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ABSTRACT
There is a need for the use of electromagnetic absorbing materials within interconnect
designs to eliminate resonances in the throughput and noise parameters, however, a learning curve
exists for using these materials in close proximity to high-speed differential pairs commonly used
in interconnect applications. This study successfully reduces the Integrated Crosstalk Noise (ICN)
of an interconnect by 42% and Insertion Loss Deviation (ILD) by 44% by utilizing a carbon-loaded
LCP acting as a dielectric absorber within the interconnect. Current literature characterizes carbon
nanotube and carbon black composites acting as dielectric absorbers, however, these studies focus
mainly on shielding applications far away from high-speed differential signaling. These studies
also did not offer a desirable electrical model conducive for 3D Finite Element Method (FEM)
modeling. Conversely, literature which does develop a proper electrical model which can be used
in 3D FEM software often develops models for printed circuit board (PCB) materials or other
materials with drastically different material characteristics as compared to a dielectric absorber. To
date, there has been no study conducted on characterizing a dielectric absorber for use in
interconnect applications.

To overcome this learning curve this study sets forth a way of

understanding the inherent material properties of a Carbon-loaded Liquid Crystal Polymer (LCP)
functioning as a dielectric absorber within an interconnect. This study will show why a dielectric
absorber is the best choice for interconnect applications. The type of dielectric absorber used in
this study is an LCP loaded with 26% volume carbon black powder. In addition, the proper loading
of the material above the percolation threshold will be discussed, a Line-Line material
characterization test method is presented and validated, a Genetic Algorithm is used to match the
material properties to a Multipole Debye Dielectric model, and finally an end application using a
dielectric absorber is shown. Using the type of dielectric absorber developed in this study one can
significantly reduce the cost and complexity of interconnect designs while increasing performance.
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Chapter 1
Introduction

1.1 Research Motivation
Common electrical interconnects used in data communications, such as those used for
server-to-server connections within a communications room or connections within the servers
themselves, are typically designed to accept pluggable cable assemblies. These pluggable cable
assemblies are used to transmit data between various devices within a communication system and
are connected to the various devices through an electrical interconnect. The interconnect is
terminated to the printed circuit board (PCB) of the device. This is done by either a soldering
operation or by an interference fit between compliant pins on the interconnect and holes on the
PCB of the device. The standard way of designing an interconnect that can accept a pluggable
cable assembly on one end and be terminated to a PCB on the other is to have an interconnect which
contains metal contacts suspended in plastic. The metal contacts would be configured to have a
contact beam on one end that can mate to the pluggable cable assembly and the necessary features
on the other end to terminate to the PCB of the device. In addition, the interconnects need to be
designed in accordance with various industry standards such as small-form pluggable (SFP),
enhanced SFP (SFP+), quad SFP (QSFP), and C form-factor pluggable (CFP) to name a few.
Industry standards specify certain requirements and specifications needed for the
interconnect in order for devices to transmit data between one another appropriately.

A

commonality between all of these industry standards is the desire to implement non-return-to-zero
(NRZ) signaling. NRZ signaling is commonly used in high-speed communications due to its
simplicity and therefore straight forward design in both the transmitter and receiver circuit
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architectures [1]. Appropriate NRZ signal performance relies on a favorable signal-to-noise ratio
(SNR) and one of the most dominant detrimental factors in degrading SNR is significant crosstalk
[2]. As a result, minimizing the amount of crosstalk present in an interconnect is essential.
A classic way of minimizing crosstalk is through the use of differential signaling.
Differential signaling, within an interconnect, utilizes two adjacent signal conductors between two
ground (GND) conductors forming a differential pair yielding a G-S-S-G configuration as one
example. This configuration can then be repeated such that there are two ground conductors
between each differential pair (G-S-S-G-G-S-S-G). Alternatively, adjacent differential pairs can
share a ground conductor (G-S-S-G-S-S-G).

Either configuration can then continuously be

repeated to give the required number of differential pairs, however, the latter configuration creates
a denser design allowing more transmit signals within an interconnect and is often used in industry
standards.
These configurations have historically provided enough noise isolation for data rates such
as 3, 5, 10, or even 20Gbps. However, as current and future data rates approach 28, 40, and 56Gbps
simply implementing differential signaling is not creating a favorable SNR. One reason for this is
appearance of unfavorable resonances in the s-parameters. These resonances appear as sharp
upward spikes in the differential noise data and sharp downward spikes in the differential insertion
loss at specific frequencies. Ideally, these resonances would be kept out of the frequency band of
interest. The frequency band of interest for this study will be considered DC to the Nyquist
Frequency for NRZ signaling. For example, the frequency band of interest for a 56Gbps NRZ
signal would be from 0-28 GHz. For lower data rates, most resonant frequencies were high enough
to be out of the frequency band of interest, however, as data rates increase so does the frequency
band of interest. As data rate limits and boundaries continue to get pushed to higher frequencies
the resonances start to appear within the frequency band of interest. When this happens the SNR
degrades as there is a minimal amount of the signal getting through and a high amount of noise
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present. Minimizing or eliminating these resonances is becoming a clear necessity and avenues to
accomplish this have been a focus of research and development for many companies.
There can be many causes for resonances. One cause may be a stub resonance. A stub
resonance happens frequently in PCB design as vias transition signals from one layer to another
and has been researched extensively as shown in [3] [4]. Stub resonances are easy to spot within a
design as the stub length is proportional to frequency. The longer the stub the lower in frequency
the resonance will be [3]. Like PCBs, stub resonances also happen frequently in interconnect
design as mating zones between interconnects and PCBs or between interconnects themselves
require specific “wipe” distances to ensure a proper mechanical and electrical connection. These
stub resonances are sometimes hard to eliminate due to mechanical requirements in applications,
however, they are easy to diagnose as the combination between present computer aided design
(CAD) software and electromagnetic simulation tools allow a designer to quickly eliminate the stub
to observe the effects. In today’s applications, many stub resonance problems have been overcome
due to improvements in industry standards and manufacturing methods which allow tighter
mechanical tolerances.
Another common resonance seen in interconnect design is due to the woven fiber used on
the host and cable assembly PCBs.

These resonances occur when the wavelength of the

propagating signal becomes comparable to the spacing between the fibers of the PCB as discussed
in [5]. This resonance is also straight-forward to diagnose using CAD and electromagnetic
simulation tools. Using these tools, the interconnect can be modeled without the woven structure
to observe any changes in resonances. Also, as shown in [5], if the woven fiber does pose a problem,
one can look at changing the weave type or by rotating the orientation of the woven fiber with
respect to transmission lines.
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One of the most difficult types resonances to control within an interconnect is the resonance
from the GND structure of an interconnect. As previously discussed, a common configuration for
an interconnect is the G-S-S-G-S-S-G configuration as shown in Figure 1-1.

Figure 1-1. Common Electrical Interconnect Structure, G-S-S-G-S-S-G

The different features of this test structure will be explained later, however, the most important
feature at this point to consider is the differential pair configuration and the separation of the GND
conductors in the structure. The red conductors are signal conductors and the green conductors are
GND conductors. Since the GND contacts are separated from each other and not electrically
connected within the interconnect there is an increase in the number of eigenmodes as a result of
the different velocities of propagation on the ground conductors [6]. In addition, the GND contacts
are poorly matched at both ends as the GND contacts become short-circuited to the GND planes of
the PCBs. This causes a strong reflection resulting in crosstalk [6]. At certain resonant frequencies
this strongly reflected wave will create a standing wave along the GND structure inducing noise on
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signal contacts. These resonances can clearly be seen in the throughput and noise parameters which
greatly affect the overall performance of the interconnect.
To show this, the test structure shown in Figure 1-1 was modeled using 3D finite element
method software from 200 MHz to 30 GHz in 200 MHz steps. To create more of a realistic scenario
and for reasons we will see later in this study, two PCBs were added to each end of the structure.
The model used for simulation is shown in Figure 1-2.

Pair A
Pair B

Figure 1-2. Interconnect Structure Simulated

In Figure 1-2, the seven conductors of the interconnect are made up of four signal conductors and
three ground conductors. Two differential pairs, Pair A and Pair B, are created from the four signal
conductors. Pair A and Pair B have a ground contact on each side while the ground contact between
Pair A and Pair B is shared between the pairs. Figures 1-3 and 1-4 show insertion loss (IL) and farend crosstalk (FEXT) results of this model respectively.
can clearly be seen.

The resonances in both of these figures
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Figure 1-3. Differential Insertion Loss

Figure 1-4. Far End X-talk Pair B to A

Eliminating these resonances in the insertion loss and noise is extremely difficult and there
is nothing presented in literature in how to do so. One proven method, known to those in the
interconnect industry, involves short-circuiting the GND contacts within the interconnect. Shortcircuiting the GND contacts together at enough locations within the interconnect will push the
resonances out high enough in frequency so they are out of the frequency band of interest. This
method becomes costly and creates a more complex interconnect design.
Another solution involves terminating each end of the GND contact with a resistor as
discussed in [6]. This will minimize the reflection at each end of the interconnect. This method is
not ideal as it requires extra components to include on both the host and cable assembly PCB.
Adding extra components takes up valuable space and the number of extra components needed will
increase significantly as density gets higher.
A novel solution to this problem involves the use of electromagnetic absorbing materials
within designs to absorb resonances. If implemented correctly, this solution can be effective for
both cost and performance, however, a learning curve exists for using these materials in proximity
to high-speed differential pairs along with there being numerous types of absorbing materials to
choose from. If not used properly the addition of this material into the design will inhibit instead
of aid the overall performance of the design and possibly prevent the interconnect from meeting
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required specifications. For example, if the absorbing material is put too close to the signal
conductors less throughput would be observed since the added material will absorb the signal and
the insertion loss will unfavorably increase. Therefore, there exists a need to be able to accurately
predict the affect this material will have on performance. The most effective means of doing this
from a time and cost perspective is through the use of 3D finite element method solvers. Using this
type of tool will allow users to determine the proper placement of the absorbing material to give
the best performance. The proper placement should be such that the absorbing material absorbs
unwanted resonances from the ground structure in the interconnect, however, it should also be
placed in such a location as to minimally disturb the insertion loss of the differential pair.
To accomplish this, Chapter 2 delves into different types of absorbing materials as a proper
absorber type conducive for interconnect design must be selected first. Absorber types explored in
this study include multi-layer structure absorbers, metamaterials, magnetic absorbers, and dielectric
absorbers.

It will be shown why dielectric absorbers are the best choice for interconnect

applications from an economic standpoint. In addition, dielectric absorbers can be a composite
material whose overall properties can be easily manipulated depending on the proportions of
various parts making up the composite. The importance of these proportions will be explored.
Moving forward with dielectric absorbers, Chapter 3 then discusses various material
characterization test methods. Material characterization has been researched extensively for many
different types of materials, as a result, there exists many different test methods in order to extract
material properties such as those presented in [7] [8] [9]. Picking the proper characterization test
method for the material one is trying to characterize is an important step. For dielectric absorbers,
two test methods were explored, a resonator test method and Line-Line test method. The Line-Line
test method is proven to be superior to the resonator method for dielectric absorbers and will be
used in Chapter 4. Chapter 4 then presents test and measurement data along with simulation data
of the Line-Line test method for validation. Using the extracted material properties from Chapter
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4, Chapter 5 uses a Genetic Algorithm (GA) to fit a Multipole Debye Dielectric Model to the
extracted material properties. Matching the extracted material properties to a dielectric model fully
characterizes a dielectric. Finally, with a dielectric absorber fully characterized, Chapter 6 shows
the end application of a dielectric absorber as a prototype will be manufactured and tested to see
the benefits from both performance and cost to using a dielectric absorber in interconnect designs.
In addition, the test results are compared to simulated data using the extracted material properties
for final verification.
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Chapter 2
Absorber Types
Many types of EM absorbers have been developed such as multi-layer structure absorbers, low
frequency and small bandwidth ferrite absorbers, carbon-loaded foam pyramid absorbers, and
metamaterial absorbers [7] to name a few. Each of these absorbers have their advantages and
disadvantages.

2.1 Multi-layer Structure Absorbers
Salisbury absorbers, a type of multi-layer structure absorber, have a great advantage in the RF field
because of their structural simplicity. They are composed of a 377-Ω/sq sheet, also known as a
screen, a spacer with a thickness corresponding to λ/4 at a specific frequency, and a conductive
layer [10] yielding a multilayer structure as shown in Figure 2-1.

Figure 2-1. Multilayer Structure Absorber

For this type of absorber the 377-Ω/sq sheet is placed away from the conductive surface at
a distance corresponding to the desired frequency. When the structure resonates the impedance of
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the conductive plate becomes 377-Ω/sq which matches the incoming signal impedance in free space
[11]. As a result, the incoming signal is totally absorbed, however, the incoming signal is only
absorbed at one frequency resulting in a very narrowband absorber.

The performance of these

types of structures heavily rely on the permittivity and permeability of the materials used. It is
essential the materials are characterized correctly.
In addition, many alternatives to the Salisbury Absorber have also been developed based
on this multilayer structure to expand the frequency range of operation and to improve performance.
One example of this is the Jaumann Absorber. The Jaumann Absorber utilizes N layers of resistive
sheets and dielectric layers above the conductive layer as shown in Figure 2-2 [12]. Optimizing
the sheet resistance of each layer along with varying the thickness, Y, of each dielectric will result
in an absorber having a wider broadband effect.

Figure 2-2. Jaumann Absorber with N Layers [12]

For interconnect design, the frequency range of multilayer structures would need to be expanded
greatly since the interconnects explored in this study are broadband which would require many
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layers. Having a multilayer structure like this can get costly, as a result, this type of structure is not
conducive for the intricate sub-millimeter design features needed. Therefore, absorbers made from
multilayer structures are not a good choice in interconnect designs.

2.2 Metamaterials
Metamaterials are artificial structures arranged periodically to give a desired effective response of
the overall structure [13]. For example, Frequency Selective Surfaces (FSS) are a kind of
metamaterial that is realized by arranging periodic metallic patterns on dielectric substrates to
achieve an overall desired effect [14]. One such design is the design of a Salisbury Screen Absorber
using Frequency Selective Surfaces (FSS) as shown in [11]. The structure of this absorber is shown
in Figure 2-3. This structure utilizes two dipoles of unequal length between the resistive screen
and the ground plane in order to increase the absorption band of the Salisbury Absorber. The two
dipoles represent a unit cell of the metamaterial. The unit cell would then be dispersed periodically
across the entire structure in order to reach an overall desired effect.

Figure 2-3. Salisbury Absorber using Metamaterials [8]

12
Successfully using metamaterials in an interconnect design would require an extremely complex
design leading to undesired manufacturability and reliability issues, as a result, similar to multilayer structures, metamaterials are cost prohibitive.

2.3 Cost Effective Absorbers
Some of the most cost effective absorbers generally consist of a base material loaded with filler
material. The filler enables the absorption of EM waves [15]. The two most widely used absorber
forms of this type are magnetic and dielectric absorbers which are generally defined by their
complex permittivity and complex permeability characteristics as defined in equations 2.1 and 2.2
respectively.
() =   () +   ()
() =



() + 



()

(2.1)
(2.2)

In these equations ω is the angular frequency showing these two characteristics are frequency
dependent. In the case of the complex permittivity, the dielectric constant,   , and electric loss

tangent, tan δe, can be defined. The dielectric constant is the real part of the complex permittivity
and is defined in Equation 2.3. It is important to note that the dielectric constant is not constant
whatsoever with respect to frequency.
  () =

() =  ()

 = 8.855  10 /

(2.3)
(2.4)

The imaginary part of the complex permittivity accounts for the loss components of the material
which consists of heat loss and, in the case the material has an appreciable conductivity, conductive
loss. If a material has a bulk conductivity, σ, a conduction current density will exist [16].
 ̅ = !"

(2.5)
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From this conduction current density and Maxwell’s curl equation from the magnetic field the
electric loss tangent is defined as
#$% &' =

  +
 

(2.6)

This electric loss tangent is very important for dielectric absorbers since dielectric absorbers rely
on a high electric loss tangent to dissipate or absorb electromagnetic waves traveling through it.
Similar in concept to complex permittivity, but in regards to the magnetic properties of a
material, the complex permeability can yield information about a material’s relative permeability
and magnetic loss tangent as shown in equations 2.7 and 2.9.


() =


 () =



()

= 1.257  10* +/
#$% &, =






(2.7)
(2.8)
(2.9)

In contrast to dielectric absorbers, magnetic absorbers rely on a high magnetic loss tangent to do
the absorbing. To determine which absorber is better for an application, each type needs to be
examined in more detail as we will see in the following sections.

2.4 Magnetic Absorbers
Magnetic absorbers utilize a filler with ferromagnetic properties which give the absorber a high
permeability and high magnetic loss [15]. Typical fillers include magnesium ferrite, nickel ferrite,
lithium ferrite, and aluminum garnet to name a few. Magnetic absorbers are an excellent choice to
solve cavity resonance issues as they are a broadband absorber and can absorb resonances over a
wide frequency range. The broadband effectiveness comes from the high permeability and high
magnetic loss tangent over a wide frequency range. They are particularly helpful in rectangular
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resonant cavities. In a rectangular cavity, such as the one depicted in Figure 2-3, the field equations
for the -!. mode are shown in equations 2.10-2.13.

Figure 2-3. Rectangular Cavity

!/ = ! sin
+8 =

5!

9√5 

+; = −

+

34
36
sin
5
7

7

7!

sin

9√5  + 7 
9=?

34
36
sin
5
7

cos


34
36
sin
5
7

(2.10)

(2.11)

(2.12)

(2.13)

The magnetic field is maximum at the walls of the rectangular cavity. Placing the magnetic
absorber with a high magnetic loss tangent on the walls of the cavity will solve the resonant cavity
issue.
Similar to a rectangular cavity, an interconnect will have a maximum magnetic field at
resonant frequencies. The structure shown in Figure 2-4 was simulated using 3D finite element
method software from 200 MHz to 30 GHz in 200 MHz steps. The structure represents and
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interconnect between two PCBs having seven conductors. The seven conductors are made up of
four signal conductors and three ground conductors. Two differential pairs, Pair A and Pair B, are
created from the four signal conductors. Pair A and Pair B have a ground contact on each side
while the ground contact between Pair A and Pair B is shared between the pairs. This configuration
yields a G-S-S-G-S-S-G structure.

Pair A
Pair B

Figure 2-4. Interconnect Structure Simulated

The insertion loss and crosstalk results for this structure are shown in Figures 2-5 and 2-6
respectively. Figures 2-5 and 2-6 show resonances in both the insertion loss and crosstalk plots at
the same frequencies of 5.4, 11, 16.6, 22.2, and 27.6 GHz. An attempt will be made to absorb these
resonances using a magnetic absorber to determine the feasibility of using magnetic absorbers in
interconnect structures.
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Figure 2-5. Differential Insertion Loss

Figure 2-6. Far End X-talk Pair B to A

Much like the use of magnetic absorbers in cavity resonance problems, in order to place a
magnetic absorber in this structure to absorb these resonances the location of the maximum
magnetic field needs to be determined. To do this, the magnetic field on the ground structure was
plotted in A/m at 11 GHz using the finite element method solver and is shown in Figure 2-7.

Figure 2-7. Vector Plot of Magnetic Field on Ground Contacts at Resonant Frequency at 11 GHz

Figure 2-7 shows the maximum magnetic field near the center of the structure. Thus, the center of
the structure would be a good choice for the location of the magnetic absorber.
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As a result, an alternative structure shown in Figure 2-8 was simulated using the finite
element solver, this time, placing a magnetic absorber in the center of the interconnect which
corresponds to the location of the maximum magnetic field on the ground contacts as shown in
Figure 2-7. The magnetic absorber was also placed such that it doesn’t come directly in contact
with the signal conductors which will avoid excessive insertion loss issues as the magnetic absorber
has a high magnetic loss tangent.

Figure 2-8. Interconnect Structure Simulated using Magnetic Absorber

The magnetic absorber used was a commercially available magnetic absorber whose material
properties are readily available. The material properties were inputted as frequency dependent data
points in the finite element solver and the structure was simulated from 200 MHz to 30 GHz in 200
MHz steps. The insertion loss and crosstalk results for this structure as compared to the structure
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of Figure 2-4 are shown Figures 2-9 and 2-10 respectively. In addition, the magnetic field on the
ground contacts was plotted in A/m at 11 GHz in Figure 2-11.

Figure 2-9. IL, Figure 2-4 Structure (Black),
Figure 2-8 Structure (Blue)

Figure 2-10. XT, Figure 2-4 Structure (Black),
Figure 2-8 Structure (Blue)

Figure 2-11. Vector Plot of Magnetic Field on Ground Contacts at 11 GHz

The magnetic absorber substantially reduced the magnitude of the resonances in the interconnect
structure as can be seen in Figures 2-9 and 2-10 while minimally affecting the broadband insertion
loss levels. Comparing the vector field plots of the magnetic field on the ground contacts in Figures
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2-7 and 2-11 the magnetic absorber greatly reduced the energy resonating in the structure at 11
GHZ.
As a result, it is feasible to use a magnetic absorber in interconnects to mitigate resonances,
however, the main disadvantages of magnetic absorbers include a higher material weight and cost
as compared to dielectric absorber. As a result, magnetic absorbers are not a good choice for
interconnect design if dielectric absorbers can be used as cost is a factor.

2.5 Dielectric Absorbers
Similar to magnetic absorbers, dielectric absorbers rely on a high amount of loss to do the absorbing
over a broad frequency range, however, unlike magnetic absorbers, dielectric absorbers rely on a
high electric loss tangent and are non-magnetic. Most importantly, dielectric absorbers are
generally lower in cost than magnetic absorbers depending on the type of filler used. Dielectric
absorbers utilize a filler with a high bulk conductivity (for a dielectric) to create the high electric
loss tangent. Such materials can be realized by using a filler consisting of carbon powder, carbon
fiber, carbon nanotubes, or metallic flakes. Absorbers made from any of these fillers rely on having
a good conduction network in the material which enables higher conductive loss. Between the four
of these fillers it is up to the designer on which filler to ultimately use. Each filler has its advantages
and disadvantages. For example, carbon fiber can be made very conductive, however, depending
on the length and quality of the fibers used cost can be a factor. Similarly, metallic flakes can create
good performing conductive composites, however, material weight can become an issue due to the
high specific gravity. Carbon nanotubes have been shown to give excellent results in absorbing
applications, however, carbon nanotubes are available in very small quantities due to their high
cost and are difficult to manipulate which may lead to issues in producing the material in large
volumes [7]. If it is desired to keep the material weight, cost, and complexity down a material with
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a carbon powder should be chosen over some of the other fillers listed above for interconnect
design.

2.6 Carbon Powder Dielectric Absorber
The most common type of carbon powder is carbon black. Carbon black is a powder and composed
of spherical grains. Because it is composed of spherical grains and not long strands such as those
in carbon fiber, a high concentration is necessary. This high concentration is needed to ensure a
physical contact between grains. This physical contact is what creates the conduction network [7].
With this in mind there are many different types of carbon powders on the market. To
identify which carbon powder should be used numerous properties need to be considered such as
particle size, surface area, porosity, structure, and physical form. All of these properties lead to
one of the most important aspects in using a filler like this which is the material’s percolation
threshold. The percolation threshold is a loading factor of filler in a base material where the
composite material is quickly transformed from an insulator to a conductor [17]. In order to
determine the percolation threshold of a composite, both the filler and base material need to be
determined as the threshold depends on both.

2.7 Base Material for Dielectric Absorber
The base materials of absorbers can vary as much as the filler material used to do the absorbing.
The selection of the base material is driven by its end use and multiple factors need to be taken into
account. A lot of questions need to be asked such as, does the material need to be flame retardant
or chemical resistant? What is the operating temperature of the material? Does it need to meet any
environmental requirements? How does the material flow through a mold (moldflow)? These are
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just a few of the questions, however, the main interests in this study are the operating temperature
of the material and its moldflow capabilities. The operating temperature is important as the material
will need to withstand solder reflow temperatures which can climb to temperatures around 225ºC
(437ºF). Moldflow characteristics allow the designer to make assumptions about wall thicknesses
and gate locations for molding the material. For example, certain thermoplastics do not work well
for thin wall sections in the range of .2mm thick. Moldflow characteristics allow the designer to
simulate the material in a mold to predict how it would fill or not fill certain sections of the mold
and then adjust the design accordingly. Perhaps even changing the base material.
Some of the most commonly used materials in the interconnect industry are Nylon,
Polybutylene Terephthalate (PBT), and Liquid Crystal Polymers (LCPs).

Nylon and PBTs are

excellent choices for low temperature applications as they are fairly inexpensive and can be used
for many designs, however, because of the temperature intolerance they are not a good choice for
this application.

LCPs on the other hand have a melting temperature above solder reflow

temperatures. The melting temperature of common LCPs are in the 280ºC range. In addition, LCPs
appeal to high-frequency designs as a result of their low water absorption which makes it stable
across a wide range of environments. In addition to its low loss, on the order .008 for a loss tangent,
and high melting temperature, its ability to be easily used in injection molding applications [18],
and its great ability for making thin wall sections result in LCP having excellent characteristics for
interconnect design. Because of its widely accepted usage in the interconnect industry it makes a
prime candidate for use as a base material in the development of a dielectric absorber.

2.8 Determining Loading Factor
If the general base material and filler are known the designer can determine the amount of filler
loading needed in the composite to achieve the desired results. As discussed in [19], the main
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conduction mechanism is realized in carbon black composites through electron tunneling. Having
too little carbon black in a composite will result in the carbon black particles being too far away
from each other to create a conduction network. This will result in the composite having little
absorption qualities. On the other hand, it was shown in [20] that increasing the amount of carbon
black in a composite increases the real part, ε’, and imaginary part, ε’’, of its permittivity. With
the composite being an absorbing material, an increased ε’’ would be favorable since it would yield
a higher loss tangent. Although this seems counterintuitive for interconnect design, that is, wanting
a higher loss tangent to create more loss in the design, the material with the higher loss tangent can
cleverly be placed within the interconnect to absorb resonances while not greatly affecting the
overall insertion loss through the interconnect as will be seen later in this study. Even though a
higher loss tangent is desired one cannot simply overload the material with carbon to create the
highest loss tangent possible as ε’ of the material will also be increased significantly by doing this.
An increased ε’ can introduce detrimental effects such as increased broadband noise in tight-pitch
applications since it would increase the coupling between conductors. As a result of this a
compromise will need to be achieved. This compromise is specific to the particular base material
and filler material used for the composite as the characteristics of the composite, predictably, are
highly dependent on the base and filler material properties, however, not matter what base or filler
material are used the compromise is reached when the composite material has a loss tangent in the
.3 to .5 value range. Having this level of loss in the composite will adequately absorb the
resonances in interconnect designs as will be seen later in this study while not increasing the
broadband noise or detrimentally increasing the insertion loss of the interconnect.
A vital component in achieving the compromise for loading is knowing the composite
material’s percolation threshold. The percolation threshold is a number corresponding to the
volume fraction of loading of the filler material in the base material where the overall composite
material transforms from an insulator to conductor. That is, once the volume fraction of loading
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reaches a certain number the conductivity of the composite material sees a dramatic increase. This
number is the percolation threshold. In designing a dielectric absorber, one should have a design
target for the volume fraction of loading to be above the percolation threshold. This will ensure
the material has adequate conductive properties to induce electron tunneling, however, as
mentioned above the volume fraction of loading should not be excessively increased. Excessively
increasing the volume fraction of loading will not only unfavorably increase ε’ it will also create a
composite material which will not be easily molded in injection molding applications. For
example, the viscosity, melting temperature, cooling time, structural characteristics, and various
other properties will be affected to the point of the composite material no longer having favorable
manufacturing properties if too much filler is loaded into the base material. This study does not
dive into any of the structural properties of dielectric absorbers, however, no processing issues of
the material were encountered when developing the prototypes used in this study.
In contrast to loading the material excessively above the percolation threshold it is also not
desirable to load a material very close to the percolation threshold. This should not be done because
slight manufacturing variations can easily lower the volume fraction of loading and create a
material on this insulator side of the percolation threshold having little to no absorbing qualities.
The LCP chosen for this study was Vectra A950 which is an unreinforced grade of LCP
having excellent molding characteristics with a very high melting temperature able to withstand
solder reflow applications. The carbon black chosen for this application has a particle size in the
80nm range with a surface area approximately 30 m2/g and a conductivity around 100 S/m.
Knowing the base and filler material properties the composites conductivity can be estimated by
General Effective Medium Equation (GEM) [21].
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The depolarization factor, L, takes into account the shape of the carbon black particles. For the
carbon black used in this application it is assumed the particles are perfect spheres which yields
L=1/3 [22]. The percolation threshold, CD , is another parameter which will need an assumption
since this parameter is not readily available and is usually based on empirical data. For this case

the percolation threshold is assumed to be .2 or 20%. This value is based on known empirical data
which will not be presented here as this information is considered proprietary. The conductivity of
the base material taken from its data sheet is 10^-14 S/m. The percolation threshold can vary quite
a bit for different carbon powder composites as shown in [21] where a percolation threshold in the
3-4% range was observed, however, this was for a carbon black composite utilizing carbon black
with a conductivity in the range of 10^4 S/m, much greater than the carbon black being used in this
case.
With the assumptions above, Equation 2.7 can be used to determine the conductivity of the
composite material vs volume fraction of loading and, in turn, the levels of the percolation threshold
start to become apparent.

These levels consist of the composite material being above the
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percolation, below the threshold, or being in the transition area where the material transitions from
an insulator to a conductor. These levels help in designing a material at comfortable levels above
or below the percolation threshold. Slight variations in the loading can have a dramatic effect on
properties if the material is nominally designed very close to the percolation threshold. The
conductivity of the composite material vs volume fraction of loading is shown in Figure 2-12 using
Equation 2.7.

Figure 2-12. Loading Curve

With a design target for a loss tangent in the .3 to .5 range, looking at Figure 2-12 it is not clear
what volume fraction of loading should be used as up to this point there are no characteristics of
the composite known beyond the loading curve. It was presented in [7] that a conductivity level of
1 S/m is a good design target for dielectric absorbers. Looking at Figure 2-12, a volume fraction
of loading yielding a conductivity of 1 S/m is .28. In other words, a composite material with 28%
carbon powder and 72% LCP will have a conductivity of 1 S/m, however, this study is also using
a 2% loading error due to manufacturing and processing tolerances. To ensure a maximum
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conductivity of 1 S/m is achieved a loading of 26% is used. With a loading of 26% the conductivity
is predicted to be .75 S/m, the maximum loading will be 28%, and the minimum loading will be
24% yielding a conductivity of .5 S/m. It will be seen later in this study that a 26% loaded material
produces a composite material producing loss tangent results in the desired range. The target range
of the loading percentage is highlighted in Figure 2-13.

Figure 2-13. Loading Curve Target Range (Red Dash)

Exploring the loading curve further it is easily observed from equation 2.7 that the same
conductivity can be achieved at a much lower volume fraction of loading if a composite material
is developed which has a lower percolation threshold. This is typically observed with carbon
nanotube composites and with materials utilizing a higher structured carbon because of the
increased conductivity values for the filler material. Although this would be desirable to have a
composite with the lower amount of loading in order to not affect the base material manufacturing
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and processing characteristics, this option comes with expense as carbon nanotubes and higher
structured carbon fillers are more expensive than a lower structured carbon which has a lower
conductivity.
With the base material, filler material, and loading percentage known a proper test method
must be determined to characterize this material. The material characterization step is very
important since it will extract critical material properties needed for the use in 3D finite element
modeling. These critical material properties are the dielectric constant and loss tangent. Using
these material properties in model data will help determine if a compounded composite is a good
fit for interconnect applications. Certainly we can simply build interconnect structures and test
them with the material in the design, however, placement of the material may not be optimal. In
addition, using modeling instead of empirical test data to determine performance before samples
are built is a huge time and cost saver in the design process.
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Chapter 3
Material Characterization Test Methods
There are numerous test methods utilized for material characterization such as frequency domain
transmission line techniques, closed cavity methods, open resonators, free-space methods, and
stochastic cavity methods to name a few [9]. The measurement technique will vary depending on
the application. In order to determine the technique the frequency of interest, physical and electrical
nature of the dielectric material, and degree of accuracy need to be taken into account [23]. Each
method lends itself well to a particular application or desired parameter.

The material being

characterized in this thesis will have a medium to high loss tangent and will also be used in certain
areas of an interconnect not directly in line with or disturbing to the electromagnetic fields
associated with the high-speed signal transmission lines, that is, the absorbing material will be used
around the ground contacts of the interconnect which are the main resonance sources. As a result,
accuracy down to thousandths for this particular material is not needed. The material will also be
used in insert molded applications over a broad frequency ranging from 10 MHz to 20 GHz. As a
result, only broad-band test methods will be considered along with test methods that do not require
the material to be in a liquid or powder form.

3.1 Resonator Methods
A micro-strip ring resonator and cavity resonator method were explored in [18]. The ring resonator
and cavity resonator were used to characterize LCP material above 30 GHz, however, the cavity
resonance method has been used to characterize materials below 30 GHz as well.
An example of the resonator method can be seen in a cavity resonator such as the splitcylindrical resonator. This method calculates the dielectric constant and loss tangent of a material
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by measuring the resonant frequency and quality factor of the TE011 mode of a filled and unfilled
cavity [24]. The unfilled cavity simply has air in the cavity while the filled cavity contains a sample
of the material in question as shown in Figure 3.1 and 3.2 respectively.

Figure 3-1. Un-filled Split Cylindrical Cavity

Figure 3-2. Filled Split Cylindrical Cavity

The relative permittivity requires only the measurement of the filled cavity. The relative
permittivity from the split-cylindrical cavity resonator method is derived in [25] where the fields
are solved for in the cavity by enforcing boundary conditions, and in turn, developing a system of
equations which satisfy the resonance condition. The resonance condition is met when
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In the above equations, the subscript u represents a value in the unfilled region while the subscript

s represents a value in the sample region. In addition, the c in equation 3.8 represents the relative

permittivity of the air in the unfilled portion of the cavity while e in equation 3.12 represents the

relative permittivity of the sample material in the cavity. The values with the subscript m are

determined through orthogonality relationships realized from the symmetry of the cavity and
boundaries. Finally, mb and me represent the number of modes included in the unfilled and filled
cavity regions respectively.

From equations 3.1-3.14 it can be seen there are only two unknown variables. These
variables are the frequency and relative permittivity of the sample. If one is known then the other
can be solved for. The most common usage of these equations is measuring the resonant frequency
of the TE011 mode and then calculating the relative permittivity. Therefore, it is very important to
be able to see this resonance clearly and to measure it accurately.
To explore the use of this method further for carbon-loaded LCP samples, this study used
a split-cylindrical cavity resonator to observe how the resonator behaves using a sample of a 26%
carbon powder loaded LCP. This first step in this process is measuring an unfilled split-cylindrical
cavity resonator such as the one shown in Figure 3-3 to ensure the resonator is performing as
expected.
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Figure 3-3. Split-cylindrical Cavity Resonator

The interior of the cavity has a radius, a, of 10.16mm and a height, b, of 17.018mm. The resonant

frequencies of this cavity, @\,A , can be determined by equations 3.15 and 3.16 for the -!\,A and

-n\,A modes respectively. If it is desired to obtain more accurate results one can take into account
surface roughness and material conductivity, however, the accuracy obtained from equations 3.15
and 3.16 are more than accurate for the purposes of this study.
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is the relative permeability of medium inside the cavity,


 is the relative permittivity of the cavity medium, P\,
and P\, are values corresponding to the

TE and TM modes respectively taken from [16], and H is an integer. Using equations 3.15 and 3.16
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the estimated resonant frequencies for the split cylindrical cavity filled with air are listed in Table
3-1.
Table 3-1. Cutoff Modes for Split Cylindrical Cavity

Mode

-!

-!
-!.

-n.
-n

-n

Resonant Frequency (GHz)
12.35
16.84
20.05
14.33
20.05
25.69

The split cavity shown in Figure 3-3 was then measured to observe the S(2,1) performance using
an Agilent PNA5224A from 10 MHz to 26.5 MHz in 10 MHz steps using and IF bandwidth of
1.5KHz. A Short-Open-Thru-Load (SOLT) calibration was used. The resonances observed in the
S(2,1) measurement are shown in Figure 3-4.
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Figure 3-4. Air Filled Split-cavity Resonator Measurement

From the measurement is can be seen the measured resonant frequencies match well with the
estimated resonant frequencies. The split-cylindrical cavity measurement was then loaded with the
26% carbon loaded LCP material discussed in section 2.8. The sample was molded into a 1mm
thick disk as shown in Figure 3-5 and loaded into the cylindrical resonator.

Figure 3-5. 1mm Thick Disc used in Split-cylindrical Cavity
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The S(2,1) measurement of the cavity loaded with the carbon-loaded LCP material is shown in
Figure 3-6. It can be seen there are no appreciable resonances in the measurement, therefore, cavity
resonant methods are not suitable for measuring absorptive material as there is no frequency to
input into equations 3.1 through 3.14.

Figure 3-6. Measurement with Cavity Loaded with Absorptive Material

3.2 Stripline Test Method
Another common method is a stripline test method based on Thru, Reflect, Line (TRL) calibration
theory, where the propagation constant can be extracted from the measured S-parameters of two
transmission lines with different lengths [26]. This can also be referred to as the “Line-Line”
method. This method has been proven to give accurate results as shown in [27] where the complex
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permittivity of a lanthanum aluminate, gallium arsenide, and fused silica where determined from
45 MHz-40 GHz. It was also shown in [28] to determine the complex permittivity of liquids and
soils and again in [7] to show the real part of permittivity and conductivity of a carbon nanotube
poly-caprolactone and a carbon black polyethylene (CB-PE).
The extraction procedure in order to extract the complex permittivity for a stripline
geometry has been shown in [8]. In order for the extraction to take place there is the need for two
identical structures with only a difference in length, ∆L. This has been done exhaustively in order
to characterize PCB substrate materials as it is very easy to create traces on a PCB with different
lengths. It has also been done in [28] for liquids and soils and in [7] for carbon nanotube
composites.

3.2.1 Stripline Geometry Dimensions
It is fairly straight-forward to see how the Line-Line method can be easily implemented from a
geometry stand-point for PCB substrates, however, when dealing with materials which are not PCB
substrates a manufacturing process must be determined in order to create a transmission medium
conducive to the Line-Line method. In [7] a micro-strip structure was used for carbon nanotube
and CB-PE measurements, however, it is unclear how they ensured there was no air present in
sample between the center conductor and the dielectric material under test. As a result, this Thesis
implements a stripline structure utilizing manufacturing processes proven to ensure no air is present
between the center conductor and the dielectric material under test.
To mimic a stripline configuration in order to implement the Line-Line methodology all of
the parameters shown in Figure 3-7 need to be determined.
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Figure 3-7. Stripline Geometry

In determining these parameters, one of the most important factors in the test set-up is
ensuring the stripline geometry only supports quasi-TEM waves. In addition, it is good practice
for this structure to be tuned for 50Ω’s to limit reflections, however, due to the high dielectric
constant values this is nearly impossible to achieve without violating the most important factor of
only supporting quasi-TEM waves. As a result, the design consideration of only supporting quasiTEM waves takes precedence over the structure being tuned for 50Ω’s. Luckily, the Line-Line test
method does not rely heavily on limited reflections since two lengths of transmission lines will be
measured and the reflections will be the same in each measurement. Since they are the same in
each measurement, the discontinuities cancel each other out as will be seen in proceeding sections.
To ensure only quasi-TEM waves are supported and prevent higher order TE or TM modes from
propagating the spacing between the two ground planes, 5, should be λ/4 or less [16]. Determining

λ can be accomplished by using equation 3.17.

v=
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(3.17)

In this equation, f, is the maximum frequency the test set-up will be used for. In this case the
maximum frequency will be 18 GHz which is driven by the maximum frequency of the SMA test
points available. As a side note, higher performing SMAs are currently available on the market,
however, at the time the test fixture was manufactured the SMAs rated up to 18 GHz were the
highest performing available and are integrated into the test fixture. In addition, the real part of the
permittivity of the material, ε’, is unknown at the time and it will need to be estimated. In [7] the
real part of the effective permittivity was plotted for a 20% filled carbon black composite material,
CB-PE, and was determined to be around 6 at 15 GHz. In [17] the real part of the effective
permittivity of a carbon fiber/Teflon composite was determined to be around 15 at 10 GHz. As a
result of not knowing the real part of the permittivity for the carbon-loaded LCP developed in this
study it will be conservatively estimated based on those findings. This study determined a
conservative estimate for the real part of the effective permittivity would be 30 at 18 GHz. This
results in a value .00304m for b. This conservative estimate would be invalid if the real part of the
effective permittivity is determined to be above or close to 30 at 18 GHz. As will be seen later in
the study, the actual dielectric constant was around 13 at these higher frequencies. As a result, this
conservative estimate was valid.
The values for w and t of Figure 3-7 were determined on copper wire availability and
workability. These values are .6604mm for w and .254mm for t. Values smaller than these would
result in the wire being very fragile.
The width of the test structure, d, needs to be chosen such that the field lines between the
center copper wire and top and bottom walls of stripline structure are not disturbed by the side
walls. This can be done such as long as d ≫ b [16]. In this case a value of 12.7mm was chosen

which also aides in the manufacturing of the samples.
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3.2.2 Forming LCP into Stripline Geometry
With the final dimensions determined, the process to create this test structure starts with pellets of
the LCP loaded with carbon black as shown in Figure 3-8. This structure was first introduced in
[29] using poly-phenylen oxide (PPO) material, however, we will go into more detail in this section
in addition to creating a stripline geometry for a carbon-loaded LCP.

Figure 3-8. Carbon-loaded LCP Pellets

The pellets were molded into rectangular sections 6” long with a cross-section shown in
Figure 3-9. 6” long sections allow the two lengths needed for the Line-Line method to be cut from
the same sample and ensures homogeneity between the two samples. In Figure 3-9, the .6604mm
dimension is based on the width of the copper wire which will be inserted into the slot. The 12.7mm
dimension is based on the requirement that d ≫ b. Finally, the 3.305mm dimension is associated

with the b value of Figure 3-7, however, it is arbitrary at this point since this geometry does not
represent the finished b dimension which will come at a later step.
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Figure 3-9. Cross-section, Bottom Half of Test Structure

A copper wire, .254mm thick by .6604mm wide, is then inserted into the .6604mm wide
slot in the rectangular section and another identical rectangular section is put on top compressing
the copper wire between the two halves of material. This assembly is then heated to a specific
temperature in order to get the two halves of the material to meld together and form an air-tight
seal around the copper wire. This melding process removes the seamline at the interface between
the two halves of the material and creates a homogenous dielectric around the copper wire as shown
in Figure 3-10. This is due to the two halves of the material melding into one another and forcing
all of the gases and air pockets out of the sample. The exact process and temperature to do this is
beyond the scope of this paper, however, Figure 3-11 shows an example of a cross-section of a
finished sample. In the figure it can be seen the parting line between the two halves is gone.
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Figure 3-10. Cross-section, Conductor Suspended in Material

Figure 3-11. Cross-section, Actual Finished Sample

With the copper wire suspended in the dielectric, the stripline structure is realized by
putting a piece of copper on the top and bottom of the sample to represent the top and bottom
ground planes.
This geometry gives a good stripline structure, however, it was presented in [16] that the
separation of the top and bottom GND planes will create a parallel plate mode to propagate in the
structure if the two GND planes are not shorted together. Shorting these two copper plates together
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is accomplished by putting the stripline structure into an aluminum fixture. The aluminum fixture
shorts the top and bottom GND plates together and allows the user to put top down pressure on the
fixture to ensure minimal air is present in the area between the material under study and the top and
bottom GND plates. This structure is shown in Figure 3-12.

Figure 3-12. Test Structure with Metallic Fixturing

In addition to the stripline structure itself, there needs to be a way to connect signals to it
from the test equipment. For this the edges of the stripline structure were machined to expose a
tiny ledge of the copper wire as shown in Figure 3-13. This ledge will enable fixturing to be created
in order to connect and SMA to the stripline geometry.
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Figure 3-13. Molded Wire with Exposed Edge

3.2.1 Parameter Extraction
The Line-Line method requires two transmission lines of varying lengths in order to lead to the
extraction of the dielectric constant and loss tangent similar to the diagram shown in Figure 3-14.

Figure 3-14. Varying Lengths of Test Set-up

In this figure, the 1 and 2 represent the ports of the measurement while the sections between them
represent the stripline geometry. It is essential the two structures are identical to one another with
the exception of the ∆L section. ∆L represents the difference between the two lengths of the
stripline geometries. This ∆L section should be at least λ/2 long [30] in order for the added length
to be apparent in the measurement.
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After measurements are taken of the two structures, the first step in the extraction process
is converting the s-parameters to transmission parameters. This process is described in [30].
Generalized scattering matrices for a two port network are defined as:
X

O11 O12 $1
51
[=X
[X [
O21 O22 $2
52
51 = O11$1 + O12$2

(3.19)

-11 -12 $2
51
[=X
[X [
-21 -22 52
$1

(3.21)

$1 = -21$2 + -22$2

(3.23)

Transmission matrices are defined as:
X

52 = O21$1 + O22$2

(3.20)

51 = -11$2 + -1252

Where T is the transmission matrix shown in equation 3.24:
-=X
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Using the relationship between the transmission matrix and the s-parameter matrix, the shorter
structure is measured and its s-parameters are converted to the transmission matrix, Ts, with the
subscript, s, representing the shorter length of line.
-e = z

-e
-e


Z − Ze Ze Ze
-e
{ = x e

-e
−Ze Ze


Z| Ze
 y
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(3.25)

The longer structure is also measured and its s-parameters are converted to the transmission
matrix, TL,with the subscript L representing the longer length of line.
-} = z

-}
-}


Z − Z} Z} Z}
-}
{ = x }

-}
−Z} Z}


Z} Z}
y

Z}

(3.26)

The transmission matrix is very similar to ABCD matrices and has the unique property where the
total transmission matrix can be broken down into smaller portions and those portions can be
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multiplied in sequence to obtain the original transmission matrix [16]. As a result of this property,
the Ts matrix can be broken down into two portions, T1 and T2, as shown in Figure 3-15.

Figure 3-15. Diagram of Separating T-matrix

The new definition for Ts is:
-e = - ∙ -

(3.27)

The longer structure can be broken down in much the same way. The only difference between
itself and the shorter structure is the added length, ∆L. This is shown in Figure 3-16.

Figure 3-16. Diagram of Separating TL Matrix

TL can be written as:
-} = - ∙ -∆} ∙ -

(3.28)

Since the shorter and longer structures were machined to identical dimensions, made from the
same sample, and tested in the same test fixture with the same test-points, the T1 and T2 matrices
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can be considered equal in the Ts and TL equations. This is important in the formation of the TT
matrix which is defined as [30]:

- = -} ∙ -e

(3.29)

- = - ∙ -∆} ∙ - ∙ -e

(3.30)

- = - ∙ -∆} ∙ - ∙ - -

(3.31)

- = - ∙ -∆} ∙ -

(3.32)

Since there are no reflections between the transitions of the ∆L section and the T1 and T2
sections, T∆L reduces to [7]:
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If both sides of the TT equation are multiplied by T1 we can derive the following equations:
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Using equations 3.42, 3.43, and 3.44 we can also derive equations 3.52, 3.53, and 3.54.
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Using equations 3.53 and 3.54 we can say:

-
− -

− -
=
-

-
− -

− -
=
-

}

-
− -
}

Using 3.55 and 3.56 expressions can be determined for

}

−
−

As shown in [30] solving for

If

}
}

}

(3.54)

(3.55)

}

And using equations 3.51and 3.52 we can say:
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(3.56)
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such that
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involves solving the complex equation shown in 3.59
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The complex equation will yield two solutions for G. G of the ∆L section is of the form
=6



(3.64)
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With z representing a numerical value. In order to calculate the dielectric constant the time delay
of the test structure must be determined first by
-K T H$4 =

I%J$PP L(Qℎ$O ())
360 ∗ @J 

(3.65)

This time delay can be used to determine the velocity of propagation within the test structure since
the time delay is now known and length was predetermined. The propagation velocity is
F=

∆L
-K T H$4

(3.66)

The dielectric constant can finally be determined by

Where
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(3.67)
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The loss tangent of the material is calculated by taking the total attenuation in the ∆L section and
subtracting the conductor loss to determine the dielectric loss. The total attenuation is
  =  + 
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The total attenuation is already known from
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The conductor loss in a stripline configuration can be estimated from
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The loss tangent can then be determined by
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Chapter 4
Test and Measurement

4.1 Line-Line Method Verification
In order to examine the Line-Line method implemented in this paper a PCB manufactured with
Isola 370HR material was measured. The PCB was designed with multiple length single ended
(SE) stripline traces. The SE traces had 2.92mm connectors on each end to serve as the test points.
The PCB signal traced utilized ½ ounce copper and was .172mm wide with an impedance of 50Ω.
The substrate thickness of the stripline layer was .381mm tall. The PCB test fixture is shown in
Figure 4-1.

Figure 4-1. Test Fixture for Isola 370HR Characterization
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The two lengths used for the measurement were 140mm and 166mm. The PCB was tested using
an Agilent PNA-N5224A with an IF bandwidth setting of 1.5 KHz and was tested from 10 MHz to
20 GHz. The S(2,1) measurement of the two lengths of trace are shown in Figure 4-2.

Figure 4-2. Measurement Data, S(2,1) of 140mm Trace(Red), S(2,1) of 166mm Trace (Blue)

4.2 Measurement Comparison to Published Data
Using the process defined in section 3.2.1 the delay was extracted from the measured s-parameter
data and is shown in Figure 4-3.

53

Figure 4-3. Extracted Delay from Measurement for Isola 370HR

The delay is then used in conjunction with Equation 3.67 to calculate the dielectric constant of the
Isola 370HR material. The calculated dielectric constant is shown in Figure 4-4.
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Dielectric Constant vs Frequency - Isola 370HR Material
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Figure 4-4. Calculated Dielectric Constant from Measurement Data, Isola 370HR

The loss tangent is then calculated by first separating the total attenuation into conductive losses
and dielectric losses. A plot showing the relative losses associated with this measurement are
shown in Figure 4-5.
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Figure 4-5. Total Loss (Red), Conductive Loss (Blue), Dielectric Loss (Pink)

Using the dielectric loss shown in Figure 4-5, the loss tangent can be calculated using Equation
3.74. The calculated loss tangent is shown in Figure 4-6.
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Figure 4-6. Calculated Loss Tangent from Measurement Data, Isola 370HR

Using the results of Figure 4-4 and Figure 4-6 the calculated dielectric constant and loss tangent
can be compared to data published by the vendor. The vendor has only published data at 5
frequency points. These results are captured in Tables 4-1 and 4-2.
Table 4-1. % Error of Calculated Dielectric Constant

Frequency (GHz)

Calculated Data

Vendor Data

% Error

.1

4.45

4.24

4.95

1

4.18

4.17

0.24

2

4.11

4.04

1.73

5

4.03

3.92

2.81

10

3.98

3.92

1.53
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Table 4-2. % Error of Calculated Loss Tangent

Frequency (GHz)

Calculated Data

Vendor Data

% Error

.1

.042

.015

180

1

.024

.016

50

2

.023

.021

9.5

5

.025

.025

0

10

.026

.025

4

Looking at the tables, excellent correlation is observed for the dielectric constant with minimal
error at the .1 GHz data point. The loss tangent has excellent correlation at the higher frequencies,
however, there is a large percent error at the lower frequencies.
To explore the discrepancy at the lower frequencies for the loss tangent the vendor’s test
methods were considered. The vendor data point at .1 GHz utilized the IPC-TM-650 2.5.5.3 test
method which is a dielectric constant and loss tangent measurement using the Two Fluid Cell
Method. As discussed in the IPC spec, this method is valid for measuring material properties at 1
MHz and the two fluids used are air and a silicone fluid. The capacitance of the two cells are then
used in equations to calculate the dielectric constant and loss tangent. The vendor data point at 1
GHz utilized the IPC-TM-650 2.5.5.9 which is a measurement utilizing parallel plates. This test
method is valid from 1 MHz to 1.5 GHz. It should be noted that the test methods used for these
first two data points do not rely on the separation of dielectric loss and conductive loss from the
total loss in order to calculate the loss tangent. The remaining data points were tested using the
Bereskin Stripline Method, IPC-TM-650 2.5.5.5, which does rely on the separation of dielectric
loss and conductive loss from the total loss in order to calculate the loss tangent.
Relying on distinguishing between conductor losses and dielectric losses is the main reason
for error in the Line-Line method at the lower frequencies. At the lower frequencies where the
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dielectric loss is comparable to the conductor loss, small variations in the conductor loss will have
a large impact on the loss tangent calculation. As the frequency in the measurement is increased,
the dielectric loss starts to dominate and small changes in the conductor loss is no longer an issue.
For example, Figure 4-7 focuses on the lower frequencies of the total loss contributions. According
to this plot conductive losses are the main contributor up to about .7 GHz. After, .7 GHz the
dielectric loss starts to dominate. Looking at Table 4-2, the loss tangent calculation starts to see
better correlation around the 2 GHz range.

Figure 4-7. Total Loss (Red), Conductive Loss (Blue), Dielectric Loss (Pink)

In order to match the vendor data better at the lower frequencies two things can be done.
The first would be to continue to utilize the Line-Line method, however, a better calculation for the
conductive losses needs to be considered. This would include accounting for surface roughness
and taking into account a more realistic shape for the center conductor since as many know the
trace is not a perfect rectangle, but more of a trapezoidal shape. This option would be time
consuming and still present challenges. The second option would be to switch test methods much
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like the vendor does to not rely on being able to separate the dielectric and conductive losses. This
would be the better option, however, for the purposes of this study it was decided not to pursue
correcting these lower frequencies errors as the end application of the dielectric absorber is not
heavily reliant on having complete accuracy at these low frequencies. Excellent correlation is
observed in the main frequencies of interest which is 2 GHz and above.

4.3 Measurement of 26% Carbon-loaded LCP
As the test method has been verified in section 4.2, the method was then applied to the 26% carbonloaded LCP material developed in section 2.8.

Figure 4-8 shows the samples created for

measurement which consist of a 25.4mm (1”) length and a 12.7mm (.5”) length sample. The two
samples were then loaded into the fixture described in section 3.2.2 in order to measure the sparameters of each sample.

Figure 4-8. 26% Carbon-loaded LCP Samples. 25.4 and 12.7mm Lengths.
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The two samples were tested using an Agilent PNA-N5224A with an IF bandwidth setting of 1.5
KHz and were tested from 10 MHz to 20 GHz. Figure 4-9 shows the S(2,1) measurement of the
two lengths of the 26% carbon-loaded LCP in addition to the S(2,1) measurement data of two
lengths of the Isola 370HR material for reference.
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Figure 4-9. S(2,1) Measurement Data, 140mm Isola 370HR (Red), 166mm Isola 370HR (Blue), 12.7mm
26% Carbon-loaded LCP (Pink), 25.4mm 26% Carbon-loaded LCP (Black)

Looking at Figure 4-9 it can be seen there is much more loss in the measurement when comparing
the carbon-loaded LCP to the Isola 370HR, in addition, the lengths of the samples used for the
measurement of the carbon-loaded LCP are much shorter than the lengths used for the Isola 370HR
material. To give a more accurate figure we can look at the dB/mm loss of the samples. Looking
at the 10 GHz mark, the loss for the 26% carbon-loaded LCP is averaging 1.2307 dB/mm while the
loss for the Isola 370HR is averaging 0.0535 dB/mm. The carbon-loaded LCP has a dB/mm loss
23 times that of the Isola 370HR material. It is also observed in the data of the carbon-loaded LCP
that the data starts to degrade above 16 GHz with a large discontinuity between 18 and 19 GHz.
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This can be due to two factors. The first is that the test fixture used for the measurement of the
carbon-loaded LCP utilizes SMA test-points which are only rated up to 18 GHz. The second is
that the carbon-loaded LCP material has such high loss that slight imperfections in the sample are
more readily apparent in the measurement since the signal level around 16 GHz is almost -50 dB.
Using the process defined in section 3.2.1 the delay was extracted from the measured sparameter data and is shown in Figure 4-10 which compares the carbon-loaded LCP delay to the

Delay (ps)

Isola 370HR delay.

Figure 4-10. Extracted Delay from Measurement, Isola 370HR(Black), 26% Carbon-loaded LCP (Red)

The delay is then used in conjunction with Equation 3.67 to calculate the dielectric constant. The
calculated dielectric constant is shown in Figure 4-11 which compares the carbon-loaded LCP
dielectric constant to the Isola 370HR dielectric constant.

Dielectric Constant
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Figure 4-11. Calculated Dk from Measurement Data, Isola 370HR(Black), 26% Carbon-loaded LCP
(Red)

The dielectric constant of the carbon-loaded LCP is much higher than the dielectric constant of the
Isola 370HR material. At 10 GHz the dielectric constant of the carbon-loaded LCP is 13.375 while
the dielectric constant of the Isola 370HR material is 3.98. This is the reason why it is not advisable
to simply load the material with as much carbon as possible since the increase in carbon leads to
an increase in the dielectric constant. When the dielectric constant is increased this much there can
be a high coupling between conductors introduced.
The loss tangent is then calculated by first separating the total attenuation into conductive
losses and dielectric losses. A plot showing the relative losses associated for the carbon-loaded
LCP is shown in Figure 4-12.

Loss(Np/m)
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Figure 4-12. Total Loss (Red), Conductive Loss (Blue), Dielectric Loss (Pink)

For the carbon-loaded LCP almost all of the loss is dielectric loss which is true for dielectric
absorbers. The red curve in Figure 4-12 is hardly seen. Even focusing on the lower frequencies as
shown in Figure 4-13 almost all of the losses are due to dielectric losses and unlike the Isola 370HR
material there is no point where the conductive loss dominates.
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Figure 4-13. Total Loss (Red), Conductive Loss (Blue), Dielectric Loss (Pink)

Using the dielectric loss shown in Figure 4-12, the loss tangent can be calculated using Equation
3.74. The calculated loss tangent is shown in Figure 4-14 which compares the carbon-loaded LCP
loss tangent to the Isola 370HR dielectric constant.
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Figure 4-14. Calculated Tanδ from Measurement Data, Isola 370HR(Black), 26% Carbon-loaded LCP
(Red)

From these results it can be seen there is much more loss in the carbon-loaded LCP as
compared to the Isola 370HR material. At 10 GHz the loss in the carbon-loaded LCP is 0.354
while the loss in the Isola 370HR material is 0.026. The carbon-loaded LCP has a loss tangent 13
times that of the Isola 370HR material. In addition, the 0.354 value meets the target set-out in the
beginning of this study which was .3 to .5. As seen earlier in the S(2,1) measurement there is a
degradation in the test method after roughly 16 GHz. As a result, it is important to determine
whether there is enough information about the material available from 10 MHz to 16 GHz to
accurately characterize this material beyond those frequencies. To do this, the material properties
must be matched to a dielectric model as will be seen in the following section.
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Chapter 5
Dielectric Characterization using Genetic Algorithm
Up to this point the permittivity and loss tangent have been successfully extracted from the test setup and values for the permittivity and loss tangent have been used in modeling by the use of
frequency dependent data points, however, in order to fully characterize the material this Thesis
will create a dielectric model of the material which fits the multipole Debye model. [7] Extracts
the permittivity and conductivity of carbon nanotube composites and CB-PE and creates an
electrical model of those materials by creating a two layer transmission line model consisting of a
conductive layer and an insulator layer as shown in Figure 5-1. This model assigns a conductivity
to the conductive layer of height, H, and adjusts both H and height, Hi, until the model results match
the measured results.

Figure 5-1. Two Layer T-line Model of Conductive Composite [13]

This method is not conducive for general modeling in 3D finite element solvers as it is next
to impossible to create these types of structures in realistic geometries which are often non-uniform.
[8], [31] both characterized PCB materials utilizing Debye models and Genetic Algorithms (GAs).
This Thesis will use PCB characterization techniques such as those presented in [8] and [31] and
attempt to apply them to carbon-loaded LCP materials
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5.1 Debye Model
There are many frequency dependent dielectric models such as the Cole-Cole, Lorentz, or Debye
Models, however, because of its ease of use in both the frequency and time domains the Debye
model is by far the most popular [32]. As a result, the Debye Dielectric Model will be used as the
basis for this study.
In its simplest form, the Debye Model is defined as:
() = .  +


1 + 

 = e − 

(5.1)
(5.2)

This model can be considered a single pole Debye Model where e is the static dielectric constant,
 is the optical relative permittivity, and  is the relaxation constant of the material. The model

described in Equation 5.1 is frequency dependent and accounts for the polarization effects in the
material due to electron, dipole, ion, and macrodipole polarizations when an external electric field
is applied to the material [33]. In addition, this model creates a causal response in the time domain,
that is, the real and imaginary parts of Equation 5.1 are related to one another through the Hilbert
Transform and satisfy the Kramers-Kronig dispersion relations [34]. It is important the dielectric
model has a causal response as the model can be used in time domain simulations. Without a causal
response, time domain results using this dielectric model will not be accurate.
Equation 5.1 seems simple enough, unfortunately this single pole Debye Model does not
do a very good job of characterizing composite dielectric materials. It was shown in [33] that for
FR-4 the real part of the permittivity had a decay over a wider frequency range than is allowed by
Equation 5.1. A possible cause of this issue is due to the composite material being made from
various materials and not a single substrate. For example, FR-4 is comprised of glass fibers and
resin. The glass fibers and resin each have their own relaxation properties. Since they each have
their own relaxation properties the relaxation property of the composite material can have a wider

68
frequency range. To examine this further, the dielectric properties extracted for Isola FR408HR
material from chapter 4 were used as inputs into Ansoft HFSS which has a feature which will
calculate the single pole Debye Model parameters based on inputs one provides as shown in Figure
5-2.

Figure 5-2. Ansoft HFSS Debye Model Inputs

The Debye Model created from the inputs of Figure 5-2 can then be plotted vs frequency. A
comparison between the Debye Model created from the inputs of Figure 5-2 and the extracted
measurement data from Chapter 4 are shown in Figures 5-3 and 5-4.
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Figure 5-3. Dk, Measurement (Red), HFSS Debye Model (Blue Dashed)

Figure 5-4. Loss Tangent, Measurement (Red), HFSS Debye Model (Blue Dashed)

Looking at Figures 5-3 and 5-4 a reasonable comparison is observed for the dielectric constant,
however, the loss tangent is almost double the measurement data in the 6 GHz range. To correct
these issues, as shown in [33], a Multipole Debye model can be used. A Multipole Debye model
uses several relaxation terms in order to provide a better fit to the measurement data. In order create
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the Multipole Debye Model, the Debye dispersion law as shown in [8] must be considered. The
dispersion law is defined as:
f

() = .  + . 
 

In Equation 5.3,

'


 '
−
1 + 


(5.3)

is the effective conductivity of the material. Equation 5.3 can be broken down

into its real and imaginary parts as shown in [8] depending on how many poles are desired. For
example, a two term Debye model broken down into its real and imaginary parts is defined as:
() = . r +
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e − 
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(5.3)

This two term Debye Model serves as the basis for the Genetic Algorithm developed in the
following sections. This model is causal and a reasonable match to measurement data can be
observed by adding additional poles to the model if needed.

5.2 Genetic Algorithm
Genetic Algorithms (GAs) are powerful tools based on the theory of evolution in that members of
a population with desirable attributes necessary for survival reproduce while members of a
population with undesirable attributes perish. The members of the population interact with one
another mimicking the mating cycles similar to those out of nature. Out of the mating cycle come
offspring and those offspring become the new population. This cycle continues until certain criteria
are met. GAs have been used for many different types of applications. For example, [35] used
GAs to determine the best route configuration for an urban bus network which minimized the
overall cost pushed onto the user and operator. [36] Used GAs to optimize antenna and scattering
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patterns. Countless problems can be solved with GAs, however, all of them have one thing in
common which is optimization. Each GA strives to optimize certain criteria. In the case of using
GAs to match dielectric properties of a material to the Debye model, we’re looking to optimize the
variables in the Debye equation, Equation 5.3, so the modeled dielectric characteristics match the
measured dielectric characteristics. To give an overall view of the GA process, Figure 5-2 shows
a flow chart of the GA developed in this Thesis. The sections to follow will break down this flow
chart to show how it is applied to the optimization problem discussed here.

Figure 5-5. Flow Chart of GA Process

To evaluate the GA developed in this Thesis, a common PCB material was used as the test vehicle
to remove the uncertainty of the carbon-loaded LCP material fitting the Debye model. The material
used was Isola 370HR material. The Line-Line method discussed in the previous sections was used
to extract the permittivity and loss tangent of the material shown in Figures 5-3 and 5-4
respectively. The overall goal is to use the GA to optimize the variables in the Debye model to
find a best fit to the measurement data.
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Figure 5-6. Extracted Dielectric Constant of Isola 370HR

Figure 5-7. Extracted Loss Tangent of Isola 370HR
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5.2.1 Initial Population
Taking the two-term Debye Model, Equation 5.3, it can be seen there are six unknown variables
(εs1, εs2, τ1, τ2, ε∞, and σe) which are the values which need to be optimized. When a value is assigned
to each of the variables, the six variables create a 1x6 array. This array is referred to as a string.
Each string was developed by selecting values for each variable randomly between certain ranges.
For example, εs1, could have been defined such that it could have taken on any value between 2 and
5.99 in .01 increments. This would result in εs1 having the ability to take on 400 different values.
The larger the bounds of each variable and the smaller the increment size, the longer the
computation time becomes.
The size of the initial population is determined by the number of strings developed for the
initial population. The size of the initial population should be chosen such that it is sufficiently
large as compared to the number of values each variable can take one. Further using εs1 as an
example, if this variable has the possibility of taking on 400 values, selecting an initial population
with 50 strings would not be sufficient as out of the 400 values only 50 of them are being chosen.
This study does not delve into the optimal ratio between the number of different values each
variable can take on and the initial number of strings, however, a ratio of 1:5 seemed to provide
good results.
Moving along with εs1 as an example, with 400 possibilities, the question now becomes,
how are values chosen out of the 400 possibilities? For this, random selection using a uniform
distribution was chosen for selection. Therefore, each value of the 400 possibilities had an equal
probability of being chosen.
To sum up determining the initial population, having 6 variables with each variable having
400 possible values and keeping a 1:5 ratio between possible values and number of strings, the
initial population is a 2000 x 6 matrix with each column being a different variable and each row
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being a different string. In addition, the 2000 different values each variable is taking on are
uniformly distributed between two bounds determined for each individual variable.

5.2.2 Fitness Evaluation
With the initial population set, each individual string needs to be evaluated for its fitness. Strings
which have better performance will have a better fitness value. This is done through the use of an
objective function, ∆. The objective function used in this instance is very similar to the objective
function used in [8], ∆ which is:
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In Equation 5.4, f are the frequency points used in the measurement from i=1 to N,  and '
are


the real and imaginary parts of the measured data permittivity, and  and '
are the real and

imaginary parts of the Debye model permittivity. The only difference between the objective

function used in [8] and the objective function used here is that this study inverts the objective
function of [8] which creates larger values for better performing strings as seen in Equation 5.5.
This matches the more traditional way objective functions are used in GAs.
To sum up the fitness evaluation using the example from section 5.2.1, after the 2000x6
initial population matrix is ran through the fitness evaluation there will be 2000 different fitness
values. One for each string. These fitness values are then used in mating selection.
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5.2.3 Mating Selection
With each string having a fitness value it is important the strings with the higher fitness values have
a higher probability of being selected as a mating partner. To do this, a probability of selection is
determined for each string by creating a biased roulette wheel based on fitness values. This is
shown in [37] by taking a fitness value, f, and dividing by the sum of all of the fitness values.
P =

@
∑@

(5.6)

Where fi in this instance is representative of a string’s fitness value and pi is the probability of
selection for that string. Therefore, each string will have a slot on a roulette wheel weighted by
the size of its fitness value. Strings with larger fitness values will have a large slot on the roulette
wheel. As an example, a roulette wheel created for an instance where there were 500 strings in the
population is shown in Figure 5-5.

Figure 5-8. Roulette Wheel for Population of 500 Strings
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This roulette wheel is then used to determine how many instances of each string are sent into the
mating pool. This is done through deterministic sampling [37]. In deterministic sampling each
string will have a certain number of copies sent into the mating pool based off of its probability of
selection. The exact number of copies, ei, is determined by


= P %

(5.7)

Where n is the total number of samples. For example, for the roulette wheel shown in Figure 5-5
which represents a population of 500 strings, the string with the highest probability of selection had
a pi=.01856. This resulted in an ei = 9.28. This ei value is then rounded down to the nearest integer
value for a total of 9 copies of this string entered into the mating pool.
This process is then repeated for each string, however, doing this for each string increases
the population size beyond the initial 500 strings since multiple copies of strings are made. To
keep the population size at 500, the samples with the highest fitness values are given a higher
priority in the mating pool and samples with the lowest fitness values are given a lower priority.
The mating pool is then created by incorporating the string with the highest fitness value and all of
its copies, then the string with the second highest fitness value and all of its copies, the string with
the third highest fitness value and all of its copies, etc. Once the mating pool reaches a size
containing 500 strings, the mating pool is complete. In this way, the strings with the lowest fitness
values are truncated from the population.

5.2.4 Reproduction and Next Generation
With the mating pool defined two members, parents, of the mating pool must be selected to mate.
This is done through a random selection based on a uniform distribution. For example, if the mating
pool has 500 strings each string has an equal probability of getting selected as a parent, however,
keep in mind that some strings in the mating pool have more copies than others.
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Once two parents are selected they will reproduce to create two children. This is done
through a process called crossover. Much like in human reproduction where a child will have
similar DNA to the two parents, crossover creates children which are comprised of a partial string
of each parent. To do this a crossover point needs to be created. This crossover point is the point
in the string where the parents swap values to create the children. To show an example of this two
strings which were selected as parents are shown in Table 5-1.
Table 5-1. Parents Selected From Mating Pool

String Position

1 (εs1)

2 (εs2)

3 (τ1)

4 (τ2)

5 ( )

6 (σe)

Parent 1

4.03

4.16

82.56e-12

5.577e-12

4.47

1.654e-3

Parent 2

4.27

3.98

82.36e-12

5.582e-12

3.86

1.1712e-3

A crossover point is randomly selected for the two parents. This crossover point is a random integer
between 1 and 6 which represents the position along the string the crossover will take place. If the
crossover point is selected with an integer value of 3, the parents would swap variables at the
location along the string between string positions 3 and 4. Table 5-2 shows what the parents from
Table 5-1 and children produced would look like if a crossover was to take place between positions
3 and 4.
Table 5-2. Children Created from Parents with Crossover Point at Position 3

5 ( )

6 (σe)

| 5.577e-12

4.47

1.654e-3

82.36e-12

| 5.582e-12

3.86

1.1712e-3

4.16

82.56e-12

5.582e-12

3.86

1.1712e-3

3.98

82.36e-12

5.577e-12

4.47

1.654e-3

String Position

1 (εs1)

2 (εs2)

3 (τ1)

Parent 1

4.03

4.16

82.56e-12

Parent 2

4.27

3.98

Child 1

4.03

Child 2

4.27

|

4 (τ2)
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This processed is carried out enough times to produce enough children to create a population with
an equal number of strings as the original population. This newly formed population becomes the
next generation. For example, if the initial population had a population of 2000 strings then 1000
mating reproduction cycles would need to be carried out since two children are created from each
mating cycle. Or, as another example, if the initial population had a population of 500 strings, then
250 mating reproduction cycles would need to be carried out in order to create a next generation
which would have an equal number of members as the initial population.
One aspect of the reproduction cycle which is ignored in this study is the process of
mutation. Mutation, in this instance, would change the values of the variables slightly during the
reproduction process. Mutation in the instance where binary coding is used a 1 can be changed to
a 0 or vice versa in a string. Mutation can be a necessity in some GAs depending on the application,
however, in this instance accurate results were obtained without implementing any type of
mutation.

5.2.5 Variable Convergence
Variable convergence in this instance was determined by running the GA for a set number of
generations. This study does not delve into the optimal number of generations which should be
ran through the GA, nor does it implement any sort of convergence criteria for the generations.
The number of generations determined to be sufficient in this GA was 20, that is, once the GA
has cycled through the generations 20 times the strings all tend to have the same values for the
variables.
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5.2 Results
The extracted dielectric constant and loss tangent was inputted into the GA program. The frequency
of these parameters ranged from 10 MHz to 19.91 GHz in 100 MHz increments which gave a total
of 200 frequency points. The range and increment of each variable was created so it had the
possibility of taking on 100 different values. The population size was set to 500 strings. The
variables for each parameter derived from the GA are shown in Table 5-3. The dielectric constant
and loss tangent of the Debye model using those variables vs the measurement data are shown in
Figures 5-6 and 5-7 respectively.
Table 5-3. Two-term Debye Parameters from GA

Variable

εs1

εs2

τ1

τ2

Value

4.19

3.98

82.56e-12

5.562e-12



3.85

Figure 5-9. Dielectric Constant, GA (Dashed Blue), Measurement Data (Red)

σe
1.696e-3
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Figure 5-10. Loss Tangent, GA (Dashed Blue), Measurement Data (Red)

The dielectric constant has a fairly good match, however, the loss tangent does not match very well
at low frequencies. As a result, the two term Debye Model was expanded to a four term Debye
Model as it was shown in [29] that a single term or two term Debye model is good in theory,
however, real materials are often made of various materials compounded together with each
material having its own properties. For example, the Isola370HR in this measurement in not one
material as it contains elements such as adhesives and glass. Increasing the number of terms of the
Debye model will correct this issue. Doing this increased the number of variables which need to
be solved for to 10. In addition to using a four term Debye Model in the GA, the frequency range
of the inputted measurement data was also modified. This time the parameters ranged from 10
MHz to 19.96 GHz in 50 MHz steps which gave a total of 400 frequency points. The range and
increment of each variable was still created such that they had the possibility of taking on 100
different values. The population size was also kept the same at 500 strings. The variables for each
parameter derived from the GA are shown in Table 5-4. The dielectric constant and loss tangent
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of the Debye model using those variables vs the measurement data are shown in Figures 5-8 and 59 respectively
Table 5-4. Four-term Debye Parameters from GA

Value

εs1

εs2

τ1

τ2

3.94

4.03

82.81e-12

4.84e-12



3.85

σe

εs3

εs4

τ3

τ4

1.696e-3

4.19

4.19

4.84e-12

4.84e-12

Figure 5-11. Dielectric Constant, Four-term GA (Dashed Blue), Measurement Data (Red)
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Figure 5-12. Loss Tangent, Four-term GA (Dashed Blue), Measurement Data (Red)

Using the four-term Debye Model improved the model to measurement fit. There is still
some model to measurement inaccuracy from 10 MHz to 1 GHz which has was shown in [29] to
be from measurement error due to the high parasitic inductance at lower frequencies. The Debye
Model corrects this error in the measurement to give more accurate values at those lower
frequencies.
The four-term Debye Model was then applied to the 26% carbon-loaded LCP
material. Since the extracted measurement results started to see some degradation after 10 GHz,
the GA was only applied to the measurement results from 10 MHz to 15.96 GHz in 50 MHz steps
which gave a total of 320 frequency points. The range and increment of each variable was still
created such that they had the possibility of taking on 100 different values. The population size
was also kept the same at 500 strings. The variables for each parameter derived from the GA are
shown in Table 5-5. The dielectric constant and loss tangent of the Debye model using those
variables where then used up to 20 GHz. These results vs the measurement data are shown in
Figures 5-10 and 5-11 respectively.
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Table 5-5. Four-term Debye Model Variables for Dielectric Absorber

Value

εs1

εs2

τ1

τ2

19.98

10.47

83.92e-12

10.65e-12



8.36

σe

εs3

εs4

τ3

τ4

.198

11.68

8.31

5.03e-12

3.54e-12

Figure 5-13. Dielectric Constant, Four-term GA (Dashed Blue), Measurement Data (Red)
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Figure 5-14. Loss Tangent, Four-term GA (Dashed Blue), Measurement Data (Red)

The dielectric constant has a fairly good match as does the loss tangent. To determine
whether the Multipole Debye Model is accurately characterizing the material a 3D finite element
model was created using ANSYS HFSS. The HFSS structure is shown in Figure 5-15 which
represents the test fixture used to extract the material properties for the 25.4mm long 26% carbonloaded LCP sample.

Figure 5-15. HFSS Structure based on Stripline Test Fixture
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The properties used for the carbon-loaded LCP were inputted as frequency dependent data points
based off of the material properties created from the GA shown in Figures 5-13 and 5-14. The
structure was simulated from .2 to 20 GHz in 200 MHz steps. The structure was modeled to
mimic the test set-up. The magnitude and phase of the S(2,1) of the measurement vs model data
are shown in Figures 5-16 and 5-17 respectively. The S(1,1) of the measurement vs model data is

Magnitude(dB)

shown in Figure 5-18.

Figure 5-16. Magnitude of S(2,1), Comparison of Simulated(Blue) and Measurement(Red)
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Figure 5-17. Phase of S(2,1), Comparison of Simulated(Blue) and Measurement(Red)

Magnitude(dB)
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Figure 5-18. Magnitude of S(1,1), Comparison of Simulated(Blue) and Measurement(Red)

Looking at the comparison data and excellent correlation is observed between the
magnitude and phase of the S(2,1) parameter. The S(1,1) parameter does see some variation
between measurement and simulated data. This can be attributed to a couple of factors. The first
factor is variability in the physical dimensions between the test sample and the sample created in
HFSS. The model used in HFSS creates perfect lines, corners, and interfaces between objects. The
physical sample created will have some variability in these parameters. These parameters all affect
the S(1,1) measurement as slight changes in geometry will impact reflections in the structure. For
the purposes of this study a small amount of variation in the S(1,1) measurement vs simulation is
acceptable as we will see in the following section where a prototype is manufactured.
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Chapter 6
Application of Dielectric Absorber in Interconnects

6.1 Prototype Details
As mentioned previously, differential signaling within an interconnect typically utilizes two
adjacent signal conductors between two GND conductors with adjacent differential pairs sharing a
ground conductor yielding a G-S-S-G-S-S-G configuration.

A common issue with this

configuration is the appearance of unfavorable resonances in the s-parameters. These resonances
appear as sharp upward spikes in the noise data and sharp downward spikes in the insertion loss at
specific frequencies. This resonance stems from the GND structure of the interconnect since the
GND contacts are separated from each other. Utilizing absorbing materials can eliminate these
resonances. To show this the common interconnect configuration was created as shown in Figure
6-1.

Figure 6-1. Prototype Configuration

The location and size of the carbon-loaded LCP was determined prior to manufacturing
this prototype by observing the electric field around the conductors in order to place the material
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in a way to absorb the resonances generated by the GND contacts while at the same time not
excessively interfering with the electromagnetic field associated with the high-speed signal
conductors. To observe the electric field a 3D model of the prototype was created in ANSYS HFSS
as shown in Figure 6-2.

Figure 6-2. HFSS Model of Prototype

Two models of the HFSS structure were simulated. One model with an LCP cap and the
other model with the carbon-loaded LCP cap. The model with the LCP cap had large resonances
in the 11 GHz range as observed previously in this study in Figures 1-4, 2-6, and 2-10. As a result,
the electric field of both models were simulated at 11 GHz to observe the electric field of each
model.

A x-section plane was inserted into each model as shown in Figure 6-2 as this will be the

location the electric field is observed at. The electric field of the two models at 11 GHz along the
x-section plane are shown in Figures 6-3 and 6-4. Figure 6-3 represents the electric field at 11 GHz
along the x-section plane for the LCP cap model and Figure 6-4 represents the electric field at 11
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GHz along the x-section plane for the carbon-loaded LCP cap model. The cap is shown in Figure
6-4 in order to show the electric field in relation to the absorber while all material besides the
contacts is omitted in Figure 6-4 in order to see the fields better.

Figure 6-3. Vector E-field Plot of HFSS Model at 11 GHz, LCP Cap Model
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Figure 6-4. Vector E-field Plot of HFSS Model at 11 GHz, Carbon-loaded LCP Cap Model

Looking at Figure 6-3, the rightmost differential pair was excited. The abundant energy
on the center GND contact is observed and it can also be seen how the energy from the GND contact
is coupling onto the leftmost differential pair and even the outer GND contacts. This energy is
causing the high resonance peaks in the noise data. To eliminate this resonance the dielectric
absorber is placed such that it absorbs the abundant energy on the GND contact while at the same
time not interfering excessively with the high-speed signal pairs. This is shown in Figure 6-4. In
this figure it is shown how the absorber was placed to make contact with the GND contacts,
however, a notch is cut into the absorber when it is directly above the high-speed signals. This
configuration allows the absorption of the resonances while giving adequate space around the highspeed signal pairs as to not overly affect insertion loss.
With the proper placement of the absorber, the prototype was manufactured. Referring
back to Figure 6-1, the LCP base was machined using a common low loss LCP material. The
contacts were machined using phos-bronze material. 7 contacts were made in order to give the GS-S-G-S-S-G configuration. In addition, two different types of caps were machined. One type is
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made out of the same low loss LCP used for the base material while the second type was made
from the 26% carbon-loaded material. The assembly was then soldered onto two printed circuit
boards as shown in Figure 6-5. The caps were interchangeable which allowed the two different
types of caps to be easily compared in the test set-up.

Figure 6-5. Assembly Soldered to PCBs

6.2 Prototype Test Results
The results of the measurements are shown in Figures 6-6 and 6-7. Figure 6-6 shows the
comparison in insertion loss while Figure 6-7 shows the results of the Far End Crosstalk between
the two differential pairs.

Magnitude(dB)
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Magnitude(dB)

Figure 6-6. Insertion Loss Comparison, Low Loss LCP Cap (Orange), 26% Carbon-loaded LCP (Blue)

Figure 6-7. Noise Comparison, Low Loss LCP Cap (Orange), 26% Carbon-loaded LCP (Blue)

As can be seen from the above figures the carbon-loaded LCP material provides a great
benefit to the interconnect industry. The sample with the carbon-loaded LCP cap minimized the
resonances seen in the insertion loss and crosstalk while not dramatically increasing the overall
broadband performance of those two parameters. To show just how large of an improvement is
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gained by using this material we can look at the Integrated Crosstalk Noise (ICN) which is an
industry standard calculation called out in various IEEE specifications.
The IEEE specification looked at for this study is the IEEE 802.3bj Standard which is an
Ethernet standard for 100 Gb/s operation over backplanes and copper cables. The calculations for
ICN and variable setting values will be taken from this specification as will be seen later. ICN was
first introduced in 2009 by [38]. ICN weighs the sum of multi-disturber crosstalk values at evenly
spaced frequency intervals over a defined frequency range and determines a value in relation to the
power spectrum of the signal [39]. ICN typically uses Multi-disturber Far-end Crosstalk Loss
(MDFEXT) and Multi-disturber Near-end Crosstalk Loss (MDNEXT) values in its calculations.
This is done for configurations which have defined pinouts and transmit/receive lanes. Since this
study is only considering a two pair prototype with no defined pinout we will only consider
MDFEXT in the ICN calculations. In addition, the symmetry of the G-S-S-G-S-S-G structure will
be utilized to mimic a two aggressor scenario. That is, it can reasonably be assumed that by taking
the eight port noise data which utilized Pair A as an aggressor and Pair B as a victim that an
additional Pair mirrored about Pair B will have an almost identical noise contribution onto Pair B
as Pair A. Doing this can expand the noise data to include two aggressors instead of one aggressor.
As shown in [40], MDFEXT is defined as:
nT!©- = −10HGM.  10
 /
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(6.1)

In equation 6.1, f must have a maximum frequency spacing of 10 MHz, x represents the number of
crosstalk aggressors, and mSK(@) is the FEXT at a frequency f of that pair combination. mSK(@) is

taken from the measurement data. The weight at each frequency is defined as:
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The values associated with the variables in equation 6.2 are defined in [40] and shown in Table 61.

Table 6-1. ICN Parameters from [40]

Description
Symbol rate
Far-end disturber peak differential output amplitude
3dB reference receiver bandwidth
3dB transmit filter bandwidth

Symbol

Value

Units

@

25.78125

GBd

ªB

600

mV

@

18.75

GHz

@ªB

24.635

GHz

The far-end integrated crosstalk noise, σfx, is defined as:
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(6.3)

Where ∆@ is the uniform frequency spacing of the frequency points. In this case 10 MHz was used.

Since we are ignoring the MDNEXT portion of ICN, the total ICN is equal to the far-end ICN. The
ICN values associated with the noise plots of Figure 6-7 are shown in Table 6-2.
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Table 6-2. ICN values of Prototype

Part

ICN (mV)

Prototype with LCP Cap

5.567

Prototype with Carbon-loaded LCP Cap

3.235

Looking at this table it is observed that by simply switching out the LCP cap for the carbon-loaded
LCP cap the ICN of the prototype was reduced by 42%. To give some perspective on this result,
the limit written into the IEEE 802.3bj spec is to have a total far-end ICN value lower than 4.8 mV.
Without using the carbon-loaded LCP cap this part would not pass the IEEE specification and
would be incapable of 25 Gb/s operation.
In addition to ICN another important parameter listed in the IEEE 802.3bj specification is
the Insertion Loss Deviation (ILD) parameter. Since a flat insertion loss with minimal ripple is
desired, ILD is a figure of merit to determine how flat the insertion is by curve fitting the measured
data and then calculating how far the actual measured data deviates from that curve. Better
performing parts will have a low ILD.
The curve fit process is shown in [40] and aimed to minimize the mean square error. In
[40] the fitted insertion loss is defined as

hSªBB' (@) = $. + $ @ + $ @ + $ @ 

(6.4)

In 6.4, $., $ , $ , $%L $ are polynomial coefficients. The coefficients are calculated as follows:
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Where F represents a frequency matrix and L, shown in Equation 6.6, represents a column vector
of the measured insertion loss values in dB.
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hST(@) = hS(@) − hSªBB' (@)

(6.8)

°̄

Equations 6.5 and 6.6 are used to calculate the coefficients of Equation 6.4 in Equation 6.7

ILD is then calculated as follows:

Where IL(f) is the measured differential insertion loss of the differential pairs in the prototype. For
the insertion loss plots of Figure 6-6, the fitted insertion loss versus the measurement data and ILD
for the prototype with the LCP cap and carbon-loaded LCP cap are shown in Figures 6-8 through

Magnitude(dB)

6-11.

Figure 6-8. Measured Data (Blue), Curve Fit (Red), Prototype with LCP Cap

Magnitude, dB
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Magnitude(dB)

Figure 6-9. Calculated ILD from Measurement Data, Prototype with LCP Cap

Figure 6-10. Measured Data (Blue), Curve Fit (Red), Prototype with Carbon-loaded LCP Cap
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Insertion Loss Deviation, Carbon-loaded LCP Cap
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Figure 6-11. Calculated ILD from Measurement Data, Prototype with Carbon-loaded LCP Cap

Looking at Figures 6-8 through 6-11 it is observed the prototype with the carbon-loaded
LCP cap has a better match to the curve fit to a higher frequency and therefore a better ILD than
the prototype with the LCP cap. This is due to the carbon-loaded LCP cap absorbing the unwanted
resonances in the part and eliminating them from the insertion loss measurement of the prototype.
To quantify this better, [40] also defines a figure or merit which comes up with an actual RMS
value of the ILD to get a better perspective on the improvements. The figure of merit in [40] is
defined as hSTÂ¶| :
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(6.10)

100
Where W gives a higher weight to the ILD values at the lower frequencies. For the plots of
Figure 6-3, the ILDRMS values are shown in Table 6-3.
Table 6-3. Figure of Merit for ILD

Part
Prototype with LCP Cap
Prototype with Carbon-loaded LCP Cap

ÃÄÅÆÇÈ
0.086
0.048

Looking at Table 6-3, the ILDRMS was reduced by 44%.
Overall the ILDRMS was reduced by 44% and the ICN was reduced by 42% by simply
replacing the LCP cap with the carbon-loaded LCP cap. Doing this negates the need for a huge
design effort as compared to other solutions to eliminate resonances.

6.3 Prototype Model vs Test
The HFSS structure of Figure 6-2 was utilized again to expand on the validity of the LineLine method in testing carbon-loaded LCPs. The material properties generated from the GA for
the 26% carbon-loaded LCP in section 5.2 were used in the HFSS structure of Figure 6-2.
The model vs measurement results for this set-up are shown in Figures 6-13, 6-14, and 615 for the insertion loss, far-end crosstalk, and near-end crosstalk respectively.
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Figure 6-12. Insertion Loss, Model (Red) vs Measurement (Blue)

Figure 6-13. Far-end Crosstalk Model (Red) vs Measurement (Blue)
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Figure 6-14. Near-end Crosstalk, Model (Red) vs Measurement (Blue)

As can be seen from the model vs test results a reasonable comparison is observed between
the model and measurement results. Slight variations are acceptable in this scenario as there a
multiple factors which can contribute to the differences between model and measurement. From a
geometry standpoint, even this simple prototype has a very complex geometry when physical
imperfections and realities are taken into account. For example, the solder termination in HFSS is
modeled the same way for each of the contacts, however, in reality each solder termination will
have a unique structure. In addition, mechanical tolerances on the phos bronze contacts, LCP base,
and caps are all modeled in HFSS at their nominal dimensions. In reality, every feature in the
prototype will vary slightly from these nominal dimensions. Further, the LCP base is a 30% filled
LCP such that 30% of the LCP is filled with glass. The distribution of this 30% will vary along the
LCP part as it’s filled during injection molding. To be able to take all of these factors into account
is impractical simply for the development of this prototype. As a result, in terms of this study, the
match between measurement and simulated data is sufficient.

103

6.3 Effect of Increased Dielectric Constant on Prototype
With a sufficient match between the model and measurement data, the model can now be
used to determine the outcome of other scenarios such as the 26% carbon-loaded LCP being loaded
with additional carbon. It was shown earlier than an increased carbon content will increase the real
and imaginary parts of the permittivity. Increasing the imaginary part of the permittivity would be
favorable since it would yield a higher loss tangent, however, an increased dielectric constant can
introduce detrimental effects such as increased broadband noise in tight-pitch applications since it
would increase the coupling between conductors. To show this, the dielectric constant of the 26%
carbon-loaded LCP from the GA was increased in increments of 5 across the entire frequency range
as shown in Figure 6-16. These properties were inputted into the HFSS structure shown in Figure
6-9 to create three different models. Model A corresponds to the current data derived from the GA
for the 26% carbon-loaded LCP and is the same data as shown in Figure 5-13. Model B corresponds
to the first incremental increase in dielectric constant and Model C corresponds to the highest
incremental increase in dielectric constant.
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Figure 6-15. Varying Dk Values for Model Input, Model A (Blue), Model B (Red), Model C (Black)

It is unclear how the increase in dielectric constant affects the loss tangent as this is all
theoretical, moreover it does not give any indication as to what level of carbon content these
dielectric constant values equate to. This study will primarily give insight for this particular
application in how the dielectric constant affects broadband noise. The far-end crosstalk for one
pair to the other for the structure in Figure 6-2 is shown in Figure 6-17.
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Figure 6-16. FEXT Model A (Blue), Model B (Red), Model C (Black)

From Figure 6-17 it is observed that the best preforming model is Model A which utilized the
dielectric constant corresponding to the current 26% carbon-loaded LCP. The value of the FEXT
for Model A is -41.62 dB at 10 GHz. Model B has a FEXT value of -40.61 dB at 10 GHz and
Model C has a FEXT value of -39.93 at 10 GHz. Again, it is unclear how the increase in dielectric
constant affects the other properties exactly, however, Figure 6-17 shows the 26% carbon-loaded
LCP used in this study gives optimal results as the resonances in the prototype were absorbed and
the broadband noise of the application was not increased.

6.3 Effect of Decreased Loss Tangent on Prototype
In contrast to an increase dielectric constant with an increased amount of carbon loading, this
section focuses on a decreased loss tangent value which corresponds to a decreased amount of
carbon content. To show this, the loss tangent of the 26% carbon-loaded LCP from the GA was
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decreased in increments of 0.1 across the entire frequency range as shown in Figure 6-18. These
properties were inputted into the HFSS structure shown in Figure 6-2 to create three different
models. Model A corresponds to the current data derived from the GA for the 26% carbon-loaded
LCP and is the same data as shown in Figure 5-14. Model D corresponds to the first incremental
decrease in loss tangent and Model E corresponds to the highest incremental decrease in loss
tangent.

Figure 6-17. Varying Tanδ Values for Model Input, Model A (Blue), Model D (Red), Model E (Black)

It is unclear how the decrease in loss tangent affects the dielectric constant as this is all theoretical,
moreover, it does not give any indication as to what level of carbon content these loss tangent
values equate to. This study will primarily give insight for this particular application in how the
loss tangent affects broadband noise. The far-end crosstalk for one pair to the other for the structure
in Figure 6-2 is shown in Figure 6-19.
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Figure 6-18. FEXT Model A (Blue), Model D (Red), Model E (Black)

From Figure 6-19 it is observed that the best preforming model is Model A which utilized
the loss tangent corresponding to the current 26% carbon-loaded LCP. As the loss tangent is
incrementally decreased, the resonances begin to appear in the crosstalk plots as observed in the 4
and 8 GHz ranges.
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Chapter 7
Summary and Future Work

7.1 Summary
The purpose of this Thesis was to overcome the learning curve in using an electromagnetic
absorbing material in interconnect designs by understanding the inherent material properties of it.
This includes locating a dielectric absorber close to the high-speed differential pairs which are
typically surrounded by low loss material. It was shown that a 26% carbon loaded LCP can be
used to achieve the desired results. The carbon loaded LCP was loaded above the percolation
threshold just enough to induce electron tunneling within the material to facilitate absorption of
unwanted resonances. The resultant dielectric constant of this material was 13.375 and the loss
tangent was 0.354 at 10 GHz. This required the need to understand both the base and filler materials
and how they interact with one another.
To validate the proper loading was achieved, various material characterization test methods
were studied and it was determined that the Line-Line method is adequate in characterizing the
carbon-loaded LCP in the main frequencies of interested. To use the material properties of the
carbon-loaded LCP in 3D FEM software a GA was developed in order to fit the material properties
to a Multipole Debye model which produces a causal result. A four pole Multipole Debye model
was needed in this case. The accuracy of the dielectric model from the GA was further validated
by creating a prototype and comparing the model vs measurement results. Using the type of
dielectric absorber developed in this study one can significantly reduce the cost and complexity of
interconnect designs while increasing performance.
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7.2 Future Work
Looking at the base and filler material loading, as the volume fraction of loading of carbon
is increased in the material above the 26% level the Line-Line method will become invalid as the
S(2,1) measurements of the samples will have too much loss to create a throughput out to the
desired frequency. For example, the 25.4mm length sample of the 26% carbon-loaded LCP
exhibited an S(2,1) measurement approaching -50dB at 16 GHz. For a material with a higher
loading of carbon, this S(2,1) measurement will only be lower on the dB scale. It should be
determined at what level of loading the Line-Line method becomes invalid. Other test methods
such as a free space test method should be considered for measurements of materials with higher
loadings. In addition, to fully characterize the material at the lower frequencies other test methods
should be considered. The Line-Line method provided accurate results above 2 GHz, however, to
be more exact on the lower frequencies test methods such as a parallel plate measurement should
be considered.

In addition, the stripline test fixture is currently limited by the SMA testpoints

used which are rated up to 18 GHz. It is recommended to change these testpoints out in order to
increase the frequency range of the test fixture.
Future work should also include investigating the implementation of the GA used in this
study in regards to making it more robust and efficient. The robustness of the GA can be improved
by implementing more comprehensive search and optimization algorithms which can make the
search space of the solution larger and can also determine more accurate solutions. In addition,
mutation is a process excluded from the GA used in this study, however, mutation can be an
important aspect any GA.
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