
  

Characterization and reduction of line-to-line crosstalk on printed circuit boards 

 

 

by 

 

 

Joshua Adam Welch 

 

 

 

 

B.S., Kansas State University, 2016 

 

 

 

A THESIS 

 

 

 

submitted in partial fulfillment of the requirements for the degree 

 

 

 

 

MASTER OF SCIENCE 

 

 

 

Department of Electrical and Computer Engineering 

College of Engineering 

 

 

 

KANSAS STATE UNIVERSITY 

Manhattan, Kansas 

 

 

2018 

 

 

 Approved by: 

 

Major Professor 

Dr. William B. Kuhn 

  



  

Copyright 

© Joshua Welch 2018. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Notice: This manuscript has been authored using funds under the Honeywell 

Federal Manufacturing & Technologies under Contract No. DE-NA-0002839 with the U.S. 

Department of Energy. The United States Government retains and the publisher, by 

accepting the article for publication, acknowledges that the United States Government 

retains a nonexclusive, paid-up, irrevocable, world-wide license to publish or reproduce the 

published form of this manuscript, or allow others to do so, for United States Government 

purposes. 



  

Abstract 

An important concern for high speed circuit designs is that of crosstalk and 

electromagnetic interference. In PCB board-level designs, crosstalk at microwave frequencies 

may result from imperfections in shielding of PCB interconnects or more generally transmission 

lines. Several studies have been done to characterize and improve the isolation between PCB 

transmission lines for both digital and RF circuits. For example, previous studies in the 

microwave region have examined the effect that line type, line length, and separation have on 

crosstalk and suggest that without full shielding, the upper limit of isolation is on the order of 

60dB for traditional board-level lines [1].  

In order to more fully characterize crosstalk and improve isolation above 60 dB, this 

thesis studies signal-to-ground-plane separation, considers advanced line types, and examines the 

effect of 3D shielding. Results are presented from 100MHz to 30GHz for the traditional 

transmission line structures of microstrip, CPW, differential pair and CPW differential pair. This 

study shows that with a halving of distance between signal and ground planes, isolation between 

transmission lines can be reduced by as much as 20dB, making this one of the best ways to 

improve performance. Advanced methods of shielding are then presented. Direct launch stripline 

and single-sided CPW improve upon existing crosstalk reduction techniques, while split 

shielding and ablation of dielectric PCB material are also proposed.  

The data and additional crosstalk reduction techniques discussed in this thesis serve two 

purposes. One: with a more complete understanding of the effects that transmission line types 

and parameters have on crosstalk, engineers can quickly identify potential crosstalk issues and 

resolve them before manufacturing. Second, this thesis presents the engineer with four new 

additional techniques that may become available in advanced manufacturing environments. Such 



  

techniques can further reduce crosstalk and may allow for isolation values to approach 100 dB at 

the PC board level.
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Chapter 1 - Introduction and Background 

 1.1 – Electromagnetic Compatibility, Crosstalk and Modern PCB Boards 

  A paramount concern for engineers of high speed circuits is signal integrity and 

electromagnetic interference (EMI). Electromagnetic interference is defined as interference from 

outside radio-frequency waves on a circuit. Radio waves not only come from the surrounding 

environment but also from nearby circuits on the same printed circuit board (PCB). If not 

properly accounted for, EMI can prevent the correct operation of a circuit. A specific case of 

electromagnetic interference is crosstalk. Crosstalk is when an active line’s signal couples to a 

victim line. While this thesis will focus primarily on crosstalk, results can be extended to other 

forms of EMI. 

 A traditional way of dealing with electromagnetic interference is to enclose the PCB in a 

RF shield structure. In general, this structure is machined out of a single piece of metal. To 

reduce crosstalk from components on the same board, separate chambers are often milled into 

the single shield. While traditional RF shielding does a good job of protecting a circuit from 

ambient interference, it does not prevent crosstalk between transmission lines within the same 

cavity. Since traditional RF shielding is milled from a single piece of metal, it can also add cost, 

weight, and size to the final product.   

 In addition to shielding, RF engineers can utilize more complex transmission line 

structures to reduce crosstalk. Examples of commonly used structures include co-planar 

waveguide, stripline and differential pair. When compared to microstrip, each of these structures 

reduces crosstalk and increases the overall isolation of the circuit. However, due to varying 

degrees of complexity, these structures are not always practical to implement. Even when using 

structures that increase isolation, RF engineers must have a firm understanding of how spacing 
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between lines, shielding and apertures, and other adjacent components and circuits affect 

crosstalk between transmission lines. Hence, these issues form the focus of this thesis. 

This research first seeks to characterize the effect that different ground plane distances 

have on traditionally used transmission line structures. This research, coupled with previous 

work will give designers a more complete idea of how design and layout decisions affect 

isolation. In addition, four new methods are presented to further reduce crosstalk and allow for 

more design flexibility. Direct launch stripline and single-sided coplanar waveguide methods 

seek to extend existing transmission line methods by increasing both ease of use as well as 

isolation. Methods three and four seek to utilize cutting edge post production techniques 

including dielectric material ablation and addition of microwave absorbing materials to increase 

isolation.  

 1.2 – Additive Manufacturing and Laser Ablation 

In this thesis, two advanced production techniques enabled by 3d fabrication methods are 

used to increase isolation on PC boards. Additive manufacturing, specifically in the form of 3d 

printing was used to make RF shield structures. Additive manufacturing allows for more intricate 

shield structures which can more easily conform to circuit board structures when compared to 

traditionally manufactured shields. In addition, additive manufacturing allows for rapid 

prototyping and turn around [2]. An example of 3d printed RF shielding is shown in Figure 1. 
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Figure 1: 3d printed RF shields from the University of Arkansas 

 

Unlike 3d printing, laser ablation is a subtractive process. Laser ablation can be used to 

selectively remove solid materials from a surface. By controlling the power of the laser, the 

depth of material removed can also be controlled. In this research, laser ablation was used to 

remove the dielectric material surrounding traces on a PCB as shown in Figure 2. By removing 

the dielectric material, capacitive coupling can be reduced. In addition, RF absorbing material 

can be put in its place to further reducing coupling. Preliminary experiments with these methods 

are also presented later in this thesis.  

 

Figure 2: Top dielectric of PCB removed courtesy of the University of Nebraska 
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 1.3 – Prior Work 

Even though the mechanisms of crosstalk are well understood, crosstalk continues to be 

an important area of research. Crosstalk is defined as the amount of signal from an aggressor line 

that is received by a victim line. In general, crosstalk is divided into near-end crosstalk (NEXT) 

and far-end crosstalk (FEXT). 

 

Figure 3: Example of crosstalk test structure 

 

In Figure 3, NEXT can be define as the signal from Port 1 coupling over to Port 3 and FEXT can 

be define as signal from port 1 coupling over to port 4. During FEXT measurements, port 2 and 

port 3 were terminated in 50Ω. Since NEXT can only be reduced by increasing the distance 

between the two lines (D), it is not often studied [3]. Unlike NEXT, several factors can influence 

FEXT and therefore it is the primary focus of this research.  

 Further work has been done to characterize the isolation effectiveness of commonly used 

transmission lines on typical low cost FR4 boards. Specifically, microstrip, co-planar waveguide 

(CPW), and stripline transmission lines have been tested in [1]. It was found that for every 

doubling of distance between transmission lines isolation generally increased by 10 to 12dB. 

When comparing the traditional types of transmission lines it was found that CPW provides 

10dB of improvement in insolation over microstrip and stripline provides 20dB of improvement 

over CPW [1,4].  
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Due to the widespread popularity of co-planar waveguide, extensive research has been 

done on optimal design practices. When compared to traditional microstrip, CPW is much more 

effective at reducing crosstalk [5,6]. Previous research has found that co-planar waveguide is 

most effective when the signal to ground flank distance is kept to a minimum and via spacing is 

less than a quarter wavelength at the highest frequency [7]. A variant of CPW known as 

asymmetric CPW has also been modeled. Asymmetric CPW is a CPW structure in which ground 

flanks are not spaced equally from the center signal trace [8]. While studied, no practical 

applications for asymmetric CPW have been found. However, the study of these CPW and its 

variations led to the creation of a new type of transmission line structure known as single-sided 

CPW that is studied in chapter 4 of this thesis.  

Extensive study has also been done on RF shielding. While it may be intuitive to place an 

RF shield around a circuit to reduce interference and crosstalk, methods to characterize the RF 

shielding effectiveness have been studied [9]. In connection to RF shielding, work has also been 

done to both characterize the effect of and provide guidance on shielding apertures [10]. If 

incorrectly designed, an aperture can allow signal to escape the shielded structure and interfere 

with other circuits. It has been shown that a single aperture can reduce shielding effectiveness to 

0dB.  

 1.4 – Thesis Structure  

This thesis is structured into seven chapters. Chapter one has provided a brief 

introduction into electromagnetic interference and crosstalk in regards to PCB design and a 

general review of prior work done on crosstalk interference. Additionally, a brief overview of 

additive manufacturing and laser ablation as it relates to PCB board isolation has been included. 

Chapter two discusses the separation between signal and ground plane as it relates to isolation 
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between transmission line structures. Specifically, microstrip, coplanar-wave guide, differential 

pair, and coplanar-waveguide differential pair are studied. Chapter three explores the idea of 

direct launch stripline as well as the isolation effectiveness in comparison to more widely used 

microstrip line structures. Chapter four presents a variant of traditional coplanar waveguide 

called single-sided coplanar waveguide (SS-CPW). Unlike traditional coplanar waveguide which 

has ground flanking both sides of the signal trace, SS-CPW has one ground flank.  In chapter 

five, the concept of ablating a dielectric layer on a PCB board to increase signal isolation is 

explored in some detail. Both the theory behind it and experimental results are provided. Chapter 

six describes the idea of utilizing a split shield over a traditional shield to increase isolation. A 

discussion on shielding aperture is also contained in chapter five. Finally, chapter seven 

summarizes the results found in the previous chapters as well as highlights important results and 

findings. Thoughts on future direction and possible areas of additional study conclude chapter 

seven.  
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Chapter 2 - Signal and Ground Plane Separation Isolation Effects 

 2.1 – Background 

In general, when designing a PCB it is better to make the ground plane as close to the 

signal plane as possible. When close together, the signal current and the ground image current 

are close enough together to cancel the far magnetic field which in turn can increase isolation. 

However, engineers do not always have control over the distance between the signal and ground 

planes. For low cost, quick turn PCB, manufacturers determine the board stackup and engineers 

must be able to adapt and design appropriately. While all structures can be affected by the 

distance between signal and ground layers, transmission line structures are particularly sensitive 

to changes in signal and ground plane separation.  

When placing a transmission line, engineers must design the line to have a certain 

characteristic impedance in order to reduce reflections and maintain signal intergrity. For many 

RF designs this characteristic impedance is 50Ω.  The characteristic impedance of a lossless 

transmission line is determined by equation (2.1). 

        𝑍0 = √
𝐿

𝐶
                      (2.1) 

In order to arrive at the correct values of L and C, the dimensions of the transmission line must 

be scaled appropriately for the given PCB board material properties. For a set characteristic 

impedance, as the distance between the signal and ground planes increase, the width of the signal 

trace must also increase. All of these factors will also influence crosstalk. 
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 2.2 – Mathematical Model of Crosstalk VS Signal/Ground Separation 

For closely spaced lines, crosstalk is caused by inductive and capacitive coupling from an 

aggressor line to a victim line. Figure 4 depicts the typical lumped component model for an 

aggressor line coupling to a victim line [3].  

 

Figure 4: Lumped component model of crosstalk 

 

For the case of inductive coupling, as the distance between signal and ground layers 

increases coupling becomes worse. Inductance from an aggressor line to a victim line can be 

defined by the equation for mutual inductance shown in equation (2.2) [11]. 

                                          𝐿𝑚 =
𝑁𝛹

𝐼𝐴𝑔𝑟𝑒𝑠𝑠𝑜𝑟
                  (2.2)  

In equation (2.2) 𝐼𝐴𝑔𝑟𝑒𝑠𝑠𝑜𝑟 is defined as current through the aggressor line, N as the number of 

coil turns and 𝛹 is defined as flux. Flux is defined as the amount of magnetic field that passes 

through a surface. A formal definition of flux is given by equation (2.3) where B is the magnetic 

field [11]. 

  𝛹 =  ∮ 𝑩 ∙ 𝑑𝑺       (2.3)  

Combining equations (2.2) and (2.3) leads to equation (2.4). 
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𝐿𝑚 =
∮ 𝑩∙𝑑𝑺 

𝐼𝐴𝑔𝑟𝑒𝑠𝑠𝑜𝑟
       (2.4) 

Figure 5 shows an example of what the magnetic field of a microstrip line might look like. The 

surface that the flux passes though is defined by the length and signal to ground plane separation 

of the victim transmission line. 

 

 

Figure 5: Magnetic fields from aggressor line interfering with victim line 

 

For a victim line of length l and signal to ground plane separation H, equation (2.4) can be 

approximated by equation (2.5) to the extend the field is uniform. Here, K is a constant that 

depends on the distance between the lines, and to a lesser degree the height H. 

    𝐿𝑚 =
𝑙𝐻

𝐼𝐴𝑔𝑟𝑒𝑠𝑠𝑜𝑟
𝐾        (2.5) 

Since from equation (2.5) mutual inductance is determined by the length and signal to ground 

plane separation, mutual inductance will increase as well. 
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  Much like inductive coupling, capacitive coupling will also increase as the distance 

between the signal and ground layers increases. Fundamentally, capacitance is the result of an 

electric field existing between two conductors. Shown in Figure 6 is an example of the electric 

field between aggressor and victim line. 

 

Figure 6: Electric fields between aggressor and victim line when H is large 

 

To a first order, capacitive coupling can be modeled using the equation for a parallel plate 

capacitor. The capacitance of a parallel plate capacitor in free space is given by equation (2.6) 

where S is the surface area of the plates and d is the distance between them [11]. 

𝐶 =
𝜀0𝑆

𝑑
         (2.6)  

Depending on the distance between ground and signal plane (H) two capacitive coupling cases 

develop. When H is small, most of the electric field on the dielectric side will terminate on the 

ground plane. Given that the surface area is that of the transmission line and that the electric field 

still forms above the line in free space, the following equation is approximately valid: 

                                                         𝐶 ≈
𝜀0𝑙𝑊

𝑑
                      (2.7) 
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However, when H is sufficiently large, the electric field in the dielectric will also tend to couple 

over to the victim line as shown in Figure 6. Considering that half of the electric fields are in the 

dielectric and the surface area is that of the transmission line, equation (2.6) is modified into the 

following equation: 

𝐶 ≈
(1+𝜀𝑅)𝜀0𝑙𝑊

𝑑
      (2.8) 

Last, since the distance between the parallel plates is not constant, it will be approximated by 

taking the arc length from the midpoint of each transmission line. The arc length between two 

transmission lines with separation S and width W can be approximated by: 

                    𝑑 ≈
1

2
𝜋(𝑆 + 𝑊)                    (2.9) 

Combining equations (2.7) and (2.9) describes the capacitance between two transmission lines 

when H is small to a first order. This is shown in the following equation: 

                                                                      𝐶𝑚 ≈
2𝜀0𝑙𝑊

𝜋(𝑆+𝑊) 
        (2.10) 

Likewise, combining equations (2.8) and (2.9) gives equation (2.11) which describes the 

capacitance between two transmission lines to a first order when H is large. 

      𝐶𝑚 ≈
2(1+𝜀𝑅)𝜀0𝑙𝑊

𝜋(𝑆+𝑊) 
                   (2.11) 

 Since the width of line increases as the distance between signal and ground layers increases and 

since it sets the surface area of the parallel plates, capacitance will increase as the distance 

between the signal and ground plane increases. Furthermore, when H is sufficiently large, 

capacitance will further increase due to the electric field in the dielectric (for small S).  

 A general equation for far-end crosstalk (FEXT) can be found in [3] where Len is the 

distance between the two lines, RT is the rise time of the signal, v is the speed of the signal, 𝐶𝐿 is 

the capacitance per length and 𝐿𝐿 is the inductance per length of the signal trace. 
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     𝐹𝐸𝑋𝑇𝑑𝐵 = 20 log (
𝐿𝑒𝑛

𝑅𝑇
∗

1

2𝑣
∗ (

𝐶𝑚

𝐶𝐿
−

𝐿𝑚

𝐿𝐿
 ))   (2.12)  

As seen from equation (2.12), FEXT occurs when there is a dominant amount of either mutual 

capacitance or mutual inductance When capacitive coupling dominates, FEXT should 

theoretically increase by a maximum of between 6-19.5dB for every doubling of distance 

between signal and ground plane given a dielectric constant of 3.667. Equation (2.12) also 

suggests that when the mutual capacitive and inductive values achieve the same value, FEXT can 

be eliminated. 

  

 2.3 – Experimental Setup 

To validate the theory above and assess more complex geometry, transmission lines of 

varying type and varying signal to ground distances were fabricated and measured for crosstalk 

performance. Testing was performed on a single low cost FR4 PCB board shown in Figure 7.  

 

Figure 7: Signal to ground plane test board 

 



13 

Measurements were made using a Keysight N5245A vector network analyzer. To work 

correctly with the network analyzer, all lines were designed to have a characteristic impedance of 

50Ω. Four different transmission line structures tested were: microstrip, CPW, differential pair, 

and CPW differential pair. Coupling from each transmission line under test and a microstrip line 

was measured. For transmission line structures without via flanks, vias were added to one end of 

the transmission line to properly land the 500µm ground signal ground (GSG) probes. An 

example of GSG probes landed on a CPW transmission line is shown in Figure 8. The opposite 

ends of the transmission lines were terminated in 50Ω to eliminate any reflections on the line. 

 

Figure 8: Landed GSG probe on CPW transmission line 

An example measurement setup with the Keysight N5245A vector network analyzer and the 

GSG probes is shown in Figure 9. 
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Figure 9: Example measurement setup 

For each transmission line tested, measurements were made for ground plane distances of 

6.7mils, 53.7mils and 60.4mils from the signal trace. Line length for all cases was 1000mils 

(2.54cm). Spacing for signal trace to ground flanks for co-planar lines was fixed at 4mils by the 

FR4 fabrication rules. Table 1 shows the width of each transmission line structure at the 3 

different ground distances. 

Table 1: Signal trace width in mils 

 Microstrip CPW Differential Pair CPW Differential Pair 

6.7mil Ground Distance 13.5 12 16 16 

53.7mil Ground Distance 120 33 35 20 

60.4mil Ground Distance 136 35 36 20 

 

 2.4 – Experimental Results  

In this section results for each transmission line structure are recorded and analyzed 

separately. For a comparison between different transmission line structures please see section 

2.5. 
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 2.4a – Microstrip Experimental Results 

Figure 10 depicts the measured far end crosstalk (FEXT) from microstrip to microstrip at 

three separate ground distances.  

 

Figure 10: FEXT of microstrip to microstrip at varying ground distances 

 

When the distance between the signal and ground plane is increased from 6.7mils to 60.4mils 

isolation decreases by approximately 40dB. This translate to a decrease in isolation of 8dB for 

every doubling of distance between signal and ground plane. It appears from these results that 

capacitive coupling dominates. 

 2.4b – CPW Experimental Results 

Figure 11 depicts FEXT from CPW to microstrip at three separate ground distances. Due 

to the ground flanks, CPW should eliminate most of the capacitive coupling since the electric 

field of the aggressor line will terminate on the ground flanks instead of propagating to the 

victim line.  
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Figure 11: FEXT of CPW to microstrip at varying ground distances 

 

As the distance between the signal and ground plane is increased from 6.7mils to 60.4mils 

isolation decreases by approximately 25dB.  

 2.4c – Differential Pair Experimental Results 

Figure 12 depicts FEXT from differential pair to microstrip at three separate ground 

distances. 
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Figure 12: FEXT of differential pair to microstrip at varying ground distances 

 

As the distance between the signal and ground plane is increased from 6.7mils to 60.4mils 

isolation decreases by approximately 20-25dB.  

 

 2.4d – CPW Differential Pair Experimental Results 

Figure 13 depicts FEXT from CPW differential pair to microstrip at three separate 

ground distances. With the inclusion of the ground flanks, the electric field that is not canceled as 

a result of the differential pair will terminate on the ground flanks. 
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Figure 13: CPW differential pair to microstrip at varying ground distances 

 

As the distance between the signal and ground plane is increased from 6.7mils to 60.4mils 

isolation decreases by approximately 15-25dB. When compared to traditional differential pair, 

the ground flanks if the CPW differential pair provided a minimum increase in isolation. 

 

 2.5 – Comparison of Different Transmission Lines and Conclusion  

Figures 14 and 15 depict a comparison of the different transmission line structures with a 

ground to signal plane separation of 6.7 and 60.4mils. 
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Figure 14: Comparison of FEXT for transmission lines with ground 6.7mils below 

 

 

Figure 15: Comparison of FEXT for transmission lines with ground 60.4mils below 

 

When the distance between the signal and ground plane is kept to a minimum, CPW differential 

and differential pair provide superior isolation. As the distance between signal and ground plane 
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increases CPW provides relatively the same amount of isolation as CPW differential pair and 

differential pair. For all cases microstrip provides the least amount of isolation. 

 When Figures 14 and 15 are compared another trend begins to emerge. Transmission line 

structures that minimize the width provide greater isolation. With microstrip, the signal trace 

width increases from 13.5 to 136mils and the isolation decreases by approximately 40dB. Due to 

the ground flanks, CPW reduces the increase of the width of the signal trace to only 35mils. Due 

to the reduced width, isolation only decreases by 25dB.  

As expected, the closer together the ground and signal planes are placed the higher 

isolation becomes. This holds true regardless of the transmission line structure. However, when a 

large distance between the signal and ground plane cannot be avoided, transmission line 

structures that minimize the increase in signal trace width provide better isolation. Finally, 

adding ground flanks to a traditional differential pair provides only a minimum increase in 

isolation. 
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Chapter 3 - Direct Launch Stripline and Signal Isolation 

 3.1 – Introduction to Stripline 

For circuit designs with higher isolation requirements than traditional CPW or differential 

pair transmission lines can provide, designs may incorporate stripline transmission line 

structures. Unlike microstrip, CPW, and differential pair which have the signal trace on a top or 

bottom board layer, stripline buries the signal trace in between two ground planes. In general, 

stripline may refer to several types of transmission line structures with a signal trace suspended 

between two ground planes. General stripline structures have found uses in both digital and RF 

circuit designs. 

 While the two ground planes do not necessarily need to be stitched together with vias for 

a transmission line to be considered stripline, via walls are recommend in order to increase 

isolation.  In previous studies via stitched stripline has also been referred to as walled stripline, 

rectangular stripline and rectax [12,13]. These studies have also demonstrated to some extent the 

isolation benefits of using walled stripline. Figure 16 provides both a top down and cross-

sectional view of a general walled stripline structure with via walls.  

 

Figure 16: General design of walled stripline transmission line 
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In general, the characteristic impedance of stripline is determined to a first order by the 

line width and distance away from the two ground planes that the signal trace is. To increase 

isolation, via walls may be added as shown in Figure 16. To prevent a resonance from occurring 

when utilizing via walls, the vias should be spaced less than a ¼ wavelength of the highest 

frequency. Traditionally, to connect components mounted on the topside or backside of a PCB to 

the stripline structure, a via transition must be used to allow access from the internal signal trace 

to either the front or back surface layers. 

 It has been shown in previous work that stripline can increase isolation by as much as 

20dB over traditional CPW [4]. While stripline provides superior isolation, it can introduce 

several issues as well. As alluded to earlier, one prevalent issue with stripline has to do with the 

via transition. At the via transition, the signal can radiate and isolation can be lost. In addition to 

the isolation issue, the transition from top layer to the internal signal layer can result in a 

substantial impedance discontinuity. This impedance discontinuity can result in the signal being 

reflected back to the source at certain frequencies. To correct these issues, direct launch stripline 

was studied in this work. 

 3.2 – Stripline VS Direct Launch Stripline 

As mentioned previously, the via transition from the top board layer to the inner signal 

layer of stripline can cause signal dropout due to the impedance discontinuity and radiation 

losses. Previous studies have shown that in order to prevent strong reflections, the via stub and 

transition geometry should be kept to less than 1/20 of the wavelength of the highest frequency. 

To avoid a complete dropout, the via stub must be kept to less than ¼ of the wavelength of the 

highest frequency [1]. A significant amount of research has gone into exploring ways improve 

the via transition from microstrip and CPW to stripline [14, 15]. However, none of these 
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techniques have been entirely successful. Here we have explored removing the via transition all 

together.  

Direct launch stripline explores the technique of completely removing the via transition 

and sinking components onto the same layer as the signal trace. Once sunken into the board, the 

exposed layers can be shielded to further increase isolation. An example of this is shown in 

Figure 17. In order to expose the signal layer, laser ablation was done on the board by Dr. 

Yongfeng Lu and Timothy Carlson of UNL. 

 

Figure 17: Direct launch stripline with connectors sunken into board 

 

While for research purposes, a laser was used to remove the top dielectric and conductor layers 

to allow for direct launch into the stripline’s signal trace, in the future technologies and the 

ability to 3D print circuit boards may be incorporated. Once components have been soldered into 

the board, the top layer can be shielded with 3d printed or applied covers to increase isolation. 

An example of this shielding is shown in Figure 18. 
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Figure 18: Direct launch stripline with connectors and shielding 

 

In Figure 18, once the connectors were soldered to the board, a shield was constructed around 

them to fully enclose them and prevent the signal from radiating. Without this full-enclosure 

shielding, significant signal leakage resulted thru the aperture [16]. 

 3.3 – Experimental Setup 

In order to test both direct launch and traditionally launched stripline, two test boards 

were constructed. For consistency, both boards were designed on low cost FR4 with the same 

stack up and from the same manufacturer. Figure 19 depicts the test board used to test 

traditionally launched stripline.  
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Figure 19: Traditional stripline test board 

 

Figure 20 depicts the test board used to test direct launch stripline. In order to sink the 

components into the board, a laser was used to ablate the top layers. Once the components were 

soldered into place, a shield was placed over the connectors to eliminate apertures that degrade 

shielding effectiveness. 

 

Figure 20: Direct launch stripline test board prior to adding top shielding 

 

Figure 21 depicts the difference between the traditional launch of stripline used on the 

test board depicted in Figure 19 and the direct launch of stripline used on the test board depicted 

in Figure 20. Traditional stripline launch requires that the connector be mounted on the top layer 

and a via used to access the signal trace on the internal layer to the center signal pin of the 

connector. Direct launch allows for the connector to be placed on the same layer as the signal 
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trace and no via is required to connect the internal signal layer to the connector’s signal pin. 

Furthermore, a via wall is encloses the connector so that the component can be completely 

shielded.  

 

Figure 21: Closeup of traditional vs direct launch  

 

 3.4 – Experimental Results 

All measurements were made using a Keysight N5245A vector network analyzer. Instead 

of GSG probes, connectors were used to probe all structures. All transmission line structures 

were designed to be 1000mils long as measured from the end of the connector. 

Experimental results are divided into two main sections. In section 3.4a, results are 

presented for the traditional stripline launch case. Section 3.4a also explores isolation when a 

mixture of stripline and other transmission line structures such as microstrip are used. In section 

3.4b, results are presented for direct launch stripline. Results for partial shielding, and complete 

shielding of direct launch stripline are also presented in this section. Due to the elimination of the 

via transition, it is expected that the direct launch stripline should substantially improve isolation 

when compared to traditional stripline. 
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 3.4a – Traditional Launch Stripline with Unshielded Transitions 

Figure 22 depicts coupling from different stripline structures to microstrip. Three 

different types of stripline were tested: stripline without via walls, stripline with via walls, and 

stripline with via walls and flanks. A flank refers to the rectangular conductor surrounding the 

ground stiching vias. This flank is similar in design to the flank structures of CPW but it is 

internal to the board. Overall, stripline without via walls performed the worse while stripline 

with via fence and flank on the signal layer performed the best. Without any via fencing, stripline 

performed slightly worse than even traditional microstrip. However, when via walls were 

utilized, stripline outperformed microstrip on average by 10dB. 

 

Figure 22: Coupling of traditionally launched stripline configurations to microstrip 

 

 Unlike the previous figure, Figure 23 depicts FEXT between different pairs of stripline 

structures to stripline structures. Once again, stripline without any via fencing performed the 
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worst, averaging only about 35dB of isolation above 10GHz. The poor performance in isolation 

can be attributed to the increase in capacitive coupling. The addition of a flank on the signal 

layer had almost no effect on isolation as stripline with via walls and stripline with via walls and 

flank on the signal layer performed identically. When via walls were utilized, isolation improved 

by approximately 30dB over non via walled stripline. 

 

Figure 23: Coupling of traditionally launched stripline to stripline configurations 

  

 3.4b – Direct Launch Stripline Results 

In section 3.4b, results are presented for direct direct launch stripline. In addition, results 

are presented for various forms of shielded direct launch stripline. Shown in Figure 24 are the 

FEXT measurements for stripline to stripline when a via fence was not used on either of the 

stripline transmission lines. Baseline refers to direct launch stripline without any shielding or 

absorber material added. Without the via fence, the signal from the aggressor was still allowed to 

propagate through the dielectric material to the victim line. This was made evident by the fact 

-100

-90

-80

-70

-60

-50

-40

-30

-20

0 5 10 15 20 25 30 35 40 45 50

FE
X

T 
(d

B
)

Frequency (GHz)

StriplineNoViaFence

StriplineViaFence

StriplineViaFenceFlank



29 

that when the connector launch point was completely shielded, the isolation did not increase. The 

isolation achieved without fully enclosed stripline is no better than CPW. 

 

Figure 24: FEXT stripline to stripline no via fencing 

 

 Figure 25 presents results for FEXT between two stripline transmission lines with via 

walls surrounding both. In contrast to Figure 24, when fully shielded, stripline greatly increases 

isolation over all top layer transmission lines. When fully shielded, direct launch stripline can 

achieve isolation approaching that of the noise floor (>90dB).  

When full shielding cannot be achieved, the addition of RF absorber material can result 

in isolation on average greater than 80dB However, when care is not taken to partially or fully 

shield stripline, isolation on average of only 65dB can be achieved. Overall, when compared to 

stripline without via walls, the average isolation is increased by up to 30 or 40dB when via walls 

are added. 
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Figure 25: FEXT for direct launch stripline to stripline with via fencing 

 

 Figure 26 depicts the FEXT of stripline to stripline when both via fences and flanks on 

the signal layer are utilized. Overall, when compared to the previous results the addition of a 

flank on the signal layer did not appreciably improve isolation. At most, the addition of the flank 

increased isolation of stripline by 5dB. Once again, when fully sealed isolation approached that 

of the noise floor. 
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Figure 26: FEXT stripline to stripline with via fence and flanks 

 

 3.5 – Comparison of Stripline and Direct Launch Stripline 

A comparison of direct launch stripline and traditional stripline illustrated the issue that 

via transitions cause in terms of isolation. For cases when via walls are used, elimination of via 

transitions can improve isolation by as much as 30dB. Additionally, the use of direct launch 

stripline allows for the ability to completely shield structures. When structures are completely 

shielded, isolation can approach that of noise floor.  

 3.6 – Conclusion 

For stripline to effectively increase isolation, via transitions must be dealt with 

appropriately. When the transitions are eliminated, isolation can improve by as much as 30dB. 

Furthermore, direct launch stripline allows for complete shielding of components for even 

greater isolation. When direct launch stripline is fully shielded, isolation approaching that of the 

noise floor can be achieved. Finally, it has been shown that via wall are extremely important for 
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stripline to be effective. Adding via walls can improve isolation by as much as 40dB when 

compared to stripline without via walls. 
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Chapter 4 - Single Sided Coplanar Waveguide (SS-CPW) 

 4.1 – Background 

A widely known and used technique to reduce crosstalk in a circuit is to replace 

microstrip lines with ground backed coplanar waveguide lines (CPW or GB-CPW). An example 

of a CPW transmission line is shown in Figure 27. A CPW line consists of a signal trace flanked 

on both sides by grounds with a ground plane underneath. In typical board designs, the top and 

bottom surface grounds are “stitched” together with a series of vias. CPW reduces crosstalk 

significantly by terminating the electric fields from the aggressor line on the ground flanks 

instead of on the signal trace of the victim line.  

 

Figure 27: Traditional design of a CPW transmission line 

 

 With the addition of ground flanks, it has been shown that CPW can increase isolation by 

as much as 10dB when compared to microstrip [4]. While CPW does increase isolation, certain 

considerations must be taken when using this typical line. Due to requiring two ground flanks, 

CPW can increase the overall size of the design as well as complicate the addition of filters, 

stubs and other complex designs. Furthermore, unlike microstrip, CPW can prevent the easy 
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modification of a circuit once it has been manufactured. For these reasons, research continues to 

be done on the improvement of CPW [7]. 

 In addition to CPW, a variation of CPW known as asymmetric CPW has also been the 

subject of study [8]. Much like CPW, asymmetric CPW consists of a signal trace and two ground 

flanks with a ground plane underneath. Unlike CPW in which the ground flanks are placed equal 

distance away from the signal trace, asymmetric CPW places the signal trace closer to one of the 

ground flanks. Benefits from this configuration have not been found in the literature.  

 Unlike asymmetric CPW, SS-CPW (developed in the course of this research [11]) is a 

variation of CPW that seeks to provide more design flexibility while still maintaining the ability 

to provide superior isolation benefits when compared to traditional microstrip. Unlike CPW, SS-

CPW utilizes only one ground flank to increase isolation.  The inclusion of the single ground 

flank allows the electric field to terminate on the ground flank and reduce the crosstalk between 

transmission line structures by reducing capacitive coupling. By using only one ground flank 

however, board size is kept to a minimum and more complicated structures such as stubs and 

vias can be added to the transmission line. A general design guide for SS-CPW can be found in 

the following section.  

 4.2 – General Design of SS-CPW 

Figure 28 shows both a top down and cross-sectional view of a single-sided CPW 

transmission line. As the name implies, a SS-CPW transmission line consists of a signal trace 

and ground flank with a ground plane underneath. Again, much like CPW, the ground flank is 

connected to the underlying ground plane through the use of vias.  
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Figure 28: General design of SS-CPW transmission line (from [17]) 

 

Much like with traditional CPW, to prevent resonances from occurring in the circuit, the 

spacing between vias (𝑉𝑆) should be kept to less than ¼ of the wavelength of the highest 

frequency [7]. In order to maximize the isolation effect of the ground flank, the distance between 

the signal trace and ground flank (G) should be kept to a minimum. Additionally, it is important 

to place the ground flank of SS-CPW on the side of the transmission line facing the victim to 

benefit from the increase in isolation. 

While no concise formula currently exists to determine the line width (W) needed for a 

given characteristic impedance, a traditional CPW transmission can be used as a guide to 

estimate the correct dimensions needed. For a traditional CPW line, the characteristic impedance 

is largely determined by the separation of the center signal trace and the two ground flanks. 

When designing a SS-CPW line with the same separation between signal trace and ground flank 

G, the width of the signal trace should be scaled 10-20% larger than that of a CPW line to 

account for only one ground flank. 
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 4.3 – Experimental Setup 

To validate the effectiveness of SS-CPW, FEXT measurements were made from four test 

cases and the results compared. In general, the effectiveness of a SS-CPW transmission line was 

compared to that of microstrip and CPW. Each test case consisted of a FEXT measurement from 

the line under test to that of a microstrip line. In addition to FEXT, the reflection and insertion 

loss of each transmission line structure type was recorded. Lines had a fixed length of 1000mils 

and the end of each line not being probed was terminated in a 50Ω load. Test structures were 

designed for signal to ground separations of both 6.7mil and 53.7mils and all structures were 

designed to have a characteristic impedance of 50Ω. Testing was performed on a single low cost 

FR4 board using the Keysight N5245A vector network analyzer. Figure 29 depicts the test board 

used. 

 

Figure 29: SS-CPW FR4 test board 
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 4.4 – Experimental Results 

In this section, experimental results comparing SS-CPW to the traditional transmission 

line structures of microstrip and CPW are recorded and analyzed. This section contains results 

for two different signal to ground plane separations of 6.7 and 53.7mils. While the general effect 

that signal to ground plane separation has on isolation was explored in Chapter 2, it is covered 

again in this section in the context of its effect on SS-CPW. 

 4.4a – Results with Signal to Ground Plane Separation of 6.7mils 

Figure 30 depicts the measured crosstalk for each transmission line type under test to a 

SS-CPW line. As expected, microstrip provided the least amount of isolation while CPW 

provided approximately 10dB more isolation than microstrip. When the single ground flank of 

the SS-CPW was placed on the side closest to the microstrip victim line, SS-CWP improved 

isolation by approximately 7dB when compared to microstrip. However, when the ground flank 

was placed on the opposite side, SS-CPW only provided a nominal increase in isolation of 3dB 

over microstrip. 

 

Figure 30: Comparison of FEXT at 6.7mils (from [17]) 

-80

-75

-70

-65

-60

-55

-50

-45

-40

-35

-30

0 5 10 15 20 25 30

FE
X

T 
 (

d
B

)

Frequency (GHz)

Micro

SS-CPWG Non-Flank Side

SS-CPWG Flank Side

CPWG



38 

Figure 31 provides a comparison of the measured reflection of each transmission line 

structure. For a signal to ground plane separation distance of 6.7mils all three test structures 

performed relatively the same. A low reflection number suggests that the characteristic 

impedance of the transmission lines was close to the target impedance. In this case, the 

characteristic impedance of all three test structures was close to the desired characteristic 

impedance of 50Ω.  

 

 

Figure 31: Comparison of reflection at 6.7mils (from [17]) 

 

 Figure 32 is a comparison of the insertion loss of the different transmission line 

structures. Insertion loss is a measure of signal power loss as the signal propagates down the 

transmission line. SS-CPW outperforms traditional CPW for the entire frequency range by as 

much as 0.7dB. In addition, for frequencies less than 15GHz, SS-CPW outperforms microstrip 

by a slight margin.  
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Figure 32: Comparison of insertion loss at 6.7mils (from [17]) 

 

 4.4b - Results with Signal to Ground Plane Separation of 53.7mils 

In general, as the distance between signal and ground plane increases, isolation between 

aggressor and victim line should decrease. This is once again the case for SS-CPW. Figure 33 

depicts the FEXT of transmission line structures with a signal to ground plane separation of 

53.7mils. Both CPW and SS-CPW increase isolation by as much as 12dB when compared to 

microstrip. Once again, the importance of the ground flank placement is evident. If the ground 

flank is placed on the opposite side of the victim line, SS-CPW provides the isolation as 

microstrip. However, when the ground flank is placed on the side closest to the victim line, SS-

CPW provides isolation benefits comparable to that of CPW. 
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Figure 33: Comparison of FEXT at 53.7mils (from [17]) 

 

 Figure 34 depicts the reflection measurement for each transmission line structure at 

53.7mils. A potential reason for the decreased reflection performance of SS-CPW, is that the 

characteristic impedance of the SS-CPW did not closely match the target impedance of 50Ω. 

With more optimal dimensions, the reflection measurement of SS-CPW may further be 

improved. 

 

Figure 34: Comparison of reflection at 53.7mils (from [17]) 

-60

-55

-50

-45

-40

-35

-30

-25

-20

-15

-10

0 5 10 15 20 25 30

FE
X

T 
 (

d
B

)

Frequency (GHz)

Micro

SS-CPWG Non-Flank Side

SS-CPWG Flank Side

CPWG

-60

-50

-40

-30

-20

-10

0

0 5 10 15 20 25 30

R
ef

le
ct

io
n

  (
d

B
)

Frequency (GHz)

CPWG

Micro

SS-CPWG



41 

 

 4.5 – Example Use Case for SS-CPW 

As mentioned in the introduction, one of the driving forces for the development of SS-

CPW was design flexibility. Due to utilizing one ground flank, SS-CPW allows for the addition 

of stubs and filters to the circuit. In addition, after board manufacturing, designers are able to 

manipulate the circuit better than if traditional CPW was utilized. An example of this is shown in 

Figure 35. 

 

Figure 35: Example use case of SS-CPW (from [17]) 

 

Figure 35 depicts a simple amplifier circuit utilizing SS-CPW. After manufacturing and testing it 

was determined that the output of the amplifier needed to be filtered. Due to the utilization of SS-

CPW, a stub was easily added to filter the output. 

 Another important benefit of SS-CPW was that it consumes less board space when 

compared to CPW and, under certain conditions microstrip. In order to further illustrate this fact, 

Table 2 gives the total width in mils of each transmission line test structure for both signal to 

ground plane separations.  

 

Stub Added 
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Table 2: Width comparison of SS-CPW (from [17]) 

  Microstrip CPW SS-CPW 

6.7mils 13.5 61 37 

50.4mils 120 123 86 

 

From Table 2 it is clear that SS-CPW will always consume less board space when compared to 

CPW due to utilizing only one ground flank when the same ground flank dimensions are used. 

Further, the total width of SS-CPW is more resistant to changes in distance between signal and 

ground planes when compared to microstrip. When the separation was increased from 6.7mils to 

53.7mils, SS-CPW only increased in width by 32.4% while microstrip increased in width by 

690%. Regardless of signal and ground separation, as long as the width of the ground flank is 

kept constant, SS-CPW will consume less board space when compared to CPW due to only 

utilizing one ground flank. 

 4.6 – Conclusion  

SS-CPW is a useful transmission line structure for designers wanting to balance isolation 

requirements and design layout flexibility. It has been experimentally confirmed that when 

compared to microstrip, SS-CPW can increase isolation by as much as 7dB for sufficiently small 

signal to ground plane distances. As the distance between the signal and ground plane increases, 

the isolation benefit that SS-CPW provides can approach that of CPW. It has also been shown 

that for SS-CPW ground flank placement is extremely important. In order provide the maximum 

amount of isolation, the single ground flank of SS-CPW must be placed on the side closest to the 

victim line. It can be concluded that for designs with strict isolation requirements, CPW still 

provides slightly better isolation when compared to SS-CPW. However, for circuit designs that 
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emphasize design flexibility, inclusion of stubs and filters, minimal size and still require a high 

degree of isolation, SS-CPW is a viable option and should be considered in place of traditional 

CPW. 
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Chapter 5 - Ablation of Dielectric PCB Layers 

 5.1 – Introduction to Laser Ablated Removal of Top Dielectric 

In addition to exploring a new transmission line structure, post processing techniques 

were also investigated for their potential ability to reduce crosstalk. A post processing technique 

refers to any process that occurs after the PCB board has been manufactured. Post processing 

techniques not only allow for experimentation with cheaper FR4 PCB but also allows for quicker 

resolution of crosstalk problems in PCB prototype. Instead of having to remanufacture a PCB 

board, post processing techniques allow for the ability to increase isolation on already existing 

boards. One post processing technique investigated was selective surface dielectric removal 

through laser ablation.  

Recall that in general crosstalk is composed of both capacitive and inductive coupling. To 

reduce crosstalk either the inductive or the capacitive coupling must be reduced. Through laser 

ablation, dielectric material can be removed from a PCB board. By selectively removing 

dielectric material from the surface of the PCB board between traces, capacitive coupling can be 

reduced without affecting the characteristic impedance of the transmission line. For cases where 

the distance between the signal and ground plane is small, the reduction in capacitive coupling is 

minimal as most electric field lines terminate on the ground plane. However, as the distance 

between signal and ground layers increases, more capacitive coupling occurs and can be reduced 

by ablation of the dielectric constant. 

In addition to reducing capacitive coupling, removal of dielectric material until the 

ground plane is exposed can reduce crosstalk resulting from surface wave propagation [18]. As a 

signal propagates down a transmission line, it forms an EM field pattern, more commonly known 

as a mode. At low frequencies, dominant modes remain bound to the signal conductor. However, 
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at higher frequencies the signal will leak out in the form of a surface wave on the ground plane. 

Not only will this surface wave reduce the power transmitted in the transmission line, it will also 

cause crosstalk [18]. By exposing the ground plane, EM absorber material can be placed between 

lines to dampen EM surface waves and in turn further reduce crosstalk.  

 5.2 – Mathematical Theory of Dielectric Removal for Capacitive Coupling 

Recall from chapter 2.2 that capacitive coupling is a significant contributor to crosstalk. 

The capacitive coupling between two transmission lines can be broken down into two separate 

cases. When the distance between the signal plane and ground plane is kept small, most of the 

electric field from the aggressor line will terminate on the ground plane. In this case, removal of 

the top dielectric will have minimal affect on the capacitive coupling.  

When the distance between signal and ground plane is sufficiently large and lines are 

closely spaced, the electric field in the dielectric material will couple from the aggressor line to 

the victim line thru the dielectric with permittivity 𝜀𝑅𝜀0. As a result, this leads to a capacitance:  

𝐶𝑚 ≈
2(1+𝜀𝑅)𝜀0𝐿𝑊

𝜋(𝑆+𝑊) 
       (2.11) 

For a board material such as FR4 with a dielectric constant of 3.7, this can increase the 

capacitive coupling by as much as a factor of 3 relative to free space. However, when the 

dielectric material between the two transmission lines is ablated away, the above equation 

becomes: 

𝐶𝑚 ≈
4𝜀0𝐿𝑊

𝜋(𝑆+𝑊) 
       (5.1) 

When compared with a traditional FR4 board, a selectively ablated FR4 board can in theory 

reduce capacitive coupling by approximately 40%. 
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 5.3 – Experimental Setup 

Testing was performed on a single low cost FR4 PCB and measurements were made 

using a Keysight N5245A vector network analyzer. Lines were terminated in 50Ω and for 

transmission line structures without via flanks, ground vias were added to one end of the 

transmission line to properly land the 500µm ground signal ground (GSG) probes. Measurements 

were made before the board was ablated, and after half trench ablation. Half trench ablation 

refers to only removing the dielectric material between the two transmission lines as seen in 

Figure 36. The selective surface dielectric remove was done by laser ablation at UNL by Dr. 

Yongfeng Lu and Timothy Carlson. 

 

Figure 36: Test Board with Half Trench Ablation (Ablation courtesy of UNL) 

 

The two traditional transmission line structures tested were microstrip and CPW. 

Coupling between each transmission line under test and a microstrip line was measured. 

Crosstalk was measured for structures with a signal to ground plane distance of both 6.7 and 

53.4mils. Additionally, in order to show that the impedance of the line was not significantly 

altered from 50Ω, the reflection measurements are also presented.  
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 5.4 – Experimental Results 

In the following section results for each transmission line structure are recorded and 

analyzed separately. Crosstalk and reflection results from 100MHz-30GHz are presented. 

Reflection results are also presented to provide insight into the effect selective dielectric removal 

has on the characteristic impedance of transmission lines. The closer to the correct impedance (in 

this case 50Ω) a transmission is, the less power is reflected back into the network analyzer. If 

laser ablation significantly changed the characteristic impedance of a transmission line, the 

reflected power would either increase or decrease significantly.  

In addition to measuring the effect of simply removing the dielectric, two thicknesses of 

commercially available absorber material were tested. Both absorber materials were 

manufactured by Mast Technologies with the thicker absorber (Part number: MR31-0007-20) 

material measuring 0.080 inches thick and the thinner absorber material (Part number: MR31-

0001-20) measuring 0.010 inches thick. The absorber material was placed directly on the 

exposed copper ground plane. According to Mast Technologies specifications, the thicker 

absorber material should dampen lower frequency waves and the thinner absorber material 

should perform better at the higher frequency. An example of measurements being made with the 

absorber material is shown in Figure 37. 
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Figure 37: Measurements being made with absorber material in place 

 

Figure 38 depicts far end crosstalk (FEXT) from microstrip to microstrip with a signal to 

ground layer distance of 6.7mils.  

 

Figure 38: FEXT of microstrip at 6.7mils 
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It is interesting to note from Figure 38 that at frequencies less than 16GHz, the thicker absorber 

increases the FEXT. However, at frequencies greater than 16GHz, the thicker absorber material 

can reduce crosstalk by as much as 9dB. Additionally, it appears that simply ablating the top 

dielectric material does not seem to have an effect on the FEXT when the signal to ground plane 

are 6.7mils apart. This fits with the theory that significant capacitive coupling only occurs in the 

dielectric material when the distance between signal and ground planes is sufficiently large. The 

ablated board with the thinner absorber performed poorly at all frequencies. In most cases, the 

thinner absorber increased FEXT when compared to the baseline. Since, surface waves only 

occur at sufficiently high frequencies, it comes as no surprise that the thinner absorber did not 

perform well. 

 Figure 39 depicts the reflection for a microstrip transmission line structures with signal to 

ground plane separation of 6.7mils. As expected, the reflection did not change when the 

dielectric material was removed, or the absorber materials were added.   

 

Figure 39: Reflection of microstrip at 6.7mils 
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Figure 40 depicts the FEXT between two microstrip lines when the signal to ground 

plane distances is increased to 53.7mils. 

 

Figure 40: FEXT of microstrip at 53.7mils 

 

As the distance between the signal and ground trace is increased to 53.7mils, ablating the center 

dielectric material appears to increase isolation by approximately 3-4dB for frequencies greater 

than 14GHz. Once again this is consistent with theory that significant capacitive coupling in the 

dielectric material occurs only when the distance between signal and ground plane is large.  

For both signal to ground plane separations, the thinner absorber did not seem to improve 

isolation. In the case of the 6.7mil separation, the ablated substrate with the thinner absorber 

performed worse even when compared to the baseline board. When the thicker absorber material 

was used however, isolation increased by 12-14dB at 20GHz when compared to the baseline. 

Overall, the thicker absorber material performed better than baseline for frequencies greater than 

15GHz and worse than baseline at low frequency. 
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Figure 41 depicts the reflection for a microstrip transmission line structures with signal to 

ground plane separation of 6.7mils.  Once again, the reflection did not change when the dielectric 

material was removed, or the absorber materials were added.   

 

Figure 41:  Reflection of microstrip at 53.7mils 

 

Figure 42 depicts the FEXT between a CPW and a microstrip line when the signal to 

ground plane distances is 6.7mils. 
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Figure 42: FEXT of CPW with signal to ground plane separation of 6.7mils 
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frequencies greater than 16GHz with a maximum decrease in FEXT of 9dB. Much like the 
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Figure 43 depicts the reflection for a CPW transmission line structures with signal to 

ground plane separation of 6.7mils. As shown in the graph, no significant change in reflection 

was observed.   
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Figure 43: Reflection of CPW at 6.7mils 

 

Figure 44 shows the FEXT between a CPW and a microstrip line when the signal to 

ground plane distances is increased to 53.7mils. 

 

Figure 44: FEXT of CPW with signal to ground plane separation of 53.7mils 
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As the distance separation was increased to 53.7mils, the ablated board with the thicker absorber 

outperforms the baseline from 14-25GHz. Results from 25-30GHz were inconclusive. For CPW 

with signal to ground plane separation of 53.7mils, the ablated board with thicker absorber can 

increase isolation by a maximum of 14dB. Unlike the microstrip to microstrip transmission lines 

with signal to ground plane separation of 53.7mils, simply ablating the dielectric material 

between a CPW and a microstrip line had no effect on FEXT. This was largely due to the CPW 

ground flanks preventing capacitive coupling from occurring in the dielectric board substrate. 

The ablated board with thinner RF absorber material had no effect on isolation. 

Last, Figure 45 depicts the reflection for a CPW transmission line structure with signal to 

ground plane separation of 53.7mils. As shown in the graph, no significant change in reflection 

was observed.   

 

Figure 45: Reflection of CPW at 53.7mils 
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 5.4 – Conclusion 

Isolation results have been presented for selective removal of dielectric material. With the 

addition of thick RF absorber material, both microstrip and CPW transmission lines benefited at 

higher frequencies. Isolation improved by as much as 14dB for frequencies greater than 14GHz. 

when the thick RF absorber material was added. However, results also showed that when too thin 

of an RF absorber was used, isolation decreased. Additionally, it was shown through reflection 

measurements that the selective removal of dielectric material did not significantly alter the 

characteristic impedance of the transmission lines. While results showed promise further 

research needs to be done in order to fully unlock the potential of selective ablation of dielectric 

material and addition of absorbers to combat surface wave coupling. 
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Chapter 6 - Split Shielding VS Traditional Shielding 

 6.1 – Introduction 

Recall in chapter 5 that as a signal propagates down a transmission line, surface waves 

may form at sufficiently high frequencies. These surface waves may in turn cause crosstalk 

through either inductive or capacitive coupling to the victim line. While as shown in chapter 3 in 

general the best way to prevent any form of crosstalk would be to completely enclose a victim 

line in shielding, this is not always feasible. For example, components need to accept input or 

output on several different lines and with current shielding practices, it may not be possible to 

individually completely shield each input and output transmission line. 

In general, RF shielding practices today consist of shielding a PCB with a single piece of 

aluminum or some other lightweight metal. In order to increase the isolation between separate 

circuits on the board, separate cavities may be utilized. These shields are either soldered onto the 

board or compressed on the board through the use of screws or clips. An example of a traditional 

shielding structure with cavities is shown in Figure 46.  

 

Figure 46: Example of shielding with separate cavities 



57 

While separate cavities may reduce the crosstalk between components and transmission 

lines in separate cavities, it does nothing to prevent crosstalk from occurring within the same 

cavity or from separate input and output lines of the same surface mount component. If not 

separately shielded, surface waves can travel along the single shield or cavity wall from the 

aggressor line to the victim line. 

 Until now, manufacturing separate shield structures for separate input and outputs of a 

single component or a single cavity would be cost prohibitive. Furthermore, current milling 

techniques may not allow for the intricacy necessary to mill a shield structure that precise. 

However, with the advent of 3d printers, the tools necessary to construct such shields are more 

readily available and more cost effective. An example of 3d printed shields is shown in Figure 

47. All 3d printed shields were designed and manufactured by Dr. Alan Mantooth and Zeke 

Zumbro at UAR. 

 

Figure 47: 3d printed RF shields (Courtesy of UAR) 
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The shields in Figure 47 were printed using a Formlabs SLA printer. Once printed, metal was 

sputtered onto them to make them electrically conductive. The shields could then be attached to 

the board using either low temperature solder or compression. 

 6.2 – Simulation Results 

To investigate the role that RF shielding has on the crosstalk between the input and 

output of a surface mount component, several simulations were performed. Simulations were 

performed on traces without shielding (baseline), with a single shield over both lines and with 

separate shields for each line. Three sets of simulations were performed with spacing between 

the aggressor and victim lines of 30, 60 and 120mils. Separate distances were simulated to mimic 

different surface component dimensions. Shown in Figure 48 is a picture of the typical test 

structure setup showing port locations. FEXT is when the signal from port 1 couples to port 4 or 

when signal from port 3 couples to port 2. Simulations were run from 100MHz to 30GHz and 

FEXT results were recorded. 

The simulator used was based on the finite element method (FEM) and is included with 

the Advanced Design System software. The simulation was run from 100MHz to 30GHz. To 

ensure accuracy, the delta error was set to 0.01 and the stop criterion required that at least 2 

consecutive passes of the simulation be below the delta error. All other settings were left at 

default. 
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Figure 48: Simulation setup for shielding test with split shield vs single shield 

 

 Figure 49 depicts FEXT when there was a separation of 30mils between the aggressor 

and victim line. As theorized, the single shield did not appear to have any effect on isolation over 

baseline. When a split shield was used however, an increase in isolation of approximately 20dB 

was observed. 
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Figure 49: Simulated FEXT with separation of 30mils 

 

Figure 50 depicts the FEXT between aggressor and victim line when the separation was 

increased to 60mils. When the separation was increased, the improvement that the split shield 

provided over the single shield was still impressive. The simulation once again showed an 

increase in isolation of approximately 20dB. 

 

Figure 50: Simulated FEXT with separation of 60mils 
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and victim line did not seem to either increase or diminish the effect that the split shield had on 

isolation. Once again, isolation increased by 20dB when split shield was utilized when compared 

to a single shield and baseline.  

 

Figure 51: Simulation of FEXT with separation of 120mils 

 

 Given that simulation results suggested that utilizing a split shield provided greater 

isolation, an experiment was performed to confirm the results seen in the simulations. 
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 6.3 – Experimental Setup 

To confirm the validity of the simulation results, a test board was constructed. The 

constructed test board is shown in Figure 52 and was made out of low cost FR4 material.

 

Figure 52: Split shield test board 

 

Measurements were made using the using a Keysight N5245A vector network analyzer and 

connectors were used instead of the GSG probes. In order to emulate the input and output of a 

surface mount component, the ends of the transmission lines under test were terminated in 50Ω. 

FEXT measurements were made without shields (baseline), with a signal traditional shield 

structure and with a split shield structure. Clamps were used to affix the shielding to the ground 

flanks of the CPW transmission lines. An example of this is shown in Figure 53. 
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Figure 53: Test board with clamped on shielding 

 

 6.4 – Experimental Results 

Figure 54 depicts FEXT measurements when the ends of the two transmission lines were 

spaced 40mils apart. It is clear that the results do not match that of the simulation.  Below 

15GHz, it appeared that the single shield outperformed both the split shielding and baseline. 

Above 15GHz, it appeared that shielding had no effect on FEXT. 
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Figure 54: Measurement of FEXT with separation of 40mils 

 

 Figure 55 depicts the measured FEXT when the gap between the two transmission lines 

was increased to 120mils. Once again, the split shields did not appear to have any appreciable 

benefit over either the single shield or baseline. Furthermore, it appeared that the single shield 

was no longer more effective than baseline at frequencies less than 15GHz. 

 

Figure 55: Measurement of FEXT with separation of 120mils 
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In both cases, the split shielding failed to improve isolation by the 20dB the simulation 

suggested it would. Even worse, the split shield provided no appreciable increase in isolation 

when compared to baseline. One possible reason for the discrepancy between the simulation 

results and the experimental results was the effect shielding aperture had on isolation. 

 6.5 – Shielding Aperture and Isolation 

Shielding aperture can refer to any opening in the shield. To some extent all shielding 

must have an aperture to allow input and output signals to reach the circuit. When care is not 

taken to correctly design these openings, a shielding aperture can completely negate any increase 

in isolation that shielding might provide. A general equation for shielding effectiveness when 

there are slots equal to or less than ½ wavelength is given by the following equation where 𝜆 is 

the wavelength and l is the length of the slot of the aperture [9]: 

                                                                  𝑆 = 20 log (
𝜆

2𝑙
)                                                                       (6.1) 

From the above equation it can be shown that if the aperture slot length is a ½ wavelength of the 

frequency, shielding effectiveness is reduced to 0dB. Multiple apertures can further decrease the 

effectiveness in shielding. 

 Keeping this in mind, both the split shields and single shield were examined for 

significant apertures. Figure 56 depicts a side view of the board and shielding where some 

apertures are present. It appears from the figure that a problem point for the 3d printed shields 

occurred by the connectors. These problem points are highlighted by the white rectangles around 

them. In these rectangles, multiple apertures of varying lengths were discovered. These apertures 

could result in a complete loss of shielding effectiveness for both single and split shields. In the 

future, in order to more accurately test shielding, unnecessary apertures will need to be 

completely sealed.  
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Figure 56: Possible aperture locations on test board 

 

 6.6 – Conclusion 

While simulations results suggested that separately shielding input and output lines on 

surface components could increase isolation by approximately 20dB, experimental results do not 

agree. However, it was discovered that the 3d printed shields for the test board had multiple 

apertures rendering the shielding ineffective. In order to effectively test the possible isolation 

benefits of split shielding, apertures must be either completely eliminated or significantly 

minimized. In addition, finding a better way to affix the 3d printed shields to a PCB boards must 

be developed in order for 3d printed shields to work. 
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Chapter 7 - Conclusions and Future Directions 

 7.1 – Conclusions 

During this research several important guidelines regarding crosstalk and isolation were 

discovered. For every doubling of distance between signal and ground plane, isolation will 

decrease between 6-19dB depending on whether inductive or capacitive coupling dominates. In 

order for stripline to be effective, special care must be given when designing via transitions as 

the via transition can reduce the isolation of stripline to that of microstrip. For isolation 

requirements >60dB, it is recommended that direct launch stripline be utilized and any openings 

be completely shielded.  

 Several promising new isolation techniques were also explored in addition to direct 

launch stripline. For designs seeking to balance isolation requirements with those of board 

consumption and design flexibility, the newly researched transmission line structure of SS-CPW 

may be of use. SS-CPW provides 7dB of improvement when compared to microstrip. Due to 

utilizing a single ground flank, board consumption is reduced relative to traditional CPW and 

more complex structures such as stubs can easily be added.  

 Finally, dielectric ablation of the PCB surface coupled with RF absorber material also 

increased isolation. It was discovered that when a thick absorber material was used, crosstalk 

could be reduced by as much as 9dB for frequencies greater than 16GHz. It was also shown that 

the removal of dielectric material around the transmission lines did not have a significant effect 

on the characteristic impedance.  

 7.2 – Future Work 

Possible future work could include exploring the effect that ground flank width of CPW 

has on isolation. Currently, general practice is to ground flood the top layer of PCB when using 
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CPW. However, use of thinner ground flanks for CPW did not seem to have a negative effect on 

isolation. With the knowledge that at high frequencies surface waves form, separate thinner 

ground flanks may in fact increase isolation.  

For single-sided CPW to be utilized more readily, more work needs to be done to 

characterize it. Specifically, designs rules and equations need to be developed to allow for the 

design of specific characteristic impedances without simulations. Finally, the effect SS-CPW has 

on more complex filter structures needs to be explored. 

Dielectric ablation presents several possible areas of future research. One area is to 

measure the effect that a full trench would have on isolation. A possible second area of research 

would be to explore the effect that dielectric ablation and selective placement of absorber 

material would have on the directionality and crosstalk of patch antenna arrays. 

Finally, more research should be done on the utilization of RF split shields. Current 

experimental results do not confirm the isolation benefit suggested by simulation. However, after 

examination of the 3d printed shields, the shields appeared to suffer from aperture issues that 

may have overpowered any benefits split shielding might have provided. In conjunction, further 

research should also be conducted on the design and construction of 3d printed shielding for RF 

applications in general. 
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