-
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Figure 2.7: Admittance chart.

Figure 2.8: Electrolysis of two electrodes within an aqueous solution.
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ties are determined by the DC source connected to the network. Whichever

section is connected to the negative portion of the potential stimulus of the

DC source would be the cathode and conversely, the positive part of the volt-

age excitation from the DC source determines the anode. These electrodes

are square, gridded metallic plates that serve as the grounds for facilitating

chemical reactions. Ions within the aqueous solution will bump into these

plates and absorb or emit electrons resulting in redox (reduction-oxidation)

reactions. Furthermore, a current probing the system will facilitate these

reactions. The electrolyte used in this procedure is lithium Hydroxide (LiOH)

with varying molarities implemented on each interval of the experiment.

This solution is mixed in with water ( H2O) in order to �nalize the setup for

the electrolysis reaction. These components are vital and intentional for the

cascading e�ect of the chemical reactions occurring within the electrolyte.

Platinum is used as the elemental material of the electrodes due to

its resistance to corrosion. Performing an electrolysis reaction can easily

corrode most materials besides platinum and some other elements like

rhodium. But, for the purpose of this project, platinum has been used as

the material under test.

In this thesis work, the chemical reaction occurrences as a result of

lithium hydroxide and water being stimulated by a current have been ana-

lyzed thoroughly. Before commencing the process, theoretical understand-

ing of electrolysis is key to facilitating a deeper grasp and analysis of what

to expect. To start, lithium as an element that is considered a cation, but

due to its nature as a group 1 element on the periodic table, it is highly

reactive. This reactivity property does not allow it to go through mechanical

processing and become neutral at the cathode. It is safe to assume that

some lithium ions could react and become neutral, but would quickly turn
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back into a positively charged ion. Hence, the lithium ion remains within the

aqueous solution as a spectator ion and does not interact with the platinum

electrodes the same way the other ions do. On the other hand, the hydroxyl

(OH� ) molecule, as a result of the current and polarized charges, fuses with

its respective electrode plate within the cell. Hydroxyl and water reacts to

the electrodes instead of lithium due to the reduction potential di�erence.

Since lithium's reduction potential is signi�cantly more negative than that

of water, the electrochemical cell favors the reduction of water to hydroxide

ions and hydrogen gas, rather than reducing lithium ions to lithium metal.

This reduction potential di�erence enables the hydroxyl molecule to split

into oxygen gas and water while emitting electrons. The following chemical

Equation (2.18) demonstrate the balanced reaction that take place as the

reactant hydroxyl molecule splits into its respective products at the anode.

4OH�
(aq) ! O2(g) + 2H2O(l ) + 4e� (2.18)

Now, water is also mixed with the lithium hydroxide solution and should

also be taken into account. During this electrolysis phenomena, and re-

duction potential, the current induced H2O to split its individual atoms

from itself. Hydrogen ions ( H+ ), which are positively charged cations, move

through the electrolyte toward the cathode, where they are reduced by gain-

ing electrons to form hydrogen gas ( H2). Meanwhile, hydroxide ions ( OH� ),

which are negatively charged anions produced during the water-splitting

process in alkaline conditions, participate in oxidation reactions at the

anode. At the cathode, the reduction of H+ leads to a local decrease in

potential, while the oxidation of OH� at the anode causes an increase in

potential. This creates a growing potential di�erence between the electrodes:

the cathode becomes more negative, and the anode more positive. This po-
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larization enhances the electric �eld across the cell, which in turn increases

the �ow of current through the circuit. The Equation (2.19) demonstrates

the balanced chemical reaction occurring at the cathode.

2H2O(l ) + 2e� ! H2(g) + 2OH�
(aq) (2.19)

After initiating the DC voltage excitation onto the electrochemical cell,

towards the higher ends of the voltage count, current slowly increases and

so does the facilitation of the chemical reactions within the aqueous solution.

This Is evident by clearly observing hydrogen gas bubbles emerging from the

cathode side of the cell and oxygen gas bubbles from the anode side of the

cell. Moreover, analyzing the chemical reactions occurring within the anode

and cathode demonstrates that approximately twice as much hydrogen gas

is being formed than oxygen gas. This is simply an observation of the overall

balanced Equation (2.20) derived from the electrolysis process.

2H2O(l ) ! 2H2(g) + O2(g) (2.20)

Another step of this experiment aimed to study the e�ects of a di�erent

solution, sodium chloride (NaCl). Sodium chloride, similar to lithium hy-

droxide, has been dissolved and mixed with water to serve as the aqueous

solution within the electrochemical cell. Similar to lithium hydroxide in

electrolysis reactions, the following understanding of chemical processes

must be established. Sodium, being a Group 1 alkali element on the periodic

table, is a cation that is highly reactive and does not want to be neutral.

Therefore, it is assumed that sodium does not interact with the metallic

plates within the cell and remains a�oat in the solution categorizing itself as

a spectator ion. To reiterate, the water molecule is split into hydrogen ions
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and hydroxyl during this procedure. The di�erence here in the chemical

processes that would arise is that both chlorine and hydroxyl are both

negatively charged ions. Both anions have a tendency to gravitate towards

the anode and form gases, yet due to the chlorine ion's requirement of less

electron energy to oxidize within the platinum plate, the hydroxyl ion does

not undergo chemical reactions within the electrochemical cell. There are a

multitude of complex reasons that explain this "tug-of-war" between these

two anions, but is beyond the scope of this thesis work. The chlorine anion

thus binds to the platinum anode and loses electrons, resulting in corrosion

of the metal shown by the balanced Equation (2.21). However, this corrosion

is not coherently visible during the experiment as not enough current, nor a

long enough period of time has elapsed for this e�ect to occur to the naked

eye. Though mathematically and conceptually, this product of e�ects is

what happens at the quantum level of chemical interactions.

2Cl� (aq) ! Cl2(g) + 2e� (2.21)

So, for sodium chloride, after a voltage stimulus has been stimulated

by the DC source, hydrogen gas bubbles have emerged on the cathode

side of the electrochemical cell and chlorine gas on the anode side. This

has been inspected after a su�cient amount of current has been induced

across the varying voltage intervals probed onto the device under test. A

white accumulation of bubbles have formulated below the surface of the

aqueous solution, but this is solely due to the congregation of multiple

tiny bubbles residing at the top due to the chemical reactions within the

plates. Chlorine gas is toxic and harmful, emitting a yellow cloud of smoke

after oxidizing with an electrode, however, this e�ect was not clearly seen

during the experiment due to a reduced elapsed time period and low current
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stimulation running through the cell. An overall balanced equation shown

in Equation (2.22) displays the total chemical reaction of sodium chloride

undergoing electrolysis.

2NaCl(aq) + 2H2O(l ) ! H2(g) + Cl2(g) + 2NaOH(aq) (2.22)

2.5 Calibration

Calibration is a vital part of a VNA's measuring process. It removes

systematic errors when analyzing networks to maximize accuracy. Imperfec-

tions in cables, connectors, and wires could disrupt the measurements of

the device under test, and thus calibrations aim to eliminate that distortion

during data acquisition. The technique essentially provides open, short, and

load (50 W) terminals attached to the VNA to set a reference plane. Addition-

ally, a through connection is also taken into account for the measurement

of the S21 parameter. The NanoVNA had its own calibration kit set as shown

in Figure 2.9. Firstly, an open terminator is connected to port 1 of the

NanoVNA, followed by a short then load terminator. These devices all come

with the NanoVNA as a complete package for its calibration. This allows the

VNA to interpret the speci�cations and limits of an open and short circuit

before taking any arbitrary circuit into account. The load terminator is

designed to match the VNA's characteristic impedance, facilitating the least

amount of re�ections back into the VNA, this term is known as a perfect

match or impedance matching. Lastly, the thru connection, which is usually

done with a wire or cable connecting port 1 and port 2 together, yields a

reference point for the VNA when taking S21 measurements.

It is signi�cant to calibrate before any experiment to ensure precision in

any data recorded. VNAs tend to have a saving option to instantly enforce
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Figure 2.9: SOLT NanoVNA calibration set.

the reference plane done in previous measurements to minimize time loss.

Moreover, understanding calibration mechanics help solidify and simplify

network analysis. This means that when a DUT is under inspection, usually

attached by wires or cables to the VNA, the short-open-load-thru (SOLT) ter-

minators are inserted at the ends of the wires instead of directly on the VNA

ports. By doing this, it eliminates the accountability of the imperfections of

the cables and wires and sets the reference plane at the ends of the wires.

Consequently, the VNA will measure the scattering parameters of only the

DUT, allowing for accurate measurements while reducing distortion and

losses.

For the next phase of measurements, a more e�cient calibration kit is

used for more accurate recordings. The calibration kit used is the Keysight

Cal Kit 85521A, Type-3.5mm(f) 50 W(Figure 2.10). This device supplies a 4-

in-1 calibration technique where all the SOLT terminators are connected in

one component. This simpli�es and also matches the mechanical calibration

option displayed in the VNA. Firstly, the bias-tees and wires are connected to
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the VNA directly and on the output ports of the wires, the Cal Kit is inserted.

This is done to account for the bias-tees and wires during calibration in

order to isolate the electrochemical cell when taking measurements.

Figure 2.10: Keysight Cal Kit 85521A, Type-3.5mm(f) 50 W.

The �rst step taken was verifying if the calibration kit terminator ports

were accurate. Each of the SOLT ports were individually tested and checked

to authenticate the measured results obtained after calibration. The Cal

Kit open port was connected via bias-tee and wire attached to the VNA. The

S11 parameter was observed, speci�cally looking at the linear magnitude

and phase of the parameter. Ideally, the S11 magnitude of the port should

resemble a re�ective coe�cient, G, with a value of 1. This was clearly shown

in the resulting VNA data acquisition where the S11 parameter magnitude

remained a value close to 1 throughout the entire frequency sweep. Addi-

tionally, the re�ection phase should be 0� due to the fact that in an open

circuit system, the signal cannot pass through the entire system and is

thus completely re�ected back. The phase indicates that no operational

change is applied to the wave as what should happen in a short-circuit. For

a short-circuit load, the re�ection magnitude should be 1 and a re�ection

phase of � 180� . For a 50 Wload, the re�ection magnitude should be 0 with a

periodic repetition in its re�ection phase. It is important to note that over a

wide range of frequencies, the phase does shift as a function of frequency. In
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the early range of the frequency sweep, the phase is shown to be 0� in accor-

dance with the ideal open-circuit values, but displays a progressively linear

decrease. The change in phase over a range of frequencies is dependent on

the Formula (2.23) where:

q = b � l =
2p � l

l
(2.23)

This evidently shows a relationship between the frequency sweep and

the phase. b represents the propagation of the wave, " l " is the length of the

transmission line, and l can be represented in terms of phase velocity and

the operating frequency in Formula (2.24). Based o� the measurements,

the phase linearly decreases from 984:5m� which is essentially 0� .

l =
up

f
(2.24)

Multiple trace markers have been used to increase the precision of the

port calibration with the VNA. Another method used is observing the Smith

chart. The right-most side of the chart, along the horizontal axis represents

the open properties of a system. This point cab be represented in a polar

coordinate system based on the re�ection coe�cient of the network. Since

the point is located at the horizontal real axis and is at the furthest point

rightwards, it signi�es a re�ection magnitude of 1 and a phase of 0� . More-

over, the placement of the marker displays a signi�cant mismatch of the

system to the VNA. When the impedance di�er, a mismatch is identi�ed,

and the signal is re�ected back in tremendous proportions. In this case, a

mismatch is indicated due to the marker not being at the center of the nor-

malized chart. With such a mismatch, the re�ective parameter magnitude

is 1, signaling that the voltage wave coming out of port 1 is equivalent to the
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Figure 2.11: Open calibration terminal using Keysight VNA

voltage going into the DUT. Mathematically, the re�ection coe�cient formula

shown in Equation (2.25) demonstrates how the open circuit terminator

impedance is in�nite, and eventually results the parameter into a value of

1.

G=
Zin � Z0

Zin + Z0
=

¥ � Z0

¥ + Z0
= 1 (2.25)

This emphasis on the properties of the open port �nalizes the validity of

the open port test from the Cal Kit. Also, as discussed earlier, the Smith

chart shows an electrical length change as a function of frequency, curling

downwards into the capacitive region as shown in Figure 2.11. It could

also curl further around the chart into the inductive region given a broader

frequency range or change in transmission line length.

Similarly, for the short port terminator on the Cal Kit, the same procedure

was mimicked to measure the properties of the short terminal. A bias-tee

and cable was connected to the short terminal of the Cal Kit, and the

re�ection parameters (or S11) was analyzed. Ideally, for a short-circuited

system, the gamma magnitude has to be 1 and the phase equivalent to � 180� .

This essentially means that in a shorted system, the signal wave propagating

through the circuit is completely re�ected back to the generator with a phase
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shift of � 180� . This is not useful in general applications, but knowing this

property can demonstrate to the user if the terminators are working the way

they should. Looking at the re�ective formula shown in Equation (2.26),

the zero impedance of the short circuit port yields a re�ective magnitude

of 1. The negative operation elaborates that the re�ected signal contains a

phase shift of � 180� back into the generator. A linearly decreasing phase

shift is also apparent during the short port test.

G=
Zin � Z0

Zin + Z0
=

0� Z0

0+ Z0
= � 1 (2.26)

Again, a mismatch is expected due to the gamma value being 1 and an

impedance of a short circuited port being 0.

In terms of return loss for the open and short terminals, using Formula

(2.2) yields a value of 0 dB. This indicates high levels of re�ection which is

unideal for radio frequency practical applications.

Another port needed to be veri�ed was the load broadband terminal of

the Cal Kit. This port represented a 50 W DUT for the VNA. This is a great

opportunity for understanding changes in the matching e�ects as a result of

impedance in a system. Figure 2.12 below demonstrates the S11 parameter

and Smith chart results after measuring the load port of the Cal Kit:

The traces here represent each segment of the S11 parameter. The yellow

indicates the linear magnitude and the orange indicates the Smith chart

value. In order to understand the behavioral attributes of the re�ection

coe�cient, the Smith chart can be a helpful tool in evaluating the results.

The marker shown here is placed perfectly at the center of the Smith chart.

This result means that the system is perfectly matched. It identi�es that the

DUT's impedance being 50 W and the VNA's characteristic impedance being

50 W is matched. In a matched system the gamma formula is represented
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Figure 2.12: 50 W load terminal Cal Kit measured with Keysight VNA

as such in Equation (2.27):

G=
Zin � Z0

Zin + Z0
=

50� Z0

50+ Z0
= 0 (2.27)

In this example, the entirety of the excitation from port 1 of the VNA is

completely absorbed by the system due to a near-perfect match of impedance.

Additionally, looking further into the Smith chart, it shows in Figure 2.12

how the Smith is centered at the normalized impedance for a majority of

the frequency range and the yellow trace displaying the re�ection coe�cient

is very close to 0. The return loss value of a matched system should ideally

be ¥ dB.

For the �nal part of the calibration validation procedure of the Keysight

85521A Cal Kit, the Thru connection is tested. For this step, instead of

looking at the S11 parameter, the S21 parameter is observed. Simply put, a

through connection aims to measure the insertion loss of a system when

ports 1 and 2 of the VNA are connected together. Now, after acquiring the

logarithmic magnitude of the S21 parameter in a through connection while

having the bias-tees and cables be connected on both ports of the VNA,

the results displayed a value 0 decibels. This is exactly how much of the
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signal voltage wave is to be lost in a through connection, none. A formula

of insertion loss as a function of the S21 linear magnitude parameter is

provided in Equation(2.3).

2.5.1 Electrical Delay

There is an option provided by almost every VNA where electrical delay

can be accounted for when testing a DUT. This feature essentially "�xes" the

linearly decreasing phase shift over a frequency sweep. For this calibration

procedure, the phase shift is occurring as a result of the signal traveling

across a line. This feature compensates the electrical delay by adjusting the

variable " t" which is in units of seconds or distance.

jSjejq = Smeasured� ej � 2p� f � t (2.28)

Formula (2.28) displays the mathematical interpretation of electrical

delay where " f " is frequency in units of Hertz and " Smeasured" is the S parameter

data acquired from the VNA with the delay. The only adjustable variable

here is " t" which can be mathematically isolated to equate the entire phase

to the required value. For example, in a short termination attached to

port 1, the phase of the measurements should be � 180� and for open ports

connected to the VNA, the phase must be 0� .

After applying the electrical delay equation to one of the calibration

tests, the value for " t" was derived to be 64.6 picoseconds. Implementing

this value into the Keysight VNA ended up �xing the linearly decreasing

phase shift of each calibration port. The following Figures 2.14 and 2.15

demonstrates a before and after of the electrical delay adjustment. The

re�ection magnitudes is una�ected by the electrical delay feature in Figure

2.13.
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Figure 2.13: Open, short, and load re�ection linear magnitudes of calibra-
tion kit.

Figure 2.14: Before electrical de-
lay implementation.

Figure 2.15: After electrical delay
implementation.
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Chapter 3: Overall Schematic and Individual Components

3.1 Overall Flow Chart Schematic

The displayed illustration in Figure 3.1 shows the overall schematic of

this thesis work. A VNA is attached to bias-tees which are then connected

to both the DC external source and the electrochemical cell. RF signals are

sent from the generator, that being the VNA, and bypasses the circuitry

of the bias-tees and enters the cell. An external source providing a DC

excitation is incident upon the electrochemical cell. The bias-tees aim to

block out the DC signal from entering the VNA and isolating the source to

only the electrochemical cell. With this, electrolysis can be initiated onto

the cell whilst protecting the VNA from DC signals. Rosenberger 14404

coaxial cables are used to connect the bias-tees to the cell. The DC source

includes alligator clips to directly attach to the bias-tee to induce a current

entering the electrochemical cell. Each individual component is tested and

analyzed to ensure their functionality before connecting the entire network

together.

Figure 3.1: Overall circuit schematic with bias-tees, VNA, and DC external
source.
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3.2 Bias-Tees Speci�cations

A bias-tee is a three-port terminal device used to apply a DC bias to elec-

tronic components while isolating this bias from the RF signal path. Each

port serves a speci�c purpose: the low-frequency port sets the DC bias, the

high-frequency port transmits radio-frequency (RF) signals while blocking

the DC bias, and the combined port connects to the device, delivering both

the RF and DC signals. The term "tee" refers to the typical T-shaped circuit

arrangement of the three ports. Figure 3.2 and Figure 3.3 demonstrate the

physical bias-tee used and the generalized circuit of the device.

Figure 3.2: Bias-tee used in the experiment.

In this project for LENR, a speci�c circuit system is constructed where a

DC voltage source is connected to the bias-tees. The AC/DC ports of the

bias-tee separate the DC signal from the VNA, only allowing the AC signal

to pass. While also directing the DC signal into the electrochemical cell.

In accordance with the given orientation of the system, the �rst step

would be to naturally measure the isolated information attributed to the

bias-tee's properties. Speci�cally its interaction and response to an AC

formulated pulse over a span of frequencies. It would be best served starting

o� understanding how the bias-tee operates alone. The only parameter
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Figure 3.3: Generalized electrical schematic of bias-tee.

that this section focused on was the insertion loss of the S21 parameter.

It describes how much of the signal passed through the device back into

the VNA in decibels. Ideally, 0 dB of insertion loss is the best case for any

device being tested. It realizes that the signal is not lost within the device's

internal characteristics.

3.3 Wire Speci�cations

Aside from the bias-tee, the speci�cations of each coaxial cable's qualities

are mandatory for o�ciating the optimality of the system. A multitude of

di�erent wire coaxial ports are measured and analyzed for maximum power

transfer. The Keysight E5072A VNA was used for this portion of the project.

Examining the properties of the wires, by looking at the amplitudes

displayed in its insertion loss. A �at line of the S21 parameter along the 0

decibel range indicates an ideal insertion loss.

Many di�erent coaxial cables were examined: Rosenberger 994131c

1404, NTQA 3114, e993857c-10, and the nanoVNA coaxial cables. Each of

these cables yielded di�erent insertion losses, along with di�ering scattering
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parameters. This was signi�cant because it provides a graphical under-

standing of the properties of each wire. According to the graphs formulated

from the Keysight VNA, demonstrated the e�ciencies of each wire.

Calibrating the VNA directly at its ports were essential for acquiring the

most accurate data for each wire. The SOLT terminators were calibrated

at the ports to induce a reference plane at the Keysight VNA itself. Once

the cables were attached, the readings represented the qualities of the wire

with minimal systematic error.

After recording each wire's speci�cations, the Rosenberger 1404 wires

were used to measure the electrochemical cell. The calibration for this

procedure was attaching the SOLT terminators directly to the ports of

the VNA in order to examine the e�ects of the two bias-tees and the two

Rosenberger wires. Before measuring the electrochemical cell, the cables

had to be cut revealing a center copper wire with tin cladding around it.

Scissors were used to separate the tin cladding from the center copper wire

and a clamp was placed onto the center wire and screwed in with the wire

attached to the empty cell.

38



Chapter 4: Procedure of Experiment

4.1 Detailed Procedure Outline for Radio Frequency Analysis on Elec-

trochemical Cells

A calibration for each VNA was performed in order to properly provide

an error corrected reference plane to the VNA. Coaxial cables and known

DUTs were also initially tested before beginning the main experimentation

process. For the �rst big step of the experimentation process, requires for

the electrochemical cell to be empty. This procedure needs to be isolated

as the control group for this project. The electrochemical cell is empty,

only having the metallic platinum plates separated like a capacitor within a

plastic capsule and wires sticking out of the capsule to connect the VNA

to. The dimensions of the plastic cell are 29.5 mm x 29.5 mm x 80 mm.

The electrodes with the dimensions of 21 mm x 20 mm are separated by a

plastic cylinder with a length of 12.44 mm. The Figures 4.1,4.2, and 4.3

demonstrate a visual of the electrochemical cell. Using the Keysight VNA, a

sweeping frequency range of 1 MHz to 6 GHz is observed when connecting

to the cell.

The main components examined are the linear and logarithmic magni-

tudes of the S11 and S21 parameters. The linear magnitudes values range

from 0 to 1 in a passive system. A value of above one can be obtained in

an active circuit, however, since ampli�ers and diodes won't be a part of

this experiment, none of these values should exceed one. Logarithmically,

each scattering parameter is in units of decibels representing return loss

and insertion loss for S11 and S21 respectively. High power is incident on

the system from the VNA of about +5 dBm equivalent to 3.2 mW of energy.
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Figure 4.1: Empty elec-
trochemical cell

Figure 4.2: Empty elec-
trochemical cell side pro-
�le

Figure 4.3: Empty elec-
trochemical cell bird's
eye view

Additionally, this network of components and connections is based on a

lossy system. This means that the remainder of the incident power imple-

mented into the system can be extracted from the di�erence of the linear

magnitudes of the scattering parameters from one. This explanation will be

further elaborated in the analytical and discussion section of this report.

After that, a lithium hydroxide solution is poured carefully into the cell

in increments of 2 mL. This solution will facilitate chemical reactions with

the DC external source that would later be applied. It is important to

note that these varying concentrations will be incident with a +5 dBm AC

signal with changing quantities with no DC external source connected to

the network. Di�erent volume levels of the same concentration of LiOH are

put into the cell and measured every step of the way. For this segment of

the experiment, bias-tees and Rosenberger cables are connected at each
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port, calibrated at their ends in order to study the e�ects of the changing

concentrations and volumes of the solutions in the cell. Four di�erent types

of LiOH concentrations are introduced: 0.01, 0.03, 0.1, and 0.3 Molarity of

LiOH. H2O was also examined to serve as the control group. Similarly to

the LiOH solution concentrations, distilled water is poured into the cell with

increments of two millimeters after each measurement. The distilled water

is the �rst solution to be examined before using the LiOH solution. After

30 millimeters of water was poured into the cell a syringe and pipette was

used to properly extract every bit of the solution to ensure authenticity for

the next measurements. Two millimeters of 0.01 M of LiOH is later poured

into the cell and after each measurement, two more millimeters is added of

the same concentration until thirty millimeters is poured into the cell. After

thirty millimeters are poured into the cell, the solution is extracted using a

syringe and pipette. The next consecutive concentration of the solution is

then poured into the cell and the procedure is repeated.

All measurements and recordings of each solution concentration and

their incremental volumes are saved onto a USB drive. The �les are converted

into S2P �les internally by the Keysight VNA and graphically formatted into

Xcel and Scidavis. Each value measurement recorded is formulated using

equations such as the re�ection coe�cient ( S11), S21, power, and phases.

Further elaboration of the data has been examined after studying the Smith

chart.

The other segments of the project encompasses more complicated network

systems aiming towards the �nal steps of the investigation. For this section,

a DC external source is connected to the bias-tees. The positive terminal

of the DC source is connected using alligator clips to the anode electrode

associated with its respective bias-tee. The negative terminal is connected
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using alligator clips to the cathode electrode associated with its respective

bias-tee. Finally, the ground is connected also using alligator clips onto the

cathode bias-tee section of the network.

Reemphasizing the earlier steps taken of this experiment, an empty

electrochemical cell with no solution added is �rst examined white connected

to the external DC source. Voltage is varied throughout the entirety of the

experimentation with a current cap of 0.5 amps. The current limitation is

strictly necessary due to the operational handling of the bias-tees. Anything

of above 0.5 amps will destroy the internal circuitry of the bias-tees.

Voltages are gradually increased semi-logarithmically for each solution

and empty cell. Measuring each interval, the chronological order of each

voltage excited upon the cell is: 0.1, 0.3, 1, 2, 3, 10, and 30 volts. For the

empty cell, no current passes through continuously in between the metallic

plates due to an absence of a medium besides air.

After that, distilled water and varying concentrations of LiOH is tested all

with the same volume of 26 mL. This constant volume allows the observer

to analyze how the change in potential excited by a DC source upon the cell

impacts the overall data.

Firstly, distilled water at 26 mL is studied with varying voltages applied to

the system. Around 30 volts the distilled water began to sizzle and formulate

bubbles, simulating boiling in reaction to the DC source. Thenceforth, the

water is extracted using a syringe and pipette and the following varying

LiOH concentrations are all poured into the cell at 26 mL. This process of

pouring each concentration and the extraction of the solution is repeated

for all the di�erent amounts of molarity.

NaCl was suggested to be used as an additional set of measurements for

this experiment. At 26 mL with varying concentrations of NaCl the S11 and
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