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Project Abstract 
 
 

This report is intended to present the Graduation Project entitled: 
Tunable Microwave Sensors Using Varactor Diodes For Material Char- 
acterization. This project was assigned to our team on January-2020 
as a requirement for passing the courses: 496 EE and 497 EE. 

 
The project is to design an effective sensor based on Complimentary 

Split-Ring Resonator having multiple resonance frequencies which al- 
lows having multiple systems and consequently multiple information 
provided by the sensor. The idea of multiple systems is presented and 
verified in this report in which multiple systems are created by using 
a varactor diode as a tuning element and implemented to character- 
ize many parameters simultaneously to reduce the error in practical 
sensing applications. 
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Introduction 
 

1.1 Motivation 

Imagine living without senses! For instance, the complete absence 
of the sight sense among human beings. Was it even possible to know 
about the concept of colors! In fact, complete concepts would not have 
existed without the presence of senses. The same analogy is ap- plied 
for sensors and consequently various types of sensors and sensing 
technologies exist to serve various purposes. In essence, a sensor is a 
device or a system that detects and responds to the change in its en- 
vironment. Sensors play a huge role in many fields and we can say 
without a doubt that they are a need and not a luxury for living in this 
modern world. Some applications emphasizing the importance of 
sensors in different fields are shown in Figure 1.1. 

 

 

Figure 1.1: Sensors and their applications in different fields 
 

One of the most trending applications of sensors is in material char- 
acterization which is the process of measuring and determining the 
structures and properties of materials. From an electrical engineering 
perspective, this process can be confined primarily into recognising 
and detecting the changes in the electrical properties of a material and 
being able to identify it in terms of these properties. This par- ticular 
application of sensors plays a huge role in many areas such as quality 
control in food industry, bio-sensing in clinical diagnostics and 
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surface inspection for cracks in metallic materials [15][9][13][2]. The 
persistently expanding needs and demands in this area requires from 
us finding suitable and efficient sensors. 

 
 
1.2 Background 

 
1.2.1 Microwave Technology In Material Characterization 

In the scope of electrical engineering, many technologies have been 
used in order to characterize materials. In particular, microwave sens- 
ing technology has been used in this area extensively for its promising 
and developing methods. These microwave methods can be classi- 
fied mainly as non-resonant methods and resonant methods. In non- 
resonant methods, the objective is to get a general knowledge about 
the electrical properties of a material over a frequency range. In con- 
trast, resonant methods are scoping the interest at a single frequency 
called the resonance frequency and hence the name. Beside the vari- 
ation in the implemented concepts, these methods can also vary in 
many aspects such as the frequency range of operation, types and 
shapes of materials under test (MUTs), sample preparation, cost and 
time consumption, sensitivity and accuracy and the need of calibration 
as well [21]. 

 
One  interesting  approach  in  the  field  of  microwave  engineering  is 

the use of electrically-small resonators as a near-field probes to char- 
acterize materials.  Based on  the fact that the  response of a  material 
to electrical signals depends on its permittivity (G) which is a complex 
property that describes the behavior of a material when it is subjected 
to external electrical fields [3]; materials can be recognised through this 
property.  In  this  way,  the  behavior  of  a  resonating  structure  when  a 
material disturbs its electrical and magnetic fields distributions is ob- 
served.   This  observation  is  mainly  relating  the  permittivity  of  the 
material  that  caused  the  disturbance  to  the  shift  of  the  resonance 
frequency. 

 
 
1.2.2 Permittivities of Materials 

The permittivity in terms of its real and imaginary parts is defined 
by Equations (1.0.1)-(1.0.3) and illustrated in Figure 1.2 where Gr and 
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r r 

ϵ′	

Go  are  the  relative  permittivity  of  the  material  -  dimensionless  -  and 
the free space permittivity with an SI unit of Farad per meter (F/m), 
respectively.   Furthermore,  The  real  part  and  imaginary  part  of  the 
permittivity, GJ   and GJJ  are quantifying the energy storage which is the 
ability of a material to exchange energy with electrical fields and the 
dissipation energy which is its ability to dissipate energy (usually as 
heat), respectively. Finally, The loss tangent (tanδ)–or the dissipation 
factor D is the ratio of the energy dissipated to the energy stored and 
it is inversely proportional to the quality factor Q [21]. 

 
 
 
 
 

ϵ	=		ϵrϵo	 (1.0.1) 
ϵr		=		ϵ′		−	jϵ′′		=		ϵ′			1	−	 j	tanδ	 (1.0.2) 

r	 r	 r	
ϵ′′	 1	

tanδ	=	   r	=	D	=	
r	 Q	

(1.0.3) 

Im{ϵr}	
	
	
	
	
	

Re{ϵr}	
	
	

Figure 1.2: Illustration of the complex relative permitivity where δ is the loss angle 
 
 
 
 
 

1.2.3 Electrically-Small Resonators 
 

The most basic types of electrically-small resonators are the split- 
ring resonators (SRRs) and the complementary split-ring resonators 
(CSRRs). Basic designs implementing these types are shown in Fig- 
ure 1.3. In SRRs, the structure is printed on a dielectric substrate, 
usually a low loss medium to obtain a high quality factor Q [3], with a 
ground plane of a conducting material in the bottom. For CSRRs, the 
same SRR structure is etched out from the ground plane and hence 
the name. Both structures can be excited by using a microstrip trans- 
mission line as shown in Figure 1.3. 
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Sensing Area  
Sensing Area 

 
SRR 

 
Transmission 

line 
 
 
 

Substrate 

 
 
 
 
 
 

(a) SRR 

 

The Visible Part 
Of The Substrate 

 
 
 
 
 
 

Ground Plane With CSRR Etched Out 
 
 

(b) CSRR 

 

Figure 1.3: (a) Transmission line loaded with SRR: Top View (b) Transmission line 
loaded with CSRR: Bottom View 

 

1.2.4 Complementary Split-Ring Resonators: CSRRs 

Complementary split-ring resonators shows more sensitivity toward 
the permittivity of a medium since CSRRs are excited by an electric 
field polarized in the direction normal to the plane of the resonator 
[3]. A typical CSRR model with the polarized electrical field is shown 
in Figure 1.4.  The behavior of CSRR imitates parallel RLC circuits   in 
which a resonance frequency is defined as the frequency at which a the 
circuit has an arbitrary ∞ impedance and acts as an open circuit. 

 
 
 
 
 
 
 

Electric Field Lines 
 
 
 
 

Ground Plane With CSRR 
 
 

Figure 1.4: Typical CSRR model excited by an electrical field normal to the ground 
plane 

 
The transmission line used for exciting this structure has two ports 

(P1 and P2) in which an AC signal is derived through. P1 represents 
the port at which the signal is to be incident and P2 represents the 
port at which the signal is to be transmitted. Such a structure is 
considered to be a passive element for which there is no amplifica- 
tion of the signals derived through it. Consequently, the power at P2 

Transmission Line Substrate 
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(Transmitted Power) can not exceed the power at P1 (Incident Power) 
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under normal operation conditions.  This means that the ratio of the 
transmitted  power  to  the  incident  power  which  is  represented  by  the 
parameter  S21  has  a  maximum  value  of  1.   Similarly,  a  ratio  of  the 
reflected power to the incident power which is represented by the pa- 
rameter S11 has a maximum value of 1 as well.  S21 and S11 parameters are 
dimensionless and can be used for circuit analysis.  Ideally, at the 
resonance  frequency,  S21  will  maintain  its  lowest  value  and  S11  will 
maintain its highest value.  A generalized combined S21 responses of a 
typical CSRR versus frequency with and without the (MUT) is shown 
in  Figure  1.5.  fs  is  the  resonance  frequency  of  the  structure  without 
(MUT)  and  Gs  is  the  reference  permittivity  (usually  Air).   fn  is  the 
resonance  frequency  of  the  structure  in  the  presence  of  (MUT)  and 
Gn  is  the  new  permittivity  in  the  presence  of  (MUT).  ∆fn  represents 
the  shift  in  the  resonance  frequency  from  its  reference  point  due  to 
the  disturbtion  material.   In  fact,  this  process  briefly  illustrates  the 
concept of resonance frequency shift mentioned in section 1.2.1. 

 
 
 

 

Figure 1.5: Generalized combined S21	responses of a typical CSRR versus frequency 
with and without a (MUT) 

 
 
 
 

1.3 Problem Statement 
 

In practical sensing applications, there are many sources of errors 
such as background noise and air gaps between microwave sensors and 
(MUTs). Figure 1.6 shows a typical CSRR working as a sensor with 
sources of errors due to air gaps and external noise are illustrated. 
Reducing the effects of these sources of errors is a challenge. 
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Figure 1.6: Illustration of air gaps and background noise errors in a typical CSRR 
working as a sensor 

 
Another  thing  to  consider  is  that  the  permittivity  is  in  fact  a  fre- 

quency dependant property as defined by Equations (1.1.1) and (1.1.2) 
where  ω  is  the  radial  frequency  having  a  unit  of  radian  per  second 
(rad/s)  [17].   Furthermore,  the  behavior  of  GJ   and  GJJ   versus  the  fre- 
quency is different from one another and from a material to another as 
well.  For instance, the behavior of these parameters versus frequency 
for Water and Saline samples are shown in Figure 1.7 [17].  Moreover, 
other physical parameters can come to the equation and consequently, 
characterizing these parameters simultaneously can also introduce an- 
other  challenge.   Using  a  single  point  frequency  or  the  shift  in  the 
resonance  frequency  is  not  sufficient  in  the  material  characterization 
process. 

 
 

 
 
 

Figure 1.7: Real and Imaginary components of permittivity for Water and Saline 
samples across the frequency range 200 MHz – 3 GHz 
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One might suggest using an array of multiple resonators with dif- 
ferent dimensions for each resonator as shown in Figure 1.8. However, 
the limited number of resonance frequencies as well as the consequent 
large design and samples under test result in the impracticality of such 
a sensor. 

 
 
 
 
 
 

Sensing 
Area 

 
 
 
 

 
Figure 1.8: Multiple CSRR resonators with different dimensions arranged in two 
arrays 

 
 

In this project, we try to overcome these challenges by introducing 
the concept of tunable microwave resonators through the use of a 
varactor diode as a tuning element. 

 
 

1.4 Project Approach 
 

1.4.1 Objective 
 

For the purpose of overcoming the challenges addressed in the prob- 
lem statement (Section 1.3), a new microwave method utilizing the 
concept of tunable resonators for characterizing materials is proposed. 
In this method, the implemented design combines the informational 
behavior of an array of multiple resonators and the practicality of 
electrically small resonators as a sensing mechanism. The proposed 
design implements a varactor diode in order to control the resonance 
frequency of a complementary split-ring resonator (CSRR) structure 
by tuning its capacitance. In consequent, a single CSRR structure will 
have multiple resonance frequencies. Having sufficient indepen- dent 
information for the behavior of these resonance frequencies in the 
presence of a material under test (MUTs) is the objective of our work. 
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1.4.2 Methodology 

In order to achieve our objective and ensure a steady work and 
good practice of time management, we defined our strategy in this 
project through the following steps. 

 
 
 

 
 
 

1. Project Analysis: In which we generally define the goals, the 
expectations and the tools needed in every stage. 

 
2. Literature Review: In which we research extensively all the com- 

ponents and tools needed for our design to ensure the applicability 
of our methodology. 

 
3. Simulation: In this stage, simulate our design using a reliable 

software to ensure that we are on the right track. 
 

4. Validation: In which we do an extensive data investigation in the 
simulation findings to confirm that our goals and expectations 
are aligned. 

 
5. Fabrication: In this stage, we collect all the components need for 

our design to integrate them together. 
 

6. Experimental Verification: In which we test the design and com- 
pare the results with the simulation findings in order to experi- 
mentally prove its effectiveness. 

 
 

Implementing this methodology allows us to conclude whether the 
proposed design will achieve the goals and raise up to the expecta- 
tions or not. Moreover, it will give us the sense of more promising 
approaches and methodologies for future works and projects. 
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1.5 Design Specifications 
 

The proposed design in this project is expected to achieve sensitiv- 
ity and accuracy in high-profile levels as well as maintain simplicity in 
both fabrication and preparing samples. Thus, the design compo- 
nents are visualized and modeled in 3D as shown in Figure 1.9 [8]. 
The specifications and dimensions for each component in the design 
are illustrated in details as follows: 

 
 

1. A CSRR structure in a ground plane made of copper is used to 
obtain a single point resonance frequency with the dimensions 
shown in Figure 1.10(a). The ground plane has a thickness GT= 
0.35 µm, a length GL= 10 cm and a width GW= 5 cm. 

 
 

2. A varactor diode of type BB833-Infenion (SOD323 Package) is 
mounted as shown in Figure 1.9(a) and used as a tuning element 
controlled by a DC voltage to create multiple resonance frequen- 
cies. 

 
 

3. A transmission line (TL) made of copper in which an AC signal is 
derived through in order to excite the CSRR structure. The TL’s 
length and width are TLL= 10 cm and TLW= 1.359 mm, respec- 
tively.   The TL’s thickness TLT=  35 µm is chosen to maintain    a 
characteristic impedance of 50-Ω and match the characteristic 
impedance of the Vector Network Analyser (VNA) used for test- 
ing the design. In addition, a cut is introduced in the middle of 
the TL at which the varactor diode is mounted on with a length 
CL= 2mm as shown in Figure 1.10 (b). 

 
 

4. Two SMA connectors of 50-Ω are used for the input port (P1) and 
the output port (P2) at which the (VNA) is connected. 

 

5. A dielectric material (FR4:  Gr = 4.4 and tanδ= 0.02) is used     as 
a substrate with a thickness ST= 0.73 mm, a length SL= 10 cm 
and a width SW= 5 cm for which all the components will be 
printed and integrated on. 
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Varactor Diode 

 
Transmission Line 

 

(a) Top View 

 

(b) Bottom View 

 

Figure 1.9: 3D visualization of the proposed design with all components specified 
(a) Top View (b) Bottom View 

 
 
 

B 
 

G 
 
 

G 
 

 
B 

(a) CSRR: G= 0.2 mm, B= 0.2 mm, 
S= 0.2 mm and D= 8 mm 

 
(b) TL: TLW= 1.359 mm and CL= 2 mm. 
Substrate: SL= 10 cm and SW= 5 cm 

 

Figure 1.10: The design dimensions (a) CSRR portion in the ground plane magnified 
(b) Top part excluding the varactor diode 

 

Substrate 
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Project Analysis 
 

In this chapter we introduce the project’s angle of approach on 
which we rely our work and take the first step towards proposing a 
design that resolves the challenges introduced in section 1.3. Fur- 
thermore, we generally discuss the skills and tools needed in order to 
manage and fulfill the work involved in this project. Finally, we define 
the expectations of this project to compare it with the outcomes by the 
end. 

 
 

2.1 Angle of Approach 
 

Our objective is to resolve the challenges associated with CSRRs 
working as sensors to characterize materials in typical measurement 
setups. We must consider the background noise and air gaps between 
microwave sensors and (MUT) samples. In addition, many parameters 
such as temperature and water content can affect the permittivity 
measurements and need to be considered as well. Furthermore, the 
magnitude and phase of the permittivity need to be taken into account 
in order to have an efficient reliable sensor. In short, we need to 
characterize these parameters simultaneously and reduce the effects 
of external factors in a practical scientific method. 

 
For this purpose, we define our approach from mathematical and 

practical perspectives. In the mathematical perspective, the analogy 
of functions and systems is used to illustrate the basic concept on 
which we build our work. In the practical perspective,  the electri-  cal 
engineering idea by which we achieve this work is illustrated in theory. 
Finally, we propose the design by which we implement both 
perspectives and achieve our objective. 
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2.1.1 Mathematical Perspective 
 
 

In Mathematics, a function is a rule by which an input is related to 
an output [20].  We can think of this rule as a system which is applied 
on an input to produce an output.  For example, g(x) = x2 is a system 
whose output is the square of its input where x is the input and g is the 
rule or the system applied.  Similarly, in the methods that implements 
the  concept  of  the  shift  in  the  resonance  frequency  with  respect  to 
a reference point illustrated in Figure 1.5, the permittivity is treated 
as  a  function  of  that  shift  and  it  can  be  represented  as  G(∆f).   The 
problem  with  this  representation  is  that  many  parameters  and  their 
effects  have  been  neglected  which  consequently  reduces  the  accuracy 
of such a sensor. 

 
 

To enhance the sensitivity and accuracy measurements in such sen- 
sors, we will take all the parameters into consideration and define the 
permittivity as a function of multiple variables.  In practical measure- 
ments,  the  permittivity  involves  many  parameters  such  as  frequency 
(f), air gaps (AG), background noise (BN), temperature (T) and wa- 
ter  content  (W).  This  permittivity  function  can  be  represented  by 
G(f , AG, BN, T, W, ...)  where  every  parameter  has  an  impact  on  the 
outcome  of  this  function.  Ultimately,  we  are  interested  only  in  find- 
ing  the  permitivity  to  finally  characterize  materials.  However,  many 
parameters now have come to the equation and we need to deal with 
them. 

 

A system of equations is a set of equations that involves the same 
variables [20]. Analogously, in order to deal with multiple parameters, 
we propose introducing multiple systems (equations) to predict the 
influence of these parameters and minimize it. The behaviors of these 
systems can be related to each other in such a way when different 
samples and different influencing factors are to be existed they can be 
reduced. The only condition is that every system must have its unique 
behavior from the others. Furthermore, when we set the reference for 
such a sensor, these systems must also show unique behaviors from one 
to another in the presence of different (MUT) samples. The validation 
of this concept will be presented and illustrated in Chapter 4. 
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2.1.2 Practical Perspective 

A typical CSRR structure excited by a transmission line (TL) such 
as the one shown in Figure 1.3(b) can be represented by an equivalent 
lumped element model as shown in Figure 2.1 [2]. L is the inductance 
of the TL and C is the capacitance between the TL and the ground 
plane. Lr, Cr and Rr are the inductance, capacitance and resistance of 
the CSRR, respectively. This structure represents a system with its 
unique behavior and unique resonance frequency. 

 

 

Figure 2.1: Equivalent lumped element model for a CSRR structure such as the one 
shown in Figure 1.3(b) 

 
In order to have multiple systems we need to have multiple reso- 

nance frequencies. According to the Equation 2.1 [4], the resonance 
frequency is affected by the capacitance. So, one way to produce an- 
other resonance frequency in a single structure is by tuning the overall 
capacitance of that structure. We propose adding a variable capaci- 
tance to the transmission line to control the resonance frequency and 
for that purpose, we need to introduce a cut in the transmission line on 
which we add the variable capacitance. An equivalent circuit model is 
shown in Figure 2.2 where Cc and Cv are the capacitance introduced 
by the cut in the TL and the variable capacitance, respectively. Since 
Cc and Cv are parallel and the total capacitance is simply the addition 
of them, it is clear that for making the variable capacitance Cv the 
dominant one, we need to reduce Cc. The reason is simply to allow the 
variable capacitance to take the control of the resonance frequency and 
consequently let small changes in Cv affect it which will give us more 
control over a small range of capacitance. 

 
 

L
2
	 L

2
	

C	
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Cv	

	
	

Figure 2.2: Equivalent lumped element model for a tunable CSRR structure 
 
 

2.1.3 Design Proposal 
 

In order to have a variable capacitance, we implement the use of 
Varactor Diodes. A Varactor Diode (also known with the name Vari- 
cap Diode) is a p-n junction diode which acts as a variable capacitor 
under varying reverse bias voltage across its terminals [7]. A detailed 
overview on varactor diodes will be provided in chapter 3. Tuning the 
varactor diode by a DC voltage will produce multiple resonance 
frequencies and allows us to have multiple systems within a single 
structure. Figure 2.3 shows a TL loaded with a CSRR structure with 
the varactor diode terminals mounted on the two sides of the cut in- 
troduced in the TL. 

 
 
 
 
 
 
 

PORT 1 

 
Varactor Diode 

 
 

PORT 2 

 
 
 
 
 

Ground Plane With CSRR Dielectric Substrate 

 
 
 
Figure 2.3: TL loaded with a CSRR structure with the varactor diode mounted on 
the two sides of the cut 
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2.2 Required Skills and Tools 

The completion of this project requires from us as a team to develop 
many skills and learn how to use many tools. In terms of general skills 
and tools, we need to enhance our abilities in analysing, researching, 
writing and presenting new ideas to the audience in a suited manner 
without losing their interest. Moreover, we must adopt under the pres- 
sure of other works and apply the good practices of time management 
as well. 

 
In the scope of this project specifically, we need to learn how to use 

simulation software in order to validate our design by simulation be- 
fore fabricating. Another thing is to learn how to produce high quality 
figures and plots for the clarity of representations. Furthermore, we 
will learn how to fabricate the design and use highly sensitive equip- 
ment such as the VNA. Moreover, we will need to sharpen our skills 
in circuit analysis as well. Another thing is to learn how to use LaTeX 
[14] and the proper way of citation in order to produce high quality 
reports. 

 
2.3 Expectations 

Our work is expected to resolve the challenges associated with 
typical measurement setups implementing CSRRs in material charac- 
terization. By the end we expect to simulate and fabricate the sensor 
to verify the effectiveness of our proposed design. 
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Literature Review 
 

In this chapter, we briefly discuss the vector network analyzer as 
well as the varactor diode (VNA). The VNA will be used to test the 
sensor later in the experimental verification and the varactor diode is 
the main component contributing to the idea of multiple resonance 
frequencies. 

 

3.1 Vector Network Analyzer (VNA) 
 

Vector Network Analyzers are used to test component specifica- 
tions and verify design simulations to make sure systems and their 
components work properly together. A Vector Network Analyzer con- 
tains both a source, used to generate a known stimulus signal, and a 
set of receivers, used to determine changes to this stimulus caused by 
the device under test (DUT). The stimulus signal is injected into the 
DUT and the VNA measures both the signal that’s reflected from the 
input side, as well as the signal that passes through to the output side 
of the DUT. The VNA receivers measure the resulting signals and 
compare them to the known stimulus signal. The measured results are 
then processed by either an internal or external PC and sent to a 
display. Figure 3.1 shows a typical VNA instrument manufactured by 
Tektronix company [1]. 

 
 
 
 

 
Figure 3.1: Typical VNA instrument made by Tektronix [1] 
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Vector Network Analyzer’s perform two types of measurements: re- 
flection and transmission. Reflection measurements measure the part 
of the VNA stimulus signal that is incident upon the DUT, but does 
not pass through it. Instead, the reflection measurement measures the 
signal that travels back towards the source due to reflections. The most 
common reflection S-parameter measurements are S11 and S22. 
Comparatively, transmission measurements pass the Vector Network 
Analyzer stimulus signal through the device under test, which is then 
measured by the Vector Network Analyzer receivers on the other side. 
The most common transmission S-parameter measurements are S21 
and S12 for 2-Port VNA. Figure 3.2 shows a typical VNA setup en- 
vironment to test a device. Since it is generally difficult to measure 
current or voltage at high frequencies, scattering parameters or S- 
parameters are measured instead [1]. 

 

Figure 3.2: VNA setup environment to test a device [1] 
 
 

3.2 Varactor Diodes 

A varactor diode is a voltage dependent semiconductor device 
whose internal capacitance varies with the variation of the reverse 
voltage. The varactor diode is used in a place where the variable ca- 
pacitance is required, and that capacitance is controlled with the help 
of the voltage. It is also known as the Varicap, Voltcap, Voltage vari- 
able capacitance or Tunning diode. Figure 3.3(a) shows the symbol of 
the varactor diode. The diode has two terminals namely anode and 
cathode. The Varactor diode is made up of n-type and p-type semicon- 
ductor material. In an n-type semiconductor material, the electrons 
are the majority charge carrier and in the p-type material, the holes 
are the majority carriers. When the p-type and n-type semiconductor 
material are joined together, the p-n junction is formed, and the deple- 
tion region is created at the p-n junction. The varactor diode operates 
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only in reverse bias in which the current does not flow. If the diode  is 
connected in forward biasing the current starts flowing through the 
diode and the total charge stored in the diode becomes zero, which is 
undesirable. The Varactor diode is used for storing the charge not for 
flowing the charge. The capacitance of the varactor diode decreases 
with the increase of the depletion region. The increase in capacitance 
means the more charges are stored in the diode [7]. 

(a)  

(b) 

Figure 3.3: (a) Varactor diode symbol in circuits (b) p-n junction in which a deple- 
tion region is created [7] 

 
The characteristic curve of the varactor diode is shown in Figure 

3.4. The graph shows that when the reverse bias voltage increases the 
depletion region increases, and the capacitance of the diode reduces. 
The following are the advantages of the varactor diode. The varactor 
diode produces less noise as less compared to the other diode. It is 
less costly and more reliable. The varactor diode is small in size and 
less in weight [7]. 

 

Figure 3.4: The characteristic curve of the varactor diode 
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Simulation 
 

The proper way  to propose and test a design is to simulate it   first 
before moving to the fabrication stage. This simulation stage will help 
in developing general sense and expectation of how the design will work 
in reality. In addition, using simulation software helps in creat- ing 
various models and introducing many ideas to achieve the proper 
design dimensions and specifications that serve the general purpose of 
the design. 

 
In this chapter, we will focus on the simulation using Ansys HFSS 

software for its reliability and availability in the university [10]. The 
simulation stage begins by duplicating a design that is already tested 
experimentally and compare the results and achieve an acceptable 
margin of error. The main reason behind this approach is to gain the 
confidence in our ability to use such a software before introducing our 
idea and validate it. 

 
 
 

4.1 Ansys HFSS Environment 
 

Ansys HFSS is a 3D electromagnetic (EM) simulation software for 
designing and simulating high-frequency electronic products such as 
antennas, antenna arrays, RF or microwave components, high- speed 
interconnects, filters, connectors, IC packages and printed cir- cuit 
boards [10]. The acronym HFSS stands for High Frequency Struc- ture 
Simulator. It consists of a comprehensive set of solvers and an 
intuitive graphical user interface combining the simplicity and prac- 
ticality as well. All the simulation in this report are done by using 
Ansys HFSS software with the standard values of permittivity are in 
accordance with the library provided within the software packages. 
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4.2 Design Duplication 
 

A CSRR design that meets our requirements is the design intro- 
duced by Muhammed Said Boybay and Omar Ramahi in the journal 
paper titled by Material Characterization Using Complementary Split- 
Ring Resonators and published by IEEE in 2012 [3]. This journal is 
chosen by our team for its clarity in terms of the design specifications 
and dimensions as well as the number of citations for which it has 
been cited 185 times to the date this report is written. 

 
For the purpose of clarity we will introduce Boybay and Ramahi’ 

design (BR’s Design) a step by step and compare the results. Be- 
ginning with introducing a transmission line (TL) that achieves full 
transmission of power to finally adding a CSRR structure and simu- 
late different samples permittivities. The general concept of such a 
design is explained in section 1.2. 

 
 
4.2.1 BR’s Design Specifications and Dimensions 

 
The structure is printed on a Rogers RO4350 substrate with a 

thickness of 0.75 mm, a permittivity value of 3.48, and a loss tangent 
of 0.0031. The width of the transmission line (TL) is 1.68 mm in order 
to have a 50-Ω characteristic impedance. Figure 4.1 shows the design 
arrangement and dimensions of the CSRR structure. The substrate 
has a length of 10 cm and a with of 5 cm. Both the ground plane and 
TL are made from copper with a thickness = 0.35 µm [3]. 

 
 
 
 
 
 

Copper Ground Plane 
With CSRR structure 

 
 

 
Transmission Line 

 
 
 
 
 
 
 
 
 
 
 
 

(a) BR’s design arrangement 

 
d 

 
 
 
 
 

(b) Dimensions: s= 0.2 mm, g= 0.2 mm, t= 

0.2 mm, and d= 12 mm 

 

Figure 4.1: (a) CSRR structure excited by a transmission line and printed on a 
Roger RO4350 substrate (The Substrate is made invisible) (b) Magnified portion of 
the ground plane to show the dimensions of the CSRR structure 
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4.2.2 Transmission Line Model 
 

In order to understand the effect of adding a CSRR structure, we 
simulate the design without the CSRR structure. This means that  the 
model is a TL and a ground plane of copper printed on Roger RO4350 
substrate. The responses of the reflection coefficient S11 and the 
transmission coefficient S21 over the frequency range (0.8 - 1.5) GHz is 
shown in Figure 4.2. S11 is below -30 dB and S21 is 0 dB. This concludes 
that the power transmitted is equal to the power received over the 
frequency range (0.8 - 1.5) GHz. 

 
 
 
 
 

 

Figure 4.2: S11	and S21	responses of a TL model over the range (0.8 - 1.5) GHz 
 
 
 
 

4.2.3 CSRR Excited By a Transmission Line Model 
 

In order to investigate the effect of a CSRR structure, we introduced 
it to the previous TL model. For the same dimensions used in BR’s 
design,  the responses of S11 and S21 is shown in Figure 4.3.  Adding    a 
CSRR structure created a resonance frequency at 1.285 GHz for which 
the value of S11 is at its maximum and the value of S21 is at its minimum. 
Furthermore, the simulation in this part is done without the presence 
of the sample which means that the air is considered to be the 
reference. Figure 4.3 shows that S11 has a minimum value at 
1.076 GHz and S21 has a minimum value at 1.285 GHz. 
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Figure 4.3: S11	and S21	responses of a CSRR structure excited by a TL over the 
range (0.8 - 1.5) GHz 

 
 
 
 
4.2.4 Various Sample Permittivity Values 

 
In order to understand the behavior of the sensor to various samples 

under test, a slab having a variable permittivity value is added to the 
model.  This slab covering the sensing area is a vacuum filed with the 
desired values of the permittivity.  Figure 4.4 and Figure 4.5 show the 
S11  and  S21  responses  to  Gr  =1  and  Gr  =3  over  the  range  (0.8  -  1.5) 
GHz for the results presented in the journal paper and the duplicated 
results found by our team, respectively. 

 
 
 
 

 

Figure  4.4:  S11		and  S21		responses  of  BR’s  Dsign  at  sample  permittivity  values:  Gr	
=1 and Gr		=3 over the range (0.8 - 1.5) GHz (Journal Paper Results) 
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Figure  4.5:  S11		and  S21		responses  of  BR’s  Dsign  at  sample  permittivity  values:  Gr	
=1 and Gr		=3 over the range (0.8 - 1.5) GHz (Duplication Results) 

 
The frequencies at which minimum values of S11 and S21 is observed 

shift to lower frequency values as the permittivity changed from Gr =1 
to Gr =3.  Table 4.1 shows these minimum values frequencies as well as 
the error between the journal paper results and our duplicated design 
results. 
Table 4.1: Comparison table between the journal paper simulation results and the 
duplicated design results 

 
 

 
 

Error calculation:  for the minimum value of S11 at Gr =1, the error in 
the frequency value is calculated with D stands for the duplicated 
result and P stands for the journal paper result being the reference as 
follows: 

 
 

 

  



35  

Another objective is to get a general sense of S11 and S21 minimum 
values behavior with respect to the permittivity. Figure 4.6 and Figure 
4.7 shows these behaviors with respect to the permittivity of the the 
journal paper results and our duplicated design result, respectively. 
The permittivity is maintained as the independent axis and the values 
of frequencies at which S11 and S21 minimum values is observed being 
the dependent axis. S21 minimum values frequencies shifts over a wider 
range than S11 minimum values frequencies. It is observed that these 
minimum values frequencies tends to smaller shifts as the value of the 
permittivity get larger for both S11 and S21. Table 4.2 shows the exact 
frequency values found by the simulation conducted by our team. 

 
 

Figure 4.6: S11	and S21	minimum values behaviours with respect to the permittivity 
(Journal Paper Results) 

 
 
 
 
 
 

 

Figure 4.7: S11	and S21	minimum values behaviours with respect to the permittivity 
(Duplicated Design Results): Minimum values of S11	shifts over a frequency range 
= 282 MHz while Minimum values of S21	shifts over a frequency range = 427 MHz, 
for the relative permittivity range (1-10) 
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Table 4.2: The exact frequency values found by the simulation conducted by our 
team for both S11	and S21	minimum values. 

 
Permittivity: 𝛜𝐫	

Minimum 𝐒𝟏𝟏	
Frequencies (GHz) 

Minimum 𝐒𝟐𝟏	
Frequencies (GHz) 

1 1.076 1.285 

2 1.049 1.215 

3 1.001 1.141 

4 0.961 1.081 

5 0.926 1.031 

6 0.895 0.989 

7 0.868 0.952 

8 0.841 0.917 

9 0.799 0.869 

10 0.794 0.858 

 

By comparing the results found by our team to the result of the 
published paper, we conclude that they are nearly the same. The 
difference can be associated to the value of meshing used in the simu- 
lation as well as the solving method which is based on mathematical 
interpolation. The values of meshing and the solving method is used 
due to the lack of a powerful computer that can adjust to the increased 
meshing and more precise solving methods. 

 
After finding almost the same results and adapting to the Ansys 

HFSS environment, we can proceed to further investigation of many 
aspects such as changing the length of the CSRR structure and differ- 
ent substrate material. These investigations will help in building our 
model in terms of having many alternatives so that we do not limit our 
options. 

 
4.3 Further Analysis 

In this section, the change of the substrate material and its con- 
sequences on the design dimensions are being examined. Moreover, 
the effect based on changing the substrate material on the response of 
the CSRR is analyzed. Another thing to consider is the effect of 
changing the dimensions of CSRR structure on the behavior of the 
response. Graphical plots and data tables are presented in details in 
the following subsections. 
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4.3.1 FR4 Substrate 
 

The substrate material used in BR’s Design is Roger RO3450 which 
has a low loss tangent of 0.0031 [3]. However, it is considered to be 
expensive except maybe in massive production. Since we only need to 
prove that the proposed design by our team will work in accordance 
with our expectations, we can try other alternatives. One alternative 
is the use of the material FR4 which has a relative permittivity of 4.4 
and a loss tangent of 0.02. 

 
In designing TL, the relative permittivity as well as the loss tangent 

of the substrate play a vital role in determining the width of the TL  or 
as it called the micostrip line. Furthermore, the thickness of the 
substrate and TL along with the ground plane as well as the material of 
both the TL and the ground plane come to the equation. Through the 
use of microstip line calculators availabe on the web we can determine 
these dimensions to acheive a characteristic impedance of 50 0hm. 

 
For the TL and the ground plane, copper is used with a thickness of 

0.35um. the substrate is made of FR4 with a thickness of 0.73 mm. 
the width of the TL is calculated to be 1.35925 by using TX- Line which 
is a free and interactive calculator for the analysis and synthesis of 
transmission-line structures [19]. Figure 4.8 shows these dimensions 
in details where W is the width of the transmission line, CT is the 
copper thickness of the TL along with ground plane and ST is the 
substrate thickness. 

 
 
 

w 
 

CT 
 

 
ST 

 

 
CT 

 
 
Figure 4.8: The dimensions of the design: W= 1.35925 mm, CT= 0.35 um and ST= 
0.73 mm 
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4.3.2 Response To Various Permittivites 

Changing the substrate material resulted in changing the width of 
the transmission line.  However, the thickness of TL is chosen to have 
the  same  thickness  available  in  for  board  printing  which  will  be  dis- 
cussed  in  chapter6.  Figure  4.9  shows  the  responses  of  S11  and  S21  at 
sample permittivity values:  Gr =1 and Gr =3 for an FR4 substrate.  It 
can be observed from Figure 4.10 as well as Table 4.3 that these min- 
imum values shifted to lower values in comparison with BR’s design. 

 
 
 

 

Figure 4.9: S11	and S21	responses to FR4 substrate at sample permittivity values: 
Gr		=1 and Gr		=3 over the range (0.8 - 1.5) GHz 

 
 
 
 
 

Figure 4.10: S11	and S21	minimum values behaviours with respect to the permittivity 
for an FR4 substrate material: Minimum values of S11	shifts over a frequency range 
= 278 MHz while Minimum values of S21	shifts over a frequency range = 417 MHz 
for the relative permittivity range (1-10) 
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Table 4.3: The exact frequency values found by simulation for both S11	and S21	
minimum values with the substrate material being FR4. 

 
 

Permittivity: 𝝐𝒓	 Minimum 𝑺𝟏𝟏	
Frequencies (GHz) 

Minimum 𝑺𝟐𝟏	
Frequencies (GHz) 

1 1.036 1.249 

2 0.982 1.158 

3 0.943 1.094 

4 0.907 1.039 

5 0.877 0.994 

6 0.835 0.941 

7 0.826 0.921 

8 0.802 0.888 

9 0.779 0.859 

10 0.758 0.832 

 
 
4.3.3 CSRR Variable Lengths 

Another thing to consider is the change of these minimum values 
frequencies for different lengths of the CSRR structure. Changing the 
length (d) which is illustrated in Figure 4.1(b) and keeping all other 
dimensions of the CSRR structure the same results in a shift in these 
frequencies. Figure 4.11 shows the total responses over the frequency 
range (0.5-2.5) GHz for the d= 8 mm and d= 12 mm. As the length 
(d) increases these frequencies shifts to lower values and it can be 
observed from Figure 4.12 and Table 4.4. 

 
 

 

Figure 4.11:  S11		and S21		responses to changing the length (d) without the presence 
of the sample under test ( Gr		=1 ) for d= 8 mm and d= 12 mm 
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Figure 4.12: S11	and S21	responses to variable length (d) for d= (8-14) mm with a 
step size of 0.5 mm 

 
 
 

Table 4.4: The exact frequency values of minimum S11	and S21	plotted in Figure 
4.12 

 
CSRR’s outer 

length: d (mm) 
Minimum 𝐒𝟏𝟏	

Frequencies (GHz) 
Minimum 𝐒𝟐𝟏	

Frequencies (GHz) 

8 1.604 1.974 

8.5 1.51 1.84 

9 1.445 1.756 

9.5 1.351 1.631 

10 1.306 1.57 

10.5 1.216 1.462 

11 1.157 1.39 

11.5 1.097 1.319 

12 1.052 1.265 

12.5 1.026 1.226 

13 0.962 1.16 

13.5 0.926 1.113 

14 0.885 1.067 

 
 

4.4 The Proposed Design 
 

In this section we simulate the proposed design with the dimen- 
sions and specifications clarified in section 1.5. It is worth mentioning 
that these dimensions and specifications are chosen carefully and af- 
ter many simulations for various parameter taking into consideration 
other factors such as affordability and practicality as will be discussed 
in chapter 6. 
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4.4.1 Mimicking The Varactor Diode Behaviour 

In Ansys HFSS, a varactor diode can not be added directly. How- 
ever, a sheet can be inserted and cloned to the transmission line mim- 
icking its behavior as a capacitance by using a provided function called: 
Lumped RLC element. By simulating various capacitance values of 
this element, we interpreted the behavior of the varactor diode be- ing 
implemented in the proposed design. Figure 4.13 and Figure 4.14 
shows the responses of S11 and S21, respectively, for two variable ca- 
pacitance (VC) values: (0.1 and 0.3) pF and two relative permittivity 
values (1 and 3). It can be observed that the frequency shift of S21 
minimum values is larger than that of S11 minimum values which is 
preferred in terms of sensitivity by implementing the frequency shift 
method. 

 
 
 

 

Figure 4.13: S11	responses for a variable capacitance (VC)= 0.1 pF and 0.3 pF at 
the presence of a sample relative permittivity of 1 and 3 

 
 
 
 
 

 

Figure 4.14: S21	responses for a variable capacitance (VC)= 0.1 pF and 0.3 pF at 
the presence of a sample relative permittivity of 1 and 3 
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4.4.2 Single and Multiple VC values 

Changing the variable capacitance value creates multiple shifts in 
minimum S21 frequency values. However, these shifts tends to lower 
values as VC is increased. Figure 4.15 shows the behavior of these 
minimum values for a variable capacitance in the range (0.1 - 1) pF 
with sample relative permittivity values equal 1, 2,  3 and 4.  It can  be 
observed that the behavior of these minimum values for a single 
sample under test is more divergent at low capacitance values. 

 
 
 

 

Figure 4.15:  Minimum S21		frequency values behavior in the (0.1 - 1) pF for Gr= 1, 
2, 3 and 4 [Appendix A] 

 

Another thing to consider is the behavior of minimum S21 frequency 
values at a single variable capacitance value. This behavior is shown 
in Figure 4.16 for a relative permittivity range (1 - 10). It can be 
observed that as the VC increases, the information added tend to have 
little value of significance. 

 
 
 

 

Figure 4.16:  Minimum S21		frequency values behavior for different single VC values 
at Gr= (1 - 10) [Appendix A] 
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4.4.3 Frequency Shift Behavior For Multiple VC 

Utilizing frequency shift method in sensing mechanisms requires 
calculating the shift in the minimum S21 frequency values with a known 
reference. By considering the air as the reference, the frequency shift 
values is calculated and the behavior of these values is plotted for 
various VC values at sample relative permittivity values:  2,  3 and 4 as 
shown in Figure 4.17. It can be observed the the frequency shift from 
one sample permittivity value to another at the same value of a 
variable capacitance tends generally to increase as VC increases. 

 

 

Figure 4.17:  Shift in minimum S21		frequency values with air as a reference (Gr= 1) 
for Gr= 2, 3 and 4 over a VC range (0.05 - 1) pF [Appendix A] 

 
By inspecting Figure 4.17, we achieved a design that can be im- 

plemented as a sensor to characterize materials based on the relative 
permittivity of the sample under test. This design implements the idea 
of multiple resonance frequencies to extract more information and 
increasing the sensitivity. By calibrating the sensor over a large 
quantity of samples, the challenges such as air gaps between the MUT 
and the sensor can be minimized for a known MUT permittivity since 
the samples will introduce different air gaps.  Moreover,  the effect  of 
the presence of water content in the samples as well as the slight 
fraction change of the temperature from one test to another can be 
reduced. 
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Validation 
 

In order to make sure that the change in the varactor diode capac- 
itance will effectively provide new information, the cross-correlation 
coefficient criteria is used. In this chapter both the reflection and 
transmission coefficients will be discussed. 

 
5.1 Data Extraction And Representation 

The  design  was  simulated  for  Air,  Teflon,  RO3003  and  FR4  as 
(MUTs)  with  relative  permittivity  values  are  Gr=  1,  Gr=  2.1,  Gr=  3 
and Gr= 3,  respectively,  at which the Air is considered the reference. 
The  data  is  extracted  for  the  reflection  and  transmission  coefficients 
(S11  and  S21)  at  the  variable  capacitance  values  (VC):  1,  3,  5,  7  and  9 
pF over a frequency range from 0.5 to 2.5 GHz which are presented in  
[Appendix  B].  The  Cross-Correlation  coefficient  between  an  array of  
data  in  a  response  of  the  design  at  a  certain  variable  capacitance for  
either  Teflon,  RO3003  or  FR4  and  an  array  of  a  response  of  the 
design for the air at the same variable capacitance is calculated.  This 
calculation is done for all the variable capacitance values collected for 
both S11 and S21. 

 
To represent the results, we assigned for the materials: Air, Teflon, 

RO3003 and FR4 the letters: A, T, R and F respectively. In addition, 
a subscript letter C as in AC is assigned for the value of the variable 
capacitance at which a response data array is collected. For example, 
A1 can represent either the S11 or S21 response data array at a variable 
capacitance equals 1 pF. The calculated Cross-Correlation coefficient 
ρ between an Air response data array and a Teflon response data array 
is represented as an array of 6 values corresponding to the 5 values of 
the variable capacitance at which the data was collected: 

ρAT = 
Σ 

ρA1T1 ρA3T3 ρA5T5 ρA7T7 ρA9T9 

Σ

 



45  

5.2 Reflection Parameter 

In terms of S11 responses shown in Figures (5.1-5.4) and the collected 
data for all the materials including the reference (Air), the Cross- 
Correlation coefficients at all the values of the variable capacitance 
are: 

ρAT = 
Σ  

0.849063 0.761695 0.949151 0.938213 0.941750  
Σ

 

ρAR = 
Σ  

0.683013 0.528534 0.851796 0.905157 0.880693 
Σ

 

ρAF = 
Σ  

0.711380 0.068847 0.608255 0.723919 0.739745 
Σ

 
 
 
 
 

 

Figure 5.1: S11	responses to Air for VC values 1, 3, 5, 7 and 9 pF over a frequency 
range (0.5-5) GHz 

 
 
 
 

 

Figure 5.2: S11	responses to Teflon for VC values 1, 3, 5, 7 and 9 pF over a frequency 
range (0.5-5) GHz 
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Figure 5.3: S11	responses to RO 3003 for VC values 1, 3, 5, 7 and 9 pF over a 
frequency range (0.5-5) GHz 

 
 
 
 

 

Figure 5.4: S11	responses to FR4 for VC values 1, 3, 5, 7 and 9 pF over a frequency 
range (0.5-5) GHz 

 
 

5.3 Transmission Parameter 

In terms of S21 responses shown in Figures (5.5-5.8) and the collected 
data for all the materials including the reference (Air), the Cross- 
Correlation coefficients at all the values of the variable capacitance 
are: 

ρAT = 
Σ  

0.655249 0.196126 0.389261 0.262661 0.424909 
Σ

 

ρAR = 
Σ 

0.509242 0.035016 0.153717 0.182981 0.196743 
Σ

 

ρAF = 
Σ  

0.471723 − 0.06608 0.608255 0.130504 0.140602 
Σ
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Figure 5.5: S21	responses to Air for VC values 1, 3, 5, 7 and 9 pF over a frequency 
range (0.5-5) GHz 

 
 
 
 
 

 

Figure 5.6: S21	responses to Teflon for VC values 1, 3, 5, 7 and 9 pF over a frequency 
range (0.5-5) GHz 

 
 
 
 
 

 

Figure 5.7: S21	responses to RO 3003 for VC values 1, 3, 5, 7 and 9 pF over a 
frequency range (0.5-5) GHz 
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Figure 5.8: S21	responses to FR4 for VC values 1, 3, 5, 7 and 9 pF over a frequency 
range (0.5-5) GHz 

 
For both S11 and S21, the different values of the Cross-Correlation 

coefficients for the same (MUT) with respect to the reference (Air) 
suggests that for every value of the variable capacitance, the sensor 
behave in a unique manner. 
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Fabrication 
 

In the previous stages of our project,  we  concluded that adding  a 
varactor diode will effectively create multiple systems with unique 
behaviors for fixed CSRR dimensions. The varactor diode capacitance 
changes according to the controlled DC voltage applied on its termi- 
nals in a reverse-biased state. This Change in the capacitance will 
provide new systems and consequently new responses. Furthermore, 
It can be observed that these various responses will ensure the in- 
crease of the sensor sensitivity by adding new information as well as 
enhancing the practicality of such a sensor in many applications. 

 
In order to verify these responses we decided to fabricate the design 

and prove experimentally that the simulation results will match the 
fabricated design responses. In that sense we can without a doubt 
state that we have achieved our primarily goals and contributed to the 
literature by introducing a multi-response sensor. Aiming for an 
experimental proof, we define our objectives in accordance with the 
previous findings. These objectives can be summarized in three main 
aspects which are collecting components, fabricating the design and 
finally testing the sensor taking into consideration the available time 
and budget. 

 

6.1 Design Components Criteria 
 

To analyze the needs and determine the design dimensions and 
specifications we divided the design into three main Parts. In this way 
we can clearly define the must and must not requirements and know 
the limitations from both the electrical engineering point of view and 
the budget availability. These parts are: 

 
1. A varactor diode which can be controlled by a DC voltage. 



50  

2. A CSRR excited by a transmission line having a cut in the middle 
printed on a dielectric substrate. 

3. Two excitation ports at both ends of the transmission line. 
 

In the next three subsections we discuss all the parts in details and 
determine the criterion of every part to finally define our available 
options. 

 
6.1.1 The Varactor Diode 

The varactor diode is a P-N junction diode whose internal ca- 
pacitance varies with the variation of the reverse voltage.[7] Taking 
into consideration the behavior of the varactor diode and the range of 
the frequency that is of our interest we started looking for a varac- tor 
diode that can be adaptive and properly integrated in our design. 
Many providers and many options are available and affordable in the 
market. However, we decided to search for a varactor diode that was 
implemented experimentally to make sure that the most important 
component will be properly chosen. In terms of quality and availabil- 
ity in the stock, we narrowed our options down to two types which 
were implemented in published scientific papers. 

1. BB833-infineon Technologies Silicon Tuning Diodes[6] 
 

2. BB535-Infineon Technologies Silicon Tuning Diodes[22] 
 
 
 
 

 
Figure 6.1: BB833-SOD323/BB535-SOD323 Package Infineon Varactor Diode 

 

Although the implementations of these two types in the pub- 
lished papers as well as the objective are different from our proposed 
method, the typical environment of setups is the same. A compari- 
son in terms of diode capacitance and revers voltage between the two 
mentioned diodes families is presented in Table 6.1. 
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Table 6.1: Comparison table between BB833 and BB535 diodes. [12][11] 
 

 
Varactor Diode Type Applied Reverse 

Voltage 
Diode Capacitance 

 
 

BB833 

 
1.0 V 8.50 pF 

 
28 V 0.60 pF 

 
 

BB535 

1.0 V  
17.5 pF 

28V 1.90 pF 

 

6.1.2 The Cut Introduced In The TL 

Introducing a cut in the transmission line will consequently result 
in a capacitance between the two sides of the cut. Since the varactor 
diode will be mounted on the two terminals of the introduced cut, the 
varactor diode capacitance should be dominant over the capacitance 
of the cut. Both capacitance are in parallel which means that they are 
mathematically added. As the cut width increases, the cut capacitance 
decreases and the total capacitance is becoming more dependant on 
the varactor diode capacitance. 

 
We simulated the design for multiple cut width and the effect was 

very small in compare with affect of the varactor diode capacitance. 
So, we decided to make the dimensions of the varactor diode as the 
criteria of the cut width. These dimensions for a typical varactor diode 
are shown in Figure 6.2.[12] 

 
 
 

 
 

Figure 6.2: BB833-SOD323/BB535-SOD323 Package Infineon Varactor Diode Di- 
mensions 

 
According to these dimensions, the maximum width of the cut 

should be 2.5 mm in order to easily solder the varactor diode and 
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also avoid the effect of the cut capacitance. 
 

6.1.3 The Ports 

In order to test the sensor by the (VNA), the ports should match the 
typical (VNA) ports. Since the (VNA) requires a matching impedance 
of 50-Ohms as previously clarified as well as the transmission line is 
designed for that reason to have the same matching impedance, the 
two ports must follow the same criteria. The (VNA) that we decided to 
implement uses two ports of type SMA male connectors. So, the 
required ports to be soldered in the two terminals of the transmis- 
sion line must be of type SMA female connectors with a matching 
impedance 50-Ohms and PCB mounting. Both types of SMA connec- 
tors are shown in the Figure 6.3. [18] 

 

Figure 6.3: SMA Connectors Male and Female types 
 
 

6.2 Prefabrication Stage 

Since we determined the criteria of all the components needed, we 
proceeded to order the components. First of all, with regards to the 
CSRR design with the transmission line we extracted the lay- outs of 
the design to send it for the fabrication. Although there are many PCB 
manufacturers, we decided to deal with PCBway Company 
[16] for their quality performance, fast delivery and reasonable prices. 
Secondly, we decided to go with the varactor diode: BB833-Infenion, 
SOD323 Package. Finally, we chose an SMA Female connector PCB 
type with a matching impedance 50-Ohms. 

 
6.2.1 Design layouts 

To extract the design layers, we used Dip Trace software which is a 
quality schematic capture and PCB design software that creates sim- 
ple or complex multi-layer boards from schematic to manufacturing 
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files.[5] PCBway requires manufacturing files known as Gerber files 
with a source format (.gbr). In order to send the Gerber files we ex- 
ported three main files of our design in the source format (.dxf) using 
HFSS into DipTrace software. These files are the Board Outline which 
is necessary to define the main dimensions of the PCB for the machine 
used to print the circuit, the Top Layer which is the transmission line 
and the Bottom Layer which is the ground with CSRR. After import- 
ing them into DipTrace software, all the Gerber files are exported and 
the combined layout is shown in Figure 6.4. 

 
 
 
 
 
 
 
 

 
 
 
 
 

(a) 

(b) 

 

Figure 6.4: Exported Gerber Files By DipTrace Software 
 

6.2.2 Online Shopping 

After determining all the dimensions and specifications needed, 
we purchased all the components.  The PCB cost a total amount of  91 
Dollars, including the shipment and the fees, for 5 pieces. The 
expected delivery time is 31-October-2020. The varactor diode cost  a 
total amount of 15.57 Dollars, including the shipping and the fees, for 
10 pieces and the expected delivery time is 4-November-2020. As for 
the SMA connectors, they cost a total amount of 55.26 Dollars, 
including the shipping and the fees, for 20 pieces and the expected 
delivery time is 4-November-2020. 
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Experimental Verification 
 

This chapter is left empty due to the unfortunate delay of the 
varactor diode shipment for which the the experimental verification 
depends upon all components including the varactor diode. 
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Conclusion 
 

In this project, we designed a sensor that can characterize materials 
based on their relative permittivitiy values. This sensor implements 
the idea of multiple resonance frequencies to extract more information 
and hence increasing the sensitivity. By calibrating the sensor over a 
large quantity of samples, the challenges such as air gaps between the 
MUT and the sensor can be minimized for a known MUT permittivity 
since the samples will inherently introduce different air gaps. 

 
This work provides high expectations in terms of increasing the 

sensitivity and eliminating the effect of air gaps and other sources   of 
errors. Furthermore, it suggests having many unique information that 
would in return play a huge rule in not only detecting but also 
recognising many parameters of a material simultaneously. The design 
was simulated and validated mathematically. The design has not been 
verified experimentally due to the delay in shipments. 

 
For future work, it is highly recommended to verify the design effec- 

tiveness experimentally and test it for various samples to extract the 
date and minimized the sources of errors by using artificial intelligence 
in which it is trained to achieve high sensitivities. 
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Appendix A 
 
 
 
 
 

Table 9.1: Minimum S21	frequency values for various variable capacitance values 
from 0.05 pF to 1 pF with a step size of 0.05 pF at sample relative permittivity of 
1 to 10 with step size of 1. All values are in GHz 

 
 Relative Permittivity 

VC (pF) 1 2 3 4 5 6 7 8 9 10 
0.05 1.132 1.109 1.092 1.056 1.038 1.007 1.001 0.993 0.975 0.962 
0.1 1.407 1.356 1.317 1.275 1.235 1.205 1.183 1.151 1.126 1.099 
0.15 1.552 1.49 1.43 1.38 1.328 1.3 1.261 1.222 1.193 1.165 
0.2 1.645 1.557 1.498 1.439 1.382 1.351 1.301 1.265 1.236 1.198 
0.25 1.704 1.62 1.553 1.485 1.42 1.384 1.337 1.292 1.258 1.221 
0.3 1.751 1.655 1.582 1.513 1.443 1.4 1.353 1.315 1.27 1.238 
0.35 1.768 1.681 1.597 1.536 1.457 1.391 1.373 1.327 1.283 1.25 
0.4 1.809 1.699 1.623 1.541 1.467 1.429 1.383 1.339 1.294 1.259 
0.45 1.826 1.715 1.632 1.551 1.481 1.431 1.395 1.34 1.301 1.263 
0.5 1.837 1.726 1.645 1.562 1.488 1.44 1.409 1.35 1.306 1.264 
0.55 1.849 1.737 1.648 1.571 1.495 1.43 1.407 1.355 1.312 1.279 
0.6 1.856 1.751 1.658 1.579 1.505 1.459 1.402 1.363 1.321 1.278 
0.65 1.863 1.762 1.661 1.586 1.511 1.442 1.41 1.361 1.325 1.279 
0.7 1.867 1.764 1.673 1.588 1.518 1.462 1.418 1.368 1.328 1.281 
0.75 1.877 1.767 1.678 1.595 1.525 1.466 1.42 1.371 1.33 1.286 
0.8 1.882 1.774 1.68 1.6 1.521 1.465 1.42 1.374 1.33 1.296 
0.85 1.891 1.782 1.684 1.602 1.528 1.47 1.423 1.377 1.334 1.297 
0.9 1.893 1.785 1.692 1.603 1.529 1.476 1.424 1.378 1.335 1.298 
0.95 1.9 1.787 1.694 1.607 1.535 1.483 1.425 1.379 1.337 1.298 
1 1.902 1.789 1.698 1.612 1.538 1.482 1.428 1.38 1.337 1.298 
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Table 9.2: Shifts in minimum S21	frequency values for various variable capacitance 
values from 0.05 pF to 1 pF with a step size of 0.05 pF at sample relative permittivity 
of 2 to 10 with step size of 1 ( Air is the reference). All values are in MHz 

 
 Relative Permittivity 

VC (pF) 2 3 4 5 6 7 8 9 10 
0.05 23 40 76 94 125 131 139 157 170 
0.1 51 90 132 172 202 224 256 281 308 
0.15 62 122 172 224 252 291 330 359 387 
0.2 88 147 206 263 294 344 380 409 447 
0.25 84 151 219 284 320 367 412 446 483 
0.3 96 169 238 308 351 398 436 481 513 
0.35 87 171 232 311 377 395 441 485 518 
0.4 110 186 268 342 380 426 470 515 550 
0.45 111 194 275 345 395 431 486 525 563 
0.5 111 192 275 349 397 428 487 531 573 
0.55 112 201 278 354 419 442 494 537 570 
0.6 105 198 277 351 397 454 493 535 578 
0.65 101 202 277 352 421 453 502 538 584 
0.7 103 194 279 349 405 449 499 539 586 
0.75 110 199 282 352 411 457 506 547 591 
0.8 108 202 282 361 417 462 508 552 586 
0.85 109 207 289 363 421 468 514 557 594 
0.9 108 201 290 364 417 469 515 558 595 
0.95 113 206 293 365 417 475 521 563 602 
1 113 204 290 364 420 474 522 565 604 
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Appendix B 
 
 

Table 10.1: Extracted data for the response of S11	to Air at various variable capac- 
itance values. the frequency range is (0.5-2.5) GHz with a step size of 20 MHz 

 

Freq [GHz] S11 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

0.5 -0.56522 -2.78827 -5.63504 -7.90115 -10.2067 
0.52 -0.59472 -2.95217 -5.92297 -8.25607 -10.6204 
0.54 -0.62494 -3.12269 -6.21485 -8.61568 -11.0418 
0.56 -0.65591 -3.29932 -6.51087 -8.98092 -11.4716 
0.58 -0.68769 -3.48158 -6.81124 -9.35273 -11.9108 
0.6 -0.72034 -3.66904 -7.11621 -9.73212 -12.3601 
0.62 -0.75393 -3.86132 -7.42609 -10.1201 -12.8208 
0.64 -0.78855 -4.05813 -7.7412 -10.5179 -13.2941 
0.66 -0.82428 -4.25923 -8.06188 -10.9264 -13.7814 
0.68 -0.86122 -4.46448 -8.38851 -11.3469 -14.2841 
0.7 -0.89945 -4.67383 -8.72146 -11.7807 -14.804 
0.72 -0.9391 -4.88732 -9.06115 -12.229 -15.343 
0.74 -0.98025 -5.10505 -9.40797 -12.6931 -15.9034 
0.76 -1.02301 -5.32724 -9.76235 -13.1744 -16.4875 
0.78 -1.0675 -5.55417 -10.1247 -13.6744 -17.0982 
0.8 -1.11383 -5.78616 -10.4954 -14.1948 -17.7388 
0.82 -1.16208 -6.0236 -10.8748 -14.737 -18.413 
0.84 -1.21237 -6.26691 -11.2634 -15.3031 -19.1251 
0.86 -1.26478 -6.51652 -11.6614 -15.8947 -19.8803 
0.88 -1.31941 -6.77282 -12.0691 -16.5141 -20.6847 
0.9 -1.37633 -7.03617 -12.4868 -17.1635 -21.5458 
0.92 -1.4356 -7.30684 -12.9145 -17.8454 -22.4725 
0.94 -1.49729 -7.58499 -13.3525 -18.5624 -23.4762 
0.96 -1.56142 -7.87066 -13.8006 -19.3175 -24.5711 
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Table 10.1 continued from previous page 

Freq [GHz] S11 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

0.98 -1.62802 -8.16367 -14.2587 -20.1141 -25.7758 
1 -1.69709 -8.46367 -14.7263 -20.956 -27.1147 
1.02 -1.76861 -8.7701 -15.2031 -21.8471 -28.6209 
1.04 -1.84254 -9.08214 -15.6882 -22.7924 -30.3401 
1.06 -1.91882 -9.39875 -16.1807 -23.7969 -32.3355 
1.08 -1.99734 -9.71866 -16.6791 -24.8668 -34.6881 
1.1 -2.07799 -10.0404 -17.1818 -26.0087 -37.4575 
1.12 -2.16061 -10.3622 -17.6866 -27.2301 -40.4026 
1.14 -2.24502 -10.6823 -18.1909 -28.5393 -42.0636 
1.16 -2.331 -10.9986 -18.6916 -29.9453 -40.9418 
1.18 -2.4183 -11.309 -19.1849 -31.4571 -38.7218 
1.2 -2.50663 -11.6113 -19.6664 -33.0832 -36.7396 
1.22 -2.59566 -11.9032 -20.131 -34.8296 -35.1923 
1.24 -2.68505 -12.1824 -20.5729 -36.6973 -34.0213 
1.26 -2.77438 -12.4466 -20.9857 -38.6777 -33.1549 
1.28 -2.86322 -12.6935 -21.3623 -40.7473 -32.5413 
1.3 -2.95111 -12.9209 -21.6952 -42.8612 -32.1481 
1.32 -3.03752 -13.1266 -21.9766 -44.9353 -31.9584 
1.34 -3.12192 -13.3084 -22.1988 -46.77 -31.9683 
1.36 -3.20372 -13.4642 -22.3545 -47.8379 -32.1872 
1.38 -3.28231 -13.5922 -22.437 -47.3372 -32.6406 
1.4 -3.35703 -13.6906 -22.4413 -45.2855 -33.3772 
1.42 -3.42719 -13.7577 -22.3635 -42.5909 -34.4862 
1.44 -3.4921 -13.792 -22.202 -39.8757 -36.1384 
1.46 -3.55099 -13.7923 -21.9573 -37.3421 -38.7073 
1.48 -3.60309 -13.7576 -21.6316 -35.0229 -43.2657 
1.5 -3.64761 -13.6869 -21.2292 -32.9026 -55.8486 
1.52 -3.68372 -13.5798 -20.7557 -30.9554 -45.4506 
1.54 -3.71056 -13.4358 -20.2175 -29.156 -37.9841 
1.56 -3.72729 -13.2548 -19.6214 -27.482 -33.5978 
1.58 -3.733 -13.0369 -18.9743 -25.9144 -30.39 
1.6 -3.72683 -12.7824 -18.2826 -24.4373 -27.8079 
1.62 -3.70788 -12.4915 -17.5522 -23.0371 -25.6138 
1.64 -3.67528 -12.1647 -16.7883 -21.7022 -23.6828 
1.66 -3.62821 -11.8026 -15.9951 -20.4226 -21.9408 
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Table 10.1 continued from previous page 

Freq [GHz] S11 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

1.68 -3.56588 -11.4057 -15.1762 -19.1898 -20.3397 
1.7 -3.48764 -10.9747 -14.3345 -17.9963 -18.8466 
1.72 -3.39302 -10.5102 -13.4725 -16.8355 -17.4378 
1.74 -3.28181 -10.013 -12.5921 -15.7017 -16.0956 
1.76 -3.15425 -9.48397 -11.6952 -14.59 -14.8066 
1.78 -3.01119 -8.92433 -10.7841 -13.4963 -13.5607 
1.8 -2.85445 -8.33574 -9.86142 -12.4174 -12.3505 
1.82 -2.68718 -7.72064 -8.9311 -11.3513 -11.1712 
1.84 -2.51451 -7.08269 -7.9989 -10.2973 -10.0205 
1.86 -2.3442 -6.42733 -7.07331 -9.25672 -8.8994 
1.88 -2.18754 -5.76252 -6.16659 -8.23322 -7.81223 
1.9 -2.06009 -5.09967 -5.29563 -7.23393 -6.7678 
1.92 -1.98212 -4.45445 -4.48249 -6.27014 -5.77988 
1.94 -1.97792 -3.84738 -3.75353 -5.3581 -4.86736 
1.96 -2.0736 -3.30333 -3.1367 -4.519 -4.05323 
1.98 -2.29279 -2.84938 -2.6565 -3.77773 -3.36164 
2 -2.65131 -2.51064 -2.32795 -3.15951 -2.8132 
2.02 -3.15269 -2.30462 -2.15209 -2.68475 -2.41954 
2.04 -3.78695 -2.23651 -2.11554 -2.36347 -2.17949 
2.06 -4.53322 -2.29753 -2.19439 -2.19207 -2.07898 
2.08 -5.3648 -2.46763 -2.36024 -2.15403 -2.09465 
2.1 -6.25412 -2.72068 -2.58551 -2.22431 -2.19922 
2.12 -7.17619 -3.02991 -2.8467 -2.37504 -2.36626 
2.14 -8.11005 -3.37164 -3.12554 -2.58005 -2.5731 
2.16 -9.03878 -3.72688 -3.40871 -2.81749 -2.8019 
2.18 -9.9489 -4.08151 -3.68703 -3.07049 -3.03946 
2.2 -10.8295 -4.42565 -3.95444 -3.32683 -3.2765 
2.22 -11.6713 -4.75274 -4.2072 -3.57805 -3.50674 
2.24 -12.4663 -5.05871 -4.44315 -3.81861 -3.72615 
2.26 -13.2072 -5.34128 -4.66124 -4.04503 -3.93228 
2.28 -13.8874 -5.59941 -4.86115 -4.25533 -4.1238 
2.3 -14.5008 -5.83292 -5.04305 -4.44856 -4.30011 
2.32 -15.0425 -6.04218 -5.20742 -4.62446 -4.46116 
2.34 -15.5084 -6.22799 -5.35495 -4.78321 -4.60722 
2.36 -15.8965 -6.39135 -5.48643 -4.92534 -4.73877 
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Table 10.1 continued from previous page 

Freq [GHz] S11 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

2.38 -16.2062 -6.53346 -5.60272 -5.05155 -4.85644 
2.4 -16.4395 -6.65557 -5.70472 -5.16267 -4.96096 
2.42 -16.6001 -6.75902 -5.79335 -5.25959 -5.05307 
2.44 -16.694 -6.84514 -5.8695 -5.34325 -5.13357 
2.46 -16.7286 -6.91527 -5.93406 -5.41459 -5.20325 
2.48 -16.7126 -6.97072 -5.98789 -5.47457 -5.26288 
2.5 -16.6551 -7.01278 -6.03185 -5.52411 -5.31323 
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Table 10.2: Extracted data for the response of S11	to Teflon at various variable 
capacitance values. the frequency range is (0.5-2.5) GHz with a step size of 20 MHz 

 

Freq [GHz] S11 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

0.5 -0.57399 -2.92093 -5.6347 -8.54175 -10.2393 
0.52 -0.60463 -3.10111 -5.92337 -8.92883 -10.6607 
0.54 -0.63597 -3.28463 -6.2166 -9.31769 -11.0868 
0.56 -0.66805 -3.4715 -6.51448 -9.70874 -11.5191 
0.58 -0.70094 -3.66175 -6.81718 -10.1025 -11.9593 
0.6 -0.7347 -3.85543 -7.12489 -10.4993 -12.409 
0.62 -0.76939 -4.05261 -7.43787 -10.9 -12.8701 
0.64 -0.80509 -4.25339 -7.75638 -11.3049 -13.3442 
0.66 -0.84189 -4.45785 -8.08076 -11.7147 -13.8334 
0.68 -0.87986 -4.6661 -8.41134 -12.1301 -14.3396 
0.7 -0.9191 -4.87825 -8.7485 -12.5518 -14.8649 
0.72 -0.95969 -5.0944 -9.09264 -12.9804 -15.4116 
0.74 -1.00173 -5.31465 -9.44417 -13.4167 -15.982 
0.76 -1.0453 -5.53908 -9.80351 -13.8615 -16.5789 
0.78 -1.0905 -5.76778 -10.1711 -14.3155 -17.2052 
0.8 -1.13742 -6.00079 -10.5473 -14.7797 -17.8641 
0.82 -1.18613 -6.23815 -10.9326 -15.2547 -18.5594 
0.84 -1.23672 -6.47986 -11.3274 -15.7415 -19.2954 
0.86 -1.28926 -6.7259 -11.732 -16.241 -20.077 
0.88 -1.34381 -6.97618 -12.1466 -16.754 -20.9101 
0.9 -1.40044 -7.2306 -12.5716 -17.2813 -21.8018 
0.92 -1.45919 -7.489 -13.0069 -17.8239 -22.7608 
0.94 -1.5201 -7.75115 -13.4528 -18.3824 -23.7976 
0.96 -1.58318 -8.01677 -13.9089 -18.9575 -24.9257 
0.98 -1.64845 -8.28551 -14.375 -19.5498 -26.1624 
1 -1.71588 -8.55695 -14.8505 -20.1597 -27.5304 
1.02 -1.78546 -8.83056 -15.3347 -20.7872 -29.0601 
1.04 -1.85712 -9.10574 -15.8264 -21.4322 -30.7929 
1.06 -1.93079 -9.38178 -16.324 -22.0937 -32.7846 
1.08 -2.00637 -9.65786 -16.8256 -22.7703 -35.1055 
1.1 -2.08372 -9.93303 -17.3287 -23.4596 -37.8075 
1.12 -2.16268 -10.2062 -17.8303 -24.158 -40.7192 
1.14 -2.24306 -10.4761 -18.3264 -24.8603 -42.7373 
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Table 10.2 continued from previous page 

Freq [GHz] S11 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

1.16 -2.32462 -10.7415 -18.8127 -25.5592 -42.2812 
1.18 -2.40709 -11.0006 -19.2837 -26.245 -40.4082 
1.2 -2.49016 -11.2518 -19.7332 -26.905 -38.592 
1.22 -2.57347 -11.4932 -20.1541 -27.5228 -37.1844 
1.24 -2.65663 -11.7226 -20.5387 -28.0783 -36.1759 
1.26 -2.73917 -11.9376 -20.8782 -28.5475 -35.5145 
1.28 -2.8206 -12.1356 -21.1637 -28.9037 -35.1655 
1.3 -2.90035 -12.3139 -21.386 -29.1188 -35.1196 
1.32 -2.97781 -12.4695 -21.5363 -29.1663 -35.3965 
1.34 -3.05229 -12.5991 -21.6064 -29.0257 -36.0556 
1.36 -3.12306 -12.6994 -21.5894 -28.6859 -37.2253 
1.38 -3.18929 -12.7669 -21.4804 -28.1484 -39.1867 
1.4 -3.2501 -12.7979 -21.2766 -27.4266 -42.6826 
1.42 -3.30452 -12.7889 -20.9774 -26.5434 -50.9587 
1.44 -3.3515 -12.736 -20.5847 -25.5265 -50.2842 
1.46 -3.38992 -12.6358 -20.1024 -24.4043 -40.2398 
1.48 -3.41855 -12.4847 -19.536 -23.2022 -35.0329 
1.5 -3.43606 -12.2796 -18.892 -21.9412 -31.3385 
1.52 -3.44105 -12.0174 -18.1774 -20.6376 -28.3896 
1.54 -3.43204 -11.6954 -17.399 -19.3033 -25.8838 
1.56 -3.40745 -11.3115 -16.5631 -17.9461 -23.6696 
1.58 -3.36571 -10.8638 -15.6754 -16.5713 -21.6594 
1.6 -3.30523 -10.351 -14.7405 -15.1818 -19.7971 
1.62 -3.22462 -9.77244 -13.7625 -13.7799 -18.0445 
1.64 -3.12279 -9.12867 -12.7445 -12.3676 -16.3743 
1.66 -2.99933 -8.4216 -11.6899 -10.949 -14.7666 
1.68 -2.85506 -7.65562 -10.6022 -9.53136 -13.2069 
1.7 -2.6929 -6.83905 -9.48682 -8.12914 -11.6862 
1.72 -2.51929 -5.98647 -8.35221 -6.76735 -10.2008 
1.74 -2.34633 -5.12202 -7.21261 -5.48607 -8.7545 
1.76 -2.19473 -4.2831 -6.09125 -4.34212 -7.36068 
1.78 -2.09715 -3.52261 -5.02387 -3.40294 -6.0457 
1.8 -2.1004 -2.90537 -4.06058 -2.72809 -4.85103 
1.82 -2.26303 -2.49409 -3.262 -2.34373 -3.83089 
1.84 -2.64411 -2.32686 -2.68564 -2.22869 -3.04112 
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Table 10.2 continued from previous page 

Freq [GHz] S11 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

1.86 -3.28381 -2.39977 -2.36479 -2.32498 -2.51923 
1.88 -4.18602 -2.66972 -2.29298 -2.56285 -2.26634 
1.9 -5.31707 -3.07473 -2.42712 -2.88125 -2.24524 
1.92 -6.62153 -3.55525 -2.70652 -3.23576 -2.39647 
1.94 -8.04212 -4.0653 -3.07266 -3.59774 -2.65876 
1.96 -9.53209 -4.5741 -3.47979 -3.95037 -2.98195 
1.98 -11.0585 -5.06315 -3.89664 -4.2846 -3.33047 
2 -12.6001 -5.52244 -4.3038 -4.59618 -3.68143 
2.02 -14.144 -5.94736 -4.69021 -4.88365 -4.02118 
2.04 -15.682 -6.33651 -5.05021 -5.14711 -4.34217 
2.06 -17.2082 -6.69033 -5.38144 -5.38751 -4.6407 
2.08 -18.7171 -7.01021 -5.68347 -5.60616 -4.91536 
2.1 -20.2015 -7.29802 -5.95695 -5.80453 -5.16607 
2.12 -21.652 -7.55578 -6.20314 -5.98408 -5.3935 
2.14 -23.0554 -7.78556 -6.42352 -6.14624 -5.59868 
2.16 -24.3944 -7.9893 -6.6197 -6.29229 -5.78286 
2.18 -25.6472 -8.16886 -6.79328 -6.42344 -5.94731 
2.2 -26.7881 -8.32594 -6.94581 -6.54077 -6.09332 
2.22 -27.7883 -8.46212 -7.07876 -6.64526 -6.22213 
2.24 -28.6184 -8.57886 -7.19352 -6.73778 -6.33491 
2.26 -29.2511 -8.67749 -7.29138 -6.81914 -6.43277 
2.28 -29.6648 -8.75924 -7.37357 -6.89006 -6.51678 
2.3 -29.8482 -8.82528 -7.44124 -6.95119 -6.58792 
2.32 -29.8038 -8.87667 -7.49547 -7.00315 -6.64712 
2.34 -29.5495 -8.91443 -7.53728 -7.04649 -6.69528 
2.36 -29.1158 -8.93952 -7.56764 -7.08173 -6.73324 
2.38 -28.541 -8.95284 -7.58749 -7.10938 -6.76179 
2.4 -27.8641 -8.95526 -7.59769 -7.12988 -6.7817 
2.42 -27.1208 -8.94761 -7.59908 -7.14369 -6.79371 
2.44 -26.3403 -8.93071 -7.59248 -7.15123 -6.7985 
2.46 -25.5454 -8.90532 -7.57866 -7.15291 -6.79675 
2.48 -24.7526 -8.8722 -7.55834 -7.14913 -6.7891 
2.5 -23.9736 -8.83207 -7.53224 -7.14029 -6.77616 
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Table 10.3: Extracted data for the response of S11	to RO 3003 at various variable 
capacitance values. the frequency range is (0.5-2.5) GHz with a step size of 20 MHz 

 

Freq [GHz] S11 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

0.5 -0.573 -2.86109 -5.63129 -8.28586 -10.2253 
0.52 -0.60344 -3.03336 -5.91943 -8.65773 -10.6195 
0.54 -0.63463 -3.21089 -6.2121 -9.03363 -11.0267 
0.56 -0.66658 -3.39339 -6.50933 -9.41405 -11.4474 
0.58 -0.69936 -3.5806 -6.81124 -9.79951 -11.8823 
0.6 -0.733 -3.77231 -7.11799 -10.1906 -12.332 
0.62 -0.76757 -3.96836 -7.42977 -10.588 -12.7974 
0.64 -0.80314 -4.16863 -7.74683 -10.9924 -13.2795 
0.66 -0.8398 -4.37309 -8.06947 -11.4045 -13.7793 
0.68 -0.87761 -4.58173 -8.39799 -11.8252 -14.2982 
0.7 -0.91667 -4.79459 -8.73275 -12.2552 -14.8376 
0.72 -0.95707 -5.01178 -9.07413 -12.6955 -15.3994 
0.74 -0.99889 -5.23342 -9.42251 -13.1471 -15.9855 
0.76 -1.04224 -5.45966 -9.7783 -13.6109 -16.5983 
0.78 -1.08719 -5.69068 -10.1419 -14.088 -17.2403 
0.8 -1.13384 -5.92667 -10.5137 -14.5794 -17.9148 
0.82 -1.18227 -6.16779 -10.8941 -15.0862 -18.6254 
0.84 -1.23255 -6.41421 -11.2834 -15.6097 -19.3763 
0.86 -1.28475 -6.66604 -11.682 -16.151 -20.1727 
0.88 -1.33892 -6.92337 -12.0901 -16.7113 -21.0207 
0.9 -1.39512 -7.18619 -12.5077 -17.2919 -21.9277 
0.92 -1.45337 -7.45445 -12.9351 -17.8938 -22.9026 
0.94 -1.5137 -7.72797 -13.3719 -18.5181 -23.9569 
0.96 -1.5761 -8.00648 -13.818 -19.1659 -25.1049 
0.98 -1.64056 -8.28956 -14.2729 -19.838 -26.3652 
1 -1.70704 -8.57668 -14.7357 -20.5349 -27.7628 
1.02 -1.77547 -8.86714 -15.2053 -21.2567 -29.3318 
1.04 -1.84578 -9.16007 -15.6804 -22.003 -31.1207 
1.06 -1.91784 -9.45444 -16.1588 -22.7723 -33.2013 
1.08 -1.99151 -9.74903 -16.6382 -23.5622 -35.6827 
1.1 -2.06662 -10.0424 -17.1155 -24.3687 -38.7258 
1.12 -2.14294 -10.333 -17.5868 -25.1854 -42.4654 
1.14 -2.22022 -10.619 -18.0476 -26.0032 -46.023 
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Table 10.3 continued from previous page 

Freq [GHz] S11 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

1.16 -2.29815 -10.8982 -18.4924 -26.8094 -45.7608 
1.18 -2.37641 -11.1686 -18.9149 -27.5865 -43.0457 
1.2 -2.45457 -11.4277 -19.3078 -28.312 -40.7931 
1.22 -2.53218 -11.6726 -19.6629 -28.9576 -39.2803 
1.24 -2.60873 -11.9007 -19.9713 -29.4894 -38.3689 
1.26 -2.68361 -12.1086 -20.2234 -29.8703 -37.9667 
1.28 -2.75615 -12.2932 -20.4095 -30.0629 -38.0539 
1.3 -2.82561 -12.4508 -20.52 -30.0356 -38.6889 
1.32 -2.89112 -12.5778 -20.5458 -29.7689 -40.0471 
1.34 -2.95173 -12.6704 -20.4792 -29.2603 -42.5392 
1.36 -3.00635 -12.7245 -20.3143 -28.5257 -46.8926 
1.38 -3.05378 -12.7361 -20.0472 -27.5952 -47.7783 
1.4 -3.09266 -12.7012 -19.6764 -26.5062 -40.9776 
1.42 -3.12147 -12.6157 -19.2028 -25.2965 -35.8245 
1.44 -3.13852 -12.4756 -18.6294 -23.9993 -31.9668 
1.46 -3.14194 -12.2771 -17.9607 -22.6408 -28.8338 
1.48 -3.12968 -12.0165 -17.2022 -21.2402 -26.1467 
1.5 -3.09956 -11.6901 -16.3598 -19.8103 -23.7552 
1.52 -3.0493 -11.2948 -15.4393 -18.3588 -21.5692 
1.54 -2.97675 -10.8276 -14.4457 -16.8896 -19.5298 
1.56 -2.88013 -10.2858 -13.3837 -15.4042 -17.5959 
1.58 -2.75874 -9.66742 -12.2576 -13.9025 -15.7377 
1.6 -2.61405 -8.97163 -11.0718 -12.3848 -13.9338 
1.62 -2.45189 -8.19952 -9.83302 -10.8533 -12.1699 
1.64 -2.28612 -7.35593 -8.55236 -9.31586 -10.4404 
1.66 -2.14482 -6.45248 -7.25045 -7.79036 -8.75175 
1.68 -2.07886 -5.51276 -5.96437 -6.31389 -7.1286 
1.7 -2.17002 -4.57961 -4.75612 -4.95289 -5.62181 
1.72 -2.52795 -3.72271 -3.71623 -3.80505 -4.31274 
1.74 -3.2608 -3.03812 -2.94941 -2.97552 -3.30088 
1.76 -4.42349 -2.62666 -2.53332 -2.52721 -2.66442 
1.78 -5.98769 -2.54864 -2.47339 -2.44168 -2.41276 
1.8 -7.86888 -2.78779 -2.69958 -2.63159 -2.47783 
1.82 -9.98003 -3.2629 -3.10883 -2.99006 -2.75415 
1.84 -12.2656 -3.87393 -3.60898 -3.4294 -3.14458 
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Table 10.3 continued from previous page 

Freq [GHz] S11 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

1.86 -14.7091 -4.5385 -4.13629 -3.89193 -3.5805 
1.88 -17.3286 -5.20254 -4.65335 -4.34482 -4.02063 
1.9 -20.17 -5.83566 -5.14083 -4.77153 -4.4429 
1.92 -23.2914 -6.42307 -5.59025 -5.16501 -4.83689 
1.94 -26.6808 -6.95916 -5.99911 -5.52333 -5.19869 
1.96 -29.8811 -7.44328 -6.36798 -5.84721 -5.52779 
1.98 -31.3839 -7.87725 -6.6989 -6.13854 -5.8254 
2 -30.5809 -8.26403 -6.9945 -6.39973 -6.09344 
2.02 -29.0577 -8.60698 -7.25752 -6.63325 -6.33409 
2.04 -27.7217 -8.90948 -7.49065 -6.84149 -6.54953 
2.06 -26.7105 -9.17473 -7.69637 -7.02665 -6.7418 
2.08 -25.9824 -9.40573 -7.87694 -7.19069 -6.91277 
2.1 -25.4815 -9.6052 -8.03439 -7.33541 -7.06413 
2.12 -25.164 -9.77562 -8.17056 -7.46238 -7.1974 
2.14 -24.9999 -9.91923 -8.28708 -7.573 -7.31391 
2.16 -24.9693 -10.0381 -8.38544 -7.66853 -7.4149 
2.18 -25.0603 -10.1341 -8.46699 -7.7501 -7.50144 
2.2 -25.2673 -10.2089 -8.53295 -7.8187 -7.57454 
2.22 -25.5904 -10.2643 -8.58445 -7.87527 -7.6351 
2.24 -26.0348 -10.3015 -8.62255 -7.92063 -7.68397 
2.26 -26.6118 -10.3222 -8.64823 -7.95556 -7.72192 
2.28 -27.3406 -10.3275 -8.66241 -7.98078 -7.74969 
2.3 -28.251 -10.3188 -8.66597 -7.99696 -7.76799 
2.32 -29.3902 -10.2972 -8.65976 -8.00474 -7.77748 
2.34 -30.8353 -10.264 -8.64458 -8.00473 -7.7788 
2.36 -32.7224 -10.2201 -8.62119 -7.99749 -7.77257 
2.38 -35.3225 -10.1667 -8.59036 -7.98359 -7.7594 
2.4 -39.3076 -10.1047 -8.55279 -7.96355 -7.73987 
2.42 -47.333 -10.0352 -8.50918 -7.93791 -7.71456 
2.44 -50.5696 -9.95898 -8.46022 -7.90716 -7.68402 
2.46 -40.094 -9.87697 -8.40654 -7.87178 -7.64879 
2.48 -35.3277 -9.79 -8.34877 -7.83226 -7.6094 
2.5 -32.2187 -9.69885 -8.28752 -7.78905 -7.56637 



68  

Table 10.4: Extracted data for the response of S11	to FR4 at various variable capac- 
itance values. the frequency range is (0.5-2.5) GHz with a step size of 20 MHz 

 

Freq [GHz] S11 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

0.5 -0.58684 -2.9385 -5.77637 -8.59338 -10.5255 
0.52 -0.61884 -3.11696 -6.07124 -8.98458 -10.9642 
0.54 -0.65168 -3.30044 -6.37042 -9.37751 -11.4068 
0.56 -0.68538 -3.48866 -6.67394 -9.77256 -11.8549 
0.58 -0.71996 -3.68138 -6.98189 -10.1702 -12.3097 
0.6 -0.75546 -3.87839 -7.29437 -10.5708 -12.7726 
0.62 -0.79192 -4.0795 -7.61153 -10.9749 -13.2451 
0.64 -0.82939 -4.28456 -7.93354 -11.3831 -13.7288 
0.66 -0.86791 -4.49345 -8.26058 -11.796 -14.2253 
0.68 -0.90753 -4.70609 -8.59284 -12.214 -14.7362 
0.7 -0.94832 -4.92242 -8.93055 -12.6379 -15.2634 
0.72 -0.99032 -5.1424 -9.2739 -13.0681 -15.8088 
0.74 -1.0336 -5.36604 -9.6231 -13.5054 -16.3743 
0.76 -1.07821 -5.59333 -9.97836 -13.9503 -16.9623 
0.78 -1.12421 -5.82428 -10.3398 -14.4034 -17.5751 
0.8 -1.17165 -6.05892 -10.7076 -14.8653 -18.2151 
0.82 -1.22058 -6.29723 -11.0819 -15.3366 -18.8853 
0.84 -1.27103 -6.53921 -11.4626 -15.8176 -19.5885 
0.86 -1.32303 -6.78479 -11.8497 -16.3089 -20.3282 
0.88 -1.37662 -7.03388 -12.243 -16.8105 -21.1079 
0.9 -1.43178 -7.28631 -12.6422 -17.3227 -21.9316 
0.92 -1.48853 -7.54183 -13.0469 -17.8453 -22.8036 
0.94 -1.54683 -7.8001 -13.4563 -18.3778 -23.7283 
0.96 -1.60664 -8.06066 -13.8695 -18.9194 -24.7106 
0.98 -1.66789 -8.32289 -14.2853 -19.4687 -25.7554 
1 -1.73049 -8.58603 -14.7019 -20.0236 -26.8671 
1.02 -1.79431 -8.84911 -15.1174 -20.5812 -28.0492 
1.04 -1.85919 -9.11095 -15.5289 -21.1374 -29.3029 
1.06 -1.92492 -9.3701 -15.9332 -21.6867 -30.6255 
1.08 -1.99126 -9.62486 -16.3262 -22.222 -32.0066 
1.1 -2.05791 -9.87319 -16.703 -22.7339 -33.4234 
1.12 -2.12451 -10.1127 -17.0576 -23.2109 -34.8339 
1.14 -2.19062 -10.3406 -17.383 -23.6385 -36.1687 
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Table 10.4 continued from previous page 

Freq [GHz] S11 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

1.16 -2.25574 -10.5537 -17.671 -23.9997 -37.3228 
1.18 -2.31926 -10.7483 -17.9123 -24.2748 -38.1509 
1.2 -2.3805 -10.9202 -18.0966 -24.4424 -38.4751 
1.22 -2.43861 -11.0645 -18.2124 -24.4803 -38.1308 
1.24 -2.49264 -11.1761 -18.2481 -24.3678 -37.0647 
1.26 -2.54146 -11.2487 -18.1916 -24.0879 -35.3969 
1.28 -2.58378 -11.2759 -18.0313 -23.6292 -33.3487 
1.3 -2.61809 -11.2502 -17.7568 -22.988 -31.1207 
1.32 -2.64269 -11.1637 -17.3592 -22.1682 -28.8419 
1.34 -2.65564 -11.0078 -16.8319 -21.1799 -26.5783 
1.36 -2.65485 -10.7734 -16.1703 -20.0376 -24.3565 
1.38 -2.6382 -10.451 -15.3725 -18.7569 -22.1816 
1.4 -2.60381 -10.0311 -14.4384 -17.353 -20.0476 
1.42 -2.55073 -9.50442 -13.3702 -15.839 -17.9441 
1.44 -2.48034 -8.86371 -12.172 -14.2262 -15.859 
1.46 -2.39926 -8.10543 -10.8522 -12.5262 -13.7831 
1.48 -2.32526 -7.23474 -9.42766 -10.7561 -11.7149 
1.5 -2.29874 -6.27448 -7.93298 -8.94869 -9.66997 
1.52 -2.40216 -5.28123 -6.4381 -7.17102 -7.69832 
1.54 -2.78361 -4.36615 -5.07004 -5.54839 -5.9068 
1.56 -3.6559 -3.70014 -4.01427 -4.26831 -4.46627 
1.58 -5.22231 -3.45714 -3.44533 -3.5104 -3.55236 
1.6 -7.55963 -3.69615 -3.40185 -3.31412 -3.21831 
1.62 -10.6146 -4.31201 -3.75543 -3.54362 -3.34315 
1.64 -14.3295 -5.12687 -4.32013 -4.00342 -3.73249 
1.66 -18.6666 -5.99483 -4.95319 -4.54458 -4.2295 
1.68 -22.9163 -6.83137 -5.5749 -5.08443 -4.74309 
1.7 -24.0572 -7.59815 -6.14961 -5.58594 -5.23015 
1.72 -22.2532 -8.28278 -6.66549 -6.03646 -5.67417 
1.74 -20.4073 -8.88544 -7.12194 -6.43473 -6.07141 
1.76 -19.0687 -9.41169 -7.52303 -6.78427 -6.42377 
1.78 -18.1343 -9.86896 -7.87442 -7.09019 -6.73525 
1.8 -17.482 -10.2649 -8.18193 -7.35785 -7.01037 
1.82 -17.0282 -10.6066 -8.45096 -7.59221 -7.25349 
1.84 -16.7185 -10.9006 -8.68629 -7.79766 -7.46851 
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Table 10.4 continued from previous page 

Freq [GHz] S11 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

1.86 -16.5169 -11.1525 -8.89205 -7.97799 -7.65885 
1.88 -16.3987 -11.3673 -9.07176 -8.13644 -7.82741 
1.9 -16.3472 -11.549 -9.22841 -8.27571 -7.97667 
1.92 -16.3501 -11.7014 -9.3645 -8.39812 -8.1087 
1.94 -16.3988 -11.8275 -9.48217 -8.50558 -8.22526 
1.96 -16.4872 -11.9301 -9.58322 -8.59971 -8.32782 
1.98 -16.6107 -12.0114 -9.66915 -8.68186 -8.41762 
2 -16.7662 -12.0734 -9.74126 -8.75319 -8.49573 
2.02 -16.9517 -12.1178 -9.80066 -8.81465 -8.56301 
2.04 -17.1659 -12.1462 -9.84827 -8.86705 -8.62025 
2.06 -17.4083 -12.1598 -9.88493 -8.91107 -8.66808 
2.08 -17.679 -12.1598 -9.91133 -8.94728 -8.70707 
2.1 -17.9788 -12.1473 -9.9281 -8.9762 -8.73772 
2.12 -18.3088 -12.1231 -9.93579 -8.99822 -8.76045 
2.14 -18.6712 -12.0882 -9.93492 -9.01373 -8.77566 
2.16 -19.0683 -12.0433 -9.92594 -9.02303 -8.7837 
2.18 -19.5036 -11.9891 -9.90928 -9.0264 -8.78492 
2.2 -19.9812 -11.9264 -9.88537 -9.0241 -8.77961 
2.22 -20.5066 -11.8556 -9.85458 -9.01636 -8.76807 
2.24 -21.0866 -11.7776 -9.8173 -9.00339 -8.75061 
2.26 -21.7297 -11.6928 -9.77392 -8.98539 -8.72751 
2.28 -22.4472 -11.6019 -9.72481 -8.96257 -8.69906 
2.3 -23.2538 -11.5053 -9.67035 -8.93512 -8.66555 
2.32 -24.1697 -11.4036 -9.61091 -8.90323 -8.62727 
2.34 -25.2226 -11.2975 -9.54689 -8.86711 -8.58452 
2.36 -26.4534 -11.1873 -9.47867 -8.82696 -8.53761 
2.38 -27.9247 -11.0736 -9.40663 -8.78298 -8.48684 
2.4 -29.7401 -10.9568 -9.33116 -8.73541 -8.43253 
2.42 -32.0899 -10.8376 -9.25266 -8.68445 -8.375 
2.44 -35.3851 -10.7163 -9.17152 -8.63034 -8.31457 
2.46 -40.8022 -10.5934 -9.08812 -8.57332 -8.25156 
2.48 -52.0518 -10.4694 -9.00285 -8.51364 -8.1863 
2.5 -41.8599 -10.3446 -8.91609 -8.45155 -8.11911 
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Table 10.5: Extracted data for the response of S21	to Air at various variable capac- 
itance values. the frequency range is (0.5-2.5) GHz with a step size of 20 MHz 

 

Freq [GHz] S21 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

0.5 -11.3029 -3.62853 -1.62114 -0.97305 -0.62782 
0.52 -10.9999 -3.44329 -1.51704 -0.91435 -0.58672 
0.54 -10.7086 -3.26811 -1.42162 -0.86024 -0.55088 
0.56 -10.4279 -3.10218 -1.33398 -0.81032 -0.51965 
0.58 -10.1569 -2.94478 -1.2534 -0.76423 -0.49249 
0.6 -9.89484 -2.79535 -1.17921 -0.72171 -0.46891 
0.62 -9.64094 -2.65339 -1.11087 -0.68253 -0.44853 
0.64 -9.39457 -2.51848 -1.04788 -0.64649 -0.43097 
0.66 -9.15517 -2.39027 -0.98983 -0.61342 -0.41594 
0.68 -8.92223 -2.26846 -0.93635 -0.58318 -0.40317 
0.7 -8.69533 -2.15281 -0.8871 -0.55565 -0.39242 
0.72 -8.47408 -2.04308 -0.8418 -0.53071 -0.3835 
0.74 -8.25814 -1.93911 -0.8002 -0.50825 -0.37623 
0.76 -8.04725 -1.84071 -0.76206 -0.48818 -0.37044 
0.78 -7.84115 -1.74773 -0.72717 -0.47039 -0.366 
0.8 -7.63966 -1.66004 -0.69534 -0.4548 -0.36278 
0.82 -7.44261 -1.5775 -0.66641 -0.44132 -0.36067 
0.84 -7.24988 -1.49998 -0.64021 -0.42984 -0.35958 
0.86 -7.06137 -1.42736 -0.61659 -0.42028 -0.35941 
0.88 -6.87701 -1.3595 -0.59541 -0.41254 -0.3601 
0.9 -6.69678 -1.29627 -0.57654 -0.40651 -0.36156 
0.92 -6.52065 -1.23753 -0.55985 -0.40211 -0.36373 
0.94 -6.34864 -1.18315 -0.54523 -0.39923 -0.36657 
0.96 -6.18077 -1.13297 -0.53255 -0.39776 -0.37001 
0.98 -6.0171 -1.08684 -0.52172 -0.39761 -0.374 
1 -5.85769 -1.0446 -0.51263 -0.39867 -0.37852 
1.02 -5.70261 -1.0061 -0.50517 -0.40084 -0.38351 
1.04 -5.55196 -0.97117 -0.49924 -0.40401 -0.38894 
1.06 -5.40584 -0.93965 -0.49476 -0.4081 -0.39478 
1.08 -5.26437 -0.91136 -0.49164 -0.413 -0.401 
1.1 -5.12766 -0.88615 -0.48979 -0.41862 -0.40757 
1.12 -4.99583 -0.86384 -0.48914 -0.42487 -0.41447 
1.14 -4.86902 -0.84429 -0.4896 -0.43167 -0.42168 
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Table 10.5 continued from previous page 

Freq [GHz] S21 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

1.16 -4.74735 -0.82733 -0.49111 -0.43895 -0.42917 
1.18 -4.63097 -0.81283 -0.4936 -0.44664 -0.43694 
1.2 -4.52 -0.80064 -0.49702 -0.45467 -0.44496 
1.22 -4.4146 -0.79063 -0.50132 -0.46299 -0.45324 
1.24 -4.31489 -0.78269 -0.50645 -0.47156 -0.46175 
1.26 -4.22101 -0.77672 -0.51237 -0.48035 -0.47051 
1.28 -4.13313 -0.77262 -0.51907 -0.48933 -0.47951 
1.3 -4.05138 -0.77032 -0.52653 -0.49849 -0.48875 
1.32 -3.97592 -0.76977 -0.53475 -0.50783 -0.49826 
1.34 -3.90693 -0.77093 -0.54372 -0.51737 -0.50806 
1.36 -3.84458 -0.77379 -0.55349 -0.52713 -0.51816 
1.38 -3.78908 -0.77835 -0.56409 -0.53717 -0.52862 
1.4 -3.74066 -0.78465 -0.57557 -0.54754 -0.53949 
1.42 -3.69958 -0.79275 -0.58804 -0.55832 -0.55083 
1.44 -3.66616 -0.80275 -0.60158 -0.56961 -0.56272 
1.46 -3.64075 -0.81477 -0.61636 -0.58155 -0.57529 
1.48 -3.62379 -0.829 -0.63254 -0.59429 -0.58865 
1.5 -3.6158 -0.84564 -0.65036 -0.60801 -0.60299 
1.52 -3.61743 -0.86499 -0.67009 -0.62293 -0.6185 
1.54 -3.62945 -0.88739 -0.69208 -0.63934 -0.63545 
1.56 -3.65283 -0.91326 -0.71679 -0.65755 -0.65417 
1.58 -3.68874 -0.94314 -0.74475 -0.67797 -0.67506 
1.6 -3.73867 -0.97768 -0.77664 -0.70107 -0.69863 
1.62 -3.80445 -1.01769 -0.81334 -0.72745 -0.72552 
1.64 -3.88841 -1.06418 -0.85594 -0.75783 -0.75656 
1.66 -3.99349 -1.11841 -0.90582 -0.79313 -0.79277 
1.68 -4.12345 -1.18196 -0.96478 -0.83448 -0.83549 
1.7 -4.28315 -1.25686 -1.03513 -0.88333 -0.88644 
1.72 -4.47892 -1.34568 -1.1199 -0.94153 -0.94786 
1.74 -4.71912 -1.45176 -1.22309 -1.01147 -1.02268 
1.76 -5.01492 -1.57946 -1.35 -1.09627 -1.11479 
1.78 -5.3815 -1.73451 -1.50776 -1.20004 -1.22938 
1.8 -5.83983 -1.92457 -1.70606 -1.32827 -1.37342 
1.82 -6.41942 -2.15995 -1.95811 -1.48832 -1.55635 
1.84 -7.1627 -2.45466 -2.28214 -1.69016 -1.79106 
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Table 10.5 continued from previous page 

Freq [GHz] S21 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

1.86 -8.13207 -2.82794 -2.70336 -1.94743 -2.09523 
1.88 -9.42081 -3.30648 -3.25686 -2.27891 -2.49314 
1.9 -11.1659 -3.92755 -3.9915 -2.71052 -3.01818 
1.92 -13.5239 -4.74356 -4.97531 -3.27814 -3.71612 
1.94 -16.2673 -5.82872 -6.30323 -4.03143 -4.64939 
1.96 -16.9826 -7.28823 -8.10713 -5.03892 -5.90289 
1.98 -14.1475 -9.26707 -10.5584 -6.39504 -7.59187 
2 -10.9425 -11.9191 -13.743 -8.22858 -9.86814 
2.02 -8.44593 -15.005 -16.5566 -10.7001 -12.8687 
2.04 -6.59278 -16.1747 -15.6772 -13.8557 -16.1292 
2.06 -5.22314 -13.8755 -12.8072 -16.5129 -16.7433 
2.08 -4.20935 -11.1323 -10.3923 -15.5952 -14.2052 
2.1 -3.4567 -9.01826 -8.61983 -12.839 -11.624 
2.12 -2.89541 -7.46725 -7.31835 -10.5013 -9.6792 
2.14 -2.47433 -6.32061 -6.3447 -8.77261 -8.24643 
2.16 -2.15618 -5.45955 -5.60208 -7.49685 -7.17364 
2.18 -1.91397 -4.80276 -5.02581 -6.53889 -6.35411 
2.2 -1.72812 -4.29462 -4.57189 -5.80607 -5.71648 
2.22 -1.58446 -3.89652 -4.20969 -5.23606 -5.21246 
2.24 -1.47265 -3.58118 -3.91748 -4.78622 -4.80863 
2.26 -1.38513 -3.32904 -3.67954 -4.42677 -4.48132 
2.28 -1.31633 -3.12582 -3.48427 -4.13651 -4.21346 
2.3 -1.26209 -2.96095 -3.32301 -3.90004 -3.99247 
2.32 -1.21932 -2.82652 -3.18919 -3.70599 -3.80893 
2.34 -1.18568 -2.7165 -3.07774 -3.54583 -3.6557 
2.36 -1.1594 -2.62626 -2.98473 -3.41306 -3.52727 
2.38 -1.13911 -2.55219 -2.90704 -3.30268 -3.41933 
2.4 -1.12379 -2.49145 -2.84219 -3.21076 -3.32847 
2.42 -1.11265 -2.44178 -2.7882 -3.1342 -3.25199 
2.44 -1.10507 -2.40137 -2.74344 -3.07054 -3.18769 
2.46 -1.1006 -2.36875 -2.70657 -3.01776 -3.13376 
2.48 -1.09886 -2.34272 -2.67649 -2.97424 -3.08874 
2.5 -1.09961 -2.32228 -2.65228 -2.93861 -3.05138 
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Table 10.6: Extracted data for the response of S21	to Teflon at various variable 
capacitance values. the frequency range is (0.5-2.5) GHz with a step size of 20 MHz 

 

Freq [GHz] S21 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

0.5 -11.2062 -3.47125 -1.6213 -0.85321 -0.62403 
0.52 -10.8998 -3.28059 -1.51482 -0.7957 -0.59056 
0.54 -10.6055 -3.10252 -1.4176 -0.74462 -0.55987 
0.56 -10.3223 -2.93598 -1.32866 -0.69924 -0.53181 
0.58 -10.0492 -2.78006 -1.24719 -0.6589 -0.50621 
0.6 -9.78554 -2.63393 -1.17247 -0.62305 -0.48296 
0.62 -9.53047 -2.49684 -1.10386 -0.59123 -0.46195 
0.64 -9.28342 -2.36816 -1.04084 -0.56301 -0.44308 
0.66 -9.04383 -2.2473 -0.98291 -0.53803 -0.42626 
0.68 -8.8112 -2.13373 -0.92967 -0.51597 -0.41141 
0.7 -8.58509 -2.027 -0.88076 -0.49657 -0.39845 
0.72 -8.36513 -1.92668 -0.83585 -0.47958 -0.3873 
0.74 -8.15098 -1.8324 -0.79465 -0.46479 -0.37788 
0.76 -7.94236 -1.74381 -0.75692 -0.45199 -0.3701 
0.78 -7.73901 -1.66061 -0.72244 -0.44104 -0.3639 
0.8 -7.54073 -1.58253 -0.69099 -0.43177 -0.35918 
0.82 -7.34734 -1.5093 -0.6624 -0.42405 -0.35587 
0.84 -7.1587 -1.4407 -0.6365 -0.41775 -0.35388 
0.86 -6.97468 -1.37652 -0.61315 -0.41278 -0.35312 
0.88 -6.79521 -1.31654 -0.59219 -0.40903 -0.35352 
0.9 -6.62022 -1.26061 -0.57352 -0.4064 -0.35498 
0.92 -6.44968 -1.20854 -0.557 -0.40483 -0.35743 
0.94 -6.28356 -1.16017 -0.54252 -0.40424 -0.36078 
0.96 -6.12188 -1.11537 -0.52998 -0.40455 -0.36495 
0.98 -5.96465 -1.07398 -0.51928 -0.40571 -0.36986 
1 -5.81191 -1.03588 -0.51033 -0.40767 -0.37544 
1.02 -5.66373 -1.00094 -0.50304 -0.41037 -0.38162 
1.04 -5.52016 -0.96904 -0.49731 -0.41376 -0.38833 
1.06 -5.3813 -0.94009 -0.49308 -0.41781 -0.39551 
1.08 -5.24723 -0.91396 -0.49027 -0.42248 -0.40309 
1.1 -5.11808 -0.89056 -0.4888 -0.42774 -0.41103 
1.12 -4.99395 -0.86981 -0.48861 -0.43356 -0.41927 
1.14 -4.87499 -0.85162 -0.48963 -0.43992 -0.42778 
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Table 10.6 continued from previous page 

Freq [GHz] S21 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

1.16 -4.76133 -0.83592 -0.49182 -0.44681 -0.43652 
1.18 -4.65313 -0.82264 -0.49511 -0.45422 -0.44546 
1.2 -4.55057 -0.81174 -0.49949 -0.46214 -0.45459 
1.22 -4.45384 -0.80317 -0.5049 -0.4706 -0.46389 
1.24 -4.36313 -0.7969 -0.51133 -0.4796 -0.47337 
1.26 -4.27869 -0.79294 -0.51877 -0.48918 -0.48304 
1.28 -4.20077 -0.79129 -0.52724 -0.4994 -0.49292 
1.3 -4.12967 -0.792 -0.53674 -0.51031 -0.50305 
1.32 -4.06572 -0.79513 -0.54734 -0.52202 -0.5135 
1.34 -4.00932 -0.80081 -0.5591 -0.53465 -0.52434 
1.36 -3.96093 -0.80917 -0.57213 -0.54837 -0.53568 
1.38 -3.92109 -0.82044 -0.58659 -0.5634 -0.54766 
1.4 -3.89048 -0.83489 -0.60265 -0.58002 -0.56046 
1.42 -3.86988 -0.85292 -0.6206 -0.59861 -0.57432 
1.44 -3.86028 -0.87502 -0.64077 -0.61968 -0.58952 
1.46 -3.8629 -0.90184 -0.66361 -0.64389 -0.60647 
1.48 -3.87926 -0.93423 -0.68973 -0.6721 -0.62564 
1.5 -3.91128 -0.97334 -0.71989 -0.70551 -0.6477 
1.52 -3.96141 -1.02065 -0.75511 -0.74571 -0.67349 
1.54 -4.03283 -1.07815 -0.79677 -0.79492 -0.70412 
1.56 -4.12966 -1.14855 -0.84667 -0.8562 -0.7411 
1.58 -4.25741 -1.23552 -0.90729 -0.93388 -0.78647 
1.6 -4.42346 -1.34414 -0.98201 -1.03414 -0.843 
1.62 -4.63792 -1.48155 -1.07551 -1.166 -0.91454 
1.64 -4.91491 -1.65796 -1.19441 -1.34281 -1.00655 
1.66 -5.27454 -1.88816 -1.34815 -1.5846 -1.12679 
1.68 -5.7462 -2.19403 -1.55049 -1.922 -1.28656 
1.7 -6.37399 -2.60848 -1.82171 -2.40231 -1.50249 
1.72 -7.22614 -3.18181 -2.19221 -3.09906 -1.79949 
1.74 -8.41126 -3.99202 -2.7081 -4.1265 -2.21518 
1.76 -10.1038 -5.16111 -3.43994 -5.66019 -2.80689 
1.78 -12.5462 -6.87973 -4.49597 -7.96184 -3.66202 
1.8 -15.5648 -9.4287 -6.04152 -11.3438 -4.91286 
1.82 -15.7952 -12.9791 -8.32173 -15.1478 -6.75639 
1.84 -12.0957 -15.3225 -11.6117 -14.5322 -9.46666 
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Table 10.6 continued from previous page 

Freq [GHz] S21 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

1.86 -8.68648 -12.7185 -15.1535 -11.1843 -13.1903 
1.88 -6.26804 -9.53244 -14.3994 -8.6506 -15.7493 
1.9 -4.60765 -7.30252 -11.1017 -6.94285 -13.3857 
1.92 -3.47561 -5.79222 -8.56293 -5.76804 -10.328 
1.94 -2.70375 -4.74717 -6.8298 -4.93386 -8.16165 
1.96 -2.17457 -4.00485 -5.62918 -4.324 -6.67542 
1.98 -1.80828 -3.46443 -4.77409 -3.86672 -5.62971 
2 -1.55168 -3.06223 -4.14882 -3.51635 -4.87242 
2.02 -1.36961 -2.7571 -3.68086 -3.2429 -4.30966 
2.04 -1.23876 -2.52173 -3.32357 -3.02615 -3.88211 
2.06 -1.14361 -2.33763 -3.04611 -2.85207 -3.55111 
2.08 -1.0737 -2.19197 -2.82756 -2.71076 -3.2908 
2.1 -1.02189 -2.07567 -2.6534 -2.59502 -3.08338 
2.12 -0.98323 -1.98219 -2.51332 -2.49958 -2.91634 
2.14 -0.95427 -1.90671 -2.39987 -2.42047 -2.78067 
2.16 -0.93254 -1.84566 -2.30757 -2.35467 -2.6698 
2.18 -0.91629 -1.79632 -2.23228 -2.29987 -2.5788 
2.2 -0.90424 -1.75659 -2.17089 -2.25423 -2.50394 
2.22 -0.89545 -1.72487 -2.12096 -2.21634 -2.44236 
2.24 -0.88924 -1.69987 -2.08062 -2.18503 -2.39181 
2.26 -0.88509 -1.68058 -2.04836 -2.15938 -2.35052 
2.28 -0.88264 -1.66618 -2.02299 -2.13863 -2.31707 
2.3 -0.8816 -1.65599 -2.00351 -2.12216 -2.2903 
2.32 -0.88178 -1.64947 -1.98914 -2.10945 -2.26932 
2.34 -0.88302 -1.64618 -1.9792 -2.10006 -2.25339 
2.36 -0.88522 -1.64571 -1.97315 -2.09364 -2.24191 
2.38 -0.88833 -1.64775 -1.9705 -2.08988 -2.23433 
2.4 -0.89229 -1.65203 -1.97086 -2.08849 -2.23017 
2.42 -0.8971 -1.6583 -1.97387 -2.08926 -2.22901 
2.44 -0.90275 -1.66636 -1.97922 -2.09198 -2.23049 
2.46 -0.90926 -1.67602 -1.98666 -2.09647 -2.23431 
2.48 -0.91666 -1.68713 -1.99594 -2.10258 -2.24019 
2.5 -0.92498 -1.69953 -2.00684 -2.11016 -2.24789 
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Table 10.7: Extracted data for the response of S21	to RO 3003 at various variable 
capacitance values. the frequency range is (0.5-2.5) GHz with a step size of 20 MHz 

 

Freq [GHz] S21 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

0.5 -11.2147 -3.54106 -1.62258 -0.89882 -0.62556 
0.52 -10.9087 -3.34884 -1.51672 -0.8431 -0.59215 
0.54 -10.6147 -3.16901 -1.41996 -0.7923 -0.56139 
0.56 -10.3317 -3.00052 -1.33137 -0.74596 -0.53316 
0.58 -10.0589 -2.84242 -1.25014 -0.70371 -0.50735 
0.6 -9.79544 -2.69389 -1.17558 -0.66522 -0.48385 
0.62 -9.5406 -2.55421 -1.10707 -0.63022 -0.4626 
0.64 -9.29377 -2.42275 -1.0441 -0.59845 -0.44349 
0.66 -9.0544 -2.29892 -0.9862 -0.56972 -0.42647 
0.68 -8.822 -2.18224 -0.93297 -0.54383 -0.41144 
0.7 -8.59615 -2.07225 -0.88406 -0.52061 -0.39833 
0.72 -8.37646 -1.96858 -0.83914 -0.4999 -0.38706 
0.74 -8.16262 -1.87086 -0.79795 -0.48156 -0.37756 
0.76 -7.95433 -1.77878 -0.76024 -0.46546 -0.36974 
0.78 -7.75136 -1.69207 -0.72577 -0.45146 -0.36352 
0.8 -7.55351 -1.61047 -0.69437 -0.43944 -0.35882 
0.82 -7.36062 -1.53376 -0.66583 -0.42928 -0.35554 
0.84 -7.17255 -1.46174 -0.64 -0.42088 -0.35361 
0.86 -6.9892 -1.39421 -0.61673 -0.41412 -0.35293 
0.88 -6.81051 -1.331 -0.59588 -0.4089 -0.35342 
0.9 -6.63643 -1.27196 -0.57733 -0.40511 -0.35499 
0.92 -6.46694 -1.21693 -0.56094 -0.40266 -0.35757 
0.94 -6.30204 -1.16579 -0.54661 -0.40145 -0.36105 
0.96 -6.14177 -1.11839 -0.53424 -0.40139 -0.36538 
0.98 -5.98617 -1.07463 -0.52373 -0.40239 -0.37045 
1 -5.83532 -1.03437 -0.51498 -0.40437 -0.37622 
1.02 -5.6893 -0.99751 -0.50792 -0.40726 -0.38259 
1.04 -5.54821 -0.96394 -0.50245 -0.41097 -0.38951 
1.06 -5.4122 -0.93356 -0.4985 -0.41545 -0.39691 
1.08 -5.28139 -0.90627 -0.49601 -0.42064 -0.40475 
1.1 -5.15596 -0.88199 -0.49491 -0.42648 -0.41296 
1.12 -5.03609 -0.86064 -0.49514 -0.43293 -0.42151 
1.14 -4.92199 -0.84213 -0.49666 -0.43995 -0.43036 



78  

Table 10.7 continued from previous page 

Freq [GHz] S21 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

1.16 -4.81389 -0.8264 -0.49943 -0.44751 -0.43948 
1.18 -4.71205 -0.8134 -0.50341 -0.45561 -0.44887 
1.2 -4.61678 -0.80308 -0.5086 -0.46424 -0.45851 
1.22 -4.5284 -0.79542 -0.51499 -0.47341 -0.46841 
1.24 -4.44731 -0.79042 -0.52261 -0.48317 -0.4786 
1.26 -4.37396 -0.78808 -0.53148 -0.49355 -0.48912 
1.28 -4.30888 -0.78848 -0.54168 -0.50464 -0.50004 
1.3 -4.25271 -0.79169 -0.55333 -0.51657 -0.51146 
1.32 -4.20621 -0.79785 -0.56656 -0.52948 -0.52351 
1.34 -4.17031 -0.80716 -0.58158 -0.54359 -0.53637 
1.36 -4.14616 -0.81991 -0.59868 -0.55918 -0.55029 
1.38 -4.13519 -0.83647 -0.61825 -0.57663 -0.5656 
1.4 -4.13921 -0.85737 -0.6408 -0.59645 -0.58273 
1.42 -4.16056 -0.88329 -0.66701 -0.61932 -0.60227 
1.44 -4.20227 -0.91518 -0.69784 -0.64615 -0.625 
1.46 -4.26833 -0.95429 -0.73456 -0.6782 -0.652 
1.48 -4.36411 -1.00236 -0.77894 -0.71721 -0.68476 
1.5 -4.49697 -1.06175 -0.83343 -0.7656 -0.72534 
1.52 -4.67716 -1.13573 -0.90152 -0.82685 -0.7767 
1.54 -4.91934 -1.22897 -0.98822 -0.90601 -0.84309 
1.56 -5.245 -1.34814 -1.10089 -1.01052 -0.93075 
1.58 -5.68667 -1.50303 -1.25057 -1.15167 -1.04907 
1.6 -6.29521 -1.7083 -1.45418 -1.34692 -1.21245 
1.62 -7.15338 -1.98645 -1.73828 -1.62388 -1.4435 
1.64 -8.40107 -2.37283 -2.14552 -2.02718 -1.77845 
1.66 -10.2778 -2.92435 -2.74586 -2.63024 -2.27642 
1.68 -13.1056 -3.73452 -3.65553 -3.55481 -3.03504 
1.7 -15.94 -4.95916 -5.06834 -5.00157 -4.21527 
1.72 -13.5651 -6.85552 -7.29933 -7.28842 -6.07657 
1.74 -9.2844 -9.79355 -10.759 -10.7981 -8.99748 
1.76 -6.23454 -13.5367 -14.525 -14.4542 -13.0554 
1.78 -4.265 -13.4549 -12.9341 -12.8477 -14.3924 
1.8 -3.02207 -9.89775 -9.41983 -9.48135 -11.0891 
1.82 -2.24315 -7.18542 -7.02091 -7.16516 -8.26803 
1.84 -1.75287 -5.43094 -5.47678 -5.66173 -6.42699 
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Table 10.7 continued from previous page 

Freq [GHz] S21 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

1.86 -1.44053 -4.28227 -4.45235 -4.65594 -5.21111 
1.88 -1.23843 -3.50695 -3.74784 -3.95841 -4.37862 
1.9 -1.10548 -2.96722 -3.24727 -3.45865 -3.7886 
1.92 -1.01667 -2.58073 -2.88143 -3.09045 -3.3577 
1.94 -0.9565 -2.29705 -2.60758 -2.81271 -3.03491 
1.96 -0.91527 -2.08439 -2.39847 -2.59903 -2.78795 
1.98 -0.88674 -1.92214 -2.23615 -2.43195 -2.59567 
2 -0.86686 -1.79658 -2.1085 -2.2996 -2.44383 
2.02 -0.85294 -1.69832 -2.0071 -2.19368 -2.32258 
2.04 -0.84319 -1.62082 -1.92597 -2.10825 -2.22494 
2.06 -0.83637 -1.55941 -1.86079 -2.03902 -2.14585 
2.08 -0.83165 -1.51069 -1.80837 -1.98276 -2.0816 
2.1 -0.82845 -1.47215 -1.76631 -1.93708 -2.02938 
2.12 -0.82635 -1.44189 -1.73278 -1.90011 -1.98706 
2.14 -0.82509 -1.41849 -1.70636 -1.87042 -1.95298 
2.16 -0.82446 -1.40083 -1.68596 -1.84688 -1.92584 
2.18 -0.82433 -1.38803 -1.67068 -1.82859 -1.90461 
2.2 -0.82462 -1.3794 -1.65983 -1.81482 -1.88847 
2.22 -0.82528 -1.37439 -1.65283 -1.80499 -1.87673 
2.24 -0.82628 -1.37254 -1.6492 -1.7986 -1.86884 
2.26 -0.82761 -1.3735 -1.64856 -1.79526 -1.86434 
2.28 -0.82928 -1.37694 -1.65057 -1.79463 -1.86283 
2.3 -0.83131 -1.38261 -1.65495 -1.79642 -1.86399 
2.32 -0.83373 -1.39029 -1.66147 -1.80038 -1.86753 
2.34 -0.83659 -1.39979 -1.6699 -1.80631 -1.87319 
2.36 -0.83992 -1.41094 -1.68007 -1.81402 -1.88078 
2.38 -0.84379 -1.42359 -1.69181 -1.82334 -1.89008 
2.4 -0.84827 -1.43761 -1.70496 -1.83413 -1.90094 
2.42 -0.85341 -1.45288 -1.71941 -1.84626 -1.91319 
2.44 -0.85931 -1.46929 -1.73501 -1.8596 -1.92669 
2.46 -0.86605 -1.48673 -1.75166 -1.87406 -1.94132 
2.48 -0.87372 -1.50511 -1.76925 -1.88951 -1.95695 
2.5 -0.88241 -1.52433 -1.78767 -1.90587 -1.97347 
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Table 10.8: Extracted data for the response of S21	to FR4 at various variable capac- 
itance values. the frequency range is (0.5-2.5) GHz with a step size of 20 MHz 

 

Freq [GHz] S21 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

0.5 -11.061 -3.45065 -1.56499 -0.84415 -0.59281 
0.52 -10.7498 -3.2583 -1.46343 -0.78732 -0.55738 
0.54 -10.4512 -3.07893 -1.37033 -0.73685 -0.52612 
0.56 -10.1643 -2.91145 -1.28489 -0.69201 -0.49856 
0.58 -9.88822 -2.75488 -1.20644 -0.65216 -0.47429 
0.6 -9.62222 -2.60838 -1.13437 -0.61675 -0.45296 
0.62 -9.36564 -2.47116 -1.06815 -0.58534 -0.43427 
0.64 -9.11788 -2.34256 -1.00734 -0.5575 -0.41799 
0.66 -8.8784 -2.22198 -0.95153 -0.53289 -0.4039 
0.68 -8.64674 -2.10886 -0.90034 -0.51121 -0.39181 
0.7 -8.42248 -2.00272 -0.85346 -0.49218 -0.38156 
0.72 -8.20525 -1.90315 -0.81061 -0.47556 -0.37301 
0.74 -7.99472 -1.80973 -0.7715 -0.46115 -0.36605 
0.76 -7.79062 -1.72214 -0.73591 -0.44877 -0.36056 
0.78 -7.59271 -1.64005 -0.70362 -0.43825 -0.35645 
0.8 -7.40077 -1.56319 -0.67442 -0.42945 -0.35362 
0.82 -7.21465 -1.4913 -0.64814 -0.42223 -0.35201 
0.84 -7.03419 -1.42415 -0.62461 -0.41648 -0.35152 
0.86 -6.8593 -1.36153 -0.60367 -0.41209 -0.35211 
0.88 -6.6899 -1.30325 -0.58518 -0.40898 -0.35369 
0.9 -6.52594 -1.24915 -0.56901 -0.40706 -0.35622 
0.92 -6.36741 -1.19907 -0.55503 -0.40625 -0.35963 
0.94 -6.21431 -1.15288 -0.54313 -0.4065 -0.36388 
0.96 -6.0667 -1.11044 -0.53322 -0.40774 -0.3689 
0.98 -5.92466 -1.07165 -0.5252 -0.40992 -0.37466 
1 -5.78828 -1.03642 -0.51899 -0.41301 -0.38111 
1.02 -5.65772 -1.00466 -0.51452 -0.41697 -0.38821 
1.04 -5.53316 -0.97632 -0.51174 -0.42178 -0.39594 
1.06 -5.41485 -0.95134 -0.5106 -0.42743 -0.40425 
1.08 -5.30307 -0.9297 -0.51107 -0.43393 -0.41315 
1.1 -5.19817 -0.9114 -0.51316 -0.44128 -0.42263 
1.12 -5.10058 -0.89648 -0.51688 -0.44953 -0.4327 
1.14 -5.01085 -0.88499 -0.52228 -0.45874 -0.44339 
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Table 10.8 continued from previous page 

Freq [GHz] S21 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

1.16 -4.9296 -0.87705 -0.52944 -0.469 -0.45478 
1.18 -4.85764 -0.87284 -0.5385 -0.48044 -0.46695 
1.2 -4.79597 -0.87261 -0.54967 -0.49324 -0.48007 
1.22 -4.74582 -0.8767 -0.56323 -0.50767 -0.49434 
1.24 -4.70881 -0.88561 -0.57958 -0.52409 -0.51008 
1.26 -4.68695 -0.9 -0.59927 -0.54298 -0.52773 
1.28 -4.68294 -0.92082 -0.62311 -0.56505 -0.54792 
1.3 -4.70031 -0.94935 -0.65219 -0.59127 -0.57154 
1.32 -4.74387 -0.98741 -0.6881 -0.62302 -0.59988 
1.34 -4.82024 -1.03757 -0.73308 -0.66233 -0.6348 
1.36 -4.93878 -1.10356 -0.79049 -0.71216 -0.67909 
1.38 -5.11311 -1.19088 -0.86531 -0.77702 -0.73694 
1.4 -5.36353 -1.30784 -0.96521 -0.86383 -0.81485 
1.42 -5.7215 -1.46736 -1.10231 -0.98364 -0.92316 
1.44 -6.23751 -1.69015 -1.29635 -1.15456 -1.07876 
1.46 -6.99585 -2.01055 -1.58056 -1.40727 -1.31025 
1.48 -8.14102 -2.48746 -2.01267 -1.7955 -1.66742 
1.5 -9.90872 -3.22495 -2.69567 -2.41581 -2.23924 
1.52 -12.4477 -4.40869 -3.81423 -3.44295 -3.18595 
1.54 -13.7163 -6.34893 -5.68079 -5.17829 -4.78515 
1.56 -10.346 -9.31884 -8.64516 -8.00834 -7.42584 
1.58 -6.6307 -11.5369 -11.5679 -11.2879 -10.897 
1.6 -4.21696 -9.31357 -10.1639 -10.6902 -11.3624 
1.62 -2.81047 -6.45759 -7.29555 -7.82355 -8.56883 
1.64 -2.01896 -4.59653 -5.32825 -5.74689 -6.30466 
1.66 -1.57398 -3.45317 -4.09637 -4.44012 -4.85737 
1.68 -1.31946 -2.7338 -3.307 -3.60279 -3.9266 
1.7 -1.17013 -2.2641 -2.78139 -3.04509 -3.30533 
1.72 -1.07996 -1.94601 -2.41814 -2.65924 -2.87444 
1.74 -1.02378 -1.72354 -2.1588 -2.38329 -2.56531 
1.76 -0.98756 -1.56366 -1.96851 -2.18037 -2.3371 
1.78 -0.96328 -1.44619 -1.82571 -2.02768 -2.1646 
1.8 -0.94623 -1.35836 -1.71661 -1.91065 -2.03168 
1.82 -0.93364 -1.29183 -1.63205 -1.81962 -1.9277 
1.84 -0.92381 -1.24099 -1.56582 -1.74801 -1.84538 
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Table 10.8 continued from previous page 

Freq [GHz] S21 [dB] 
VC= 1 pF VC= 3 pF VC= 5 pF VC= 7 pF VC= 9 pF 

1.86 -0.91571 -1.20196 -1.51358 -1.69122 -1.77965 
1.88 -0.90872 -1.17202 -1.47224 -1.64596 -1.72689 
1.9 -0.90246 -1.1492 -1.43952 -1.60982 -1.68443 
1.92 -0.89668 -1.13204 -1.41375 -1.58101 -1.6503 
1.94 -0.89126 -1.11948 -1.39368 -1.55817 -1.62301 
1.96 -0.88613 -1.11071 -1.37833 -1.54028 -1.6014 
1.98 -0.88124 -1.10509 -1.36696 -1.52652 -1.58459 
2 -0.87658 -1.10215 -1.35897 -1.51626 -1.57185 
2.02 -0.87215 -1.10151 -1.35391 -1.509 -1.56264 
2.04 -0.86797 -1.10287 -1.35141 -1.50434 -1.55648 
2.06 -0.86404 -1.10601 -1.35116 -1.50195 -1.55302 
2.08 -0.8604 -1.11072 -1.35293 -1.50156 -1.55193 
2.1 -0.85705 -1.11685 -1.35651 -1.50295 -1.55298 
2.12 -0.85402 -1.12429 -1.36173 -1.50596 -1.55593 
2.14 -0.85133 -1.13293 -1.36847 -1.51042 -1.56062 
2.16 -0.849 -1.14269 -1.37659 -1.51622 -1.56688 
2.18 -0.84706 -1.15349 -1.38601 -1.52325 -1.57459 
2.2 -0.84551 -1.16528 -1.39664 -1.53141 -1.58363 
2.22 -0.84439 -1.178 -1.40839 -1.54064 -1.5939 
2.24 -0.84371 -1.19162 -1.4212 -1.55087 -1.60532 
2.26 -0.8435 -1.20609 -1.43502 -1.56204 -1.6178 
2.28 -0.84378 -1.22137 -1.44979 -1.5741 -1.63128 
2.3 -0.84458 -1.23744 -1.46545 -1.58701 -1.6457 
2.32 -0.84591 -1.25425 -1.48196 -1.60072 -1.66101 
2.34 -0.84781 -1.27178 -1.49927 -1.6152 -1.67714 
2.36 -0.85031 -1.29 -1.51733 -1.63041 -1.69406 
2.38 -0.85344 -1.30888 -1.53611 -1.64633 -1.71171 
2.4 -0.85722 -1.32838 -1.55556 -1.66291 -1.73007 
2.42 -0.8617 -1.34848 -1.57564 -1.68014 -1.74908 
2.44 -0.86692 -1.36915 -1.59629 -1.69798 -1.76872 
2.46 -0.87291 -1.39034 -1.61749 -1.71639 -1.78895 
2.48 -0.87971 -1.41202 -1.63918 -1.73536 -1.80972 
2.5 -0.88738 -1.43417 -1.66133 -1.75485 -1.831 
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