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Figure 42. Completed shielded structure ready for crosstalk measurement |S61| 

4.3.2 MEASUREMENT CONSIDERATIONS 

Measurements were taken on an Agilent 8720ES Vector Network Analyzer. The symmetry of the structure 

allows for symmetry to lower the number of measurements taken illustrated below. 
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Symmetry Breakdown 

Reflection in Side Lines S11=S22=S55=S66 

Reflection in Center Line S33=S44 

Throughput Side Lines S12=S21=S56=S65 

Throughput Center Line S34=S43 

Next Line Adjacent Side Induction S13=S31= S24=S42=S35=S53=S46=S64 

Next Line Opposite Corner S14=S41=S23=S32=S36=S63=S45=S54 

Side Corners S15=S51=S26=S62 

Cross Corners S16=S61=S25=S52 

Table 2. Types of symmetry present in scattering parameter matrix used to reduce number of measurements 

needed 

There were 3 types of structures fabricated for testing: Dual Line, Unshielded Line and Shielded Line. The 

only structure of the three that can take full advantage of the symmetry and have the added advantage of 

higher data transmission rate because of having a third transmitting (or receiving) line is the unshielded 

structure. Dual and shielded line structures may or may not have the advantage of higher signal integrity, 

that is what is being validated. 

Taking these symmetries into consideration it is easy to see that the only port combinations that must be 

measured for an unshielded geometry are 1&2, 1&3, 1&4, 1&5, 1&6 and 3&4 in order to determine the 

entire scattering matrix. Dual and shielded lines will be measured at the same ports with the exception of 

1&3, 1&4 and 3&4. Shielded line measurements were taken under 4 different conditions that will be 

presented in the following sections.  
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CHAPTER 5 

MEASUREMENT RESULTS 

All measurements were exported to a text(*.csv) file format along with an image (*.jpg) file which are 

included in Appendix B. All text based data was imported into the MATLAB environment for post-

processing and comparison between structures. 

 

Figure 43. Measured crosstalk of all 450% spaced structures 

The figure above shows a family of curves for S61 for the different structures. Recall that S61 is the cross 

corner voltage transfer. The curves illustrate that from 500MHz to about 1.3GHz that the guarded lines 

have no effect in comparison to the unshielded three line structure. The dual line is the structure that 

performs the best in this band. At about 1.4GHz there is a transition to where shielded lines will have lower 

values for S61. When considering only the shielded lines and the unshielded lines, the shielded lines 

effectively lower the coupling between opposite corners from 1.4GHz up to about 4.25GHz. After that 
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point the shielding mechanism loses its effectiveness. The following figure shows the side line throughput 

which could help give a clue as to how much energy is being radiated from the side line over to the 

adjacent lines. 

 

Figure 44. Measured throughput for all 450% spaced structures 

  

From this family of curves there is an immediate discrepancy. The received wave at port 2 has greater 

amplitude than the incident wave at port 1 and this is a completely passive structure so this is either a 

calibration error of the instrument or an impedance mismatch. There are various losses of signal throughput 

due to line resonances. 

A graphic of S11, better known as the reflection coefficient in this case, show the points at which resonance 
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resonant frequency with a reflection coefficient value of -38.34dB or 0.0121. Input impedance at this 

frequency is defined in terms of the reflection coefficient, Γ, by the following expression. 

Ω=
+
−Ω=

Γ−
Γ+= 23.51

0121.01

0121.01
)50(

1

1
0ZZ IN

 

 

Figure 45. Input reflection coefficient for all 450% spaced structures 

The effective dielectric constant for this structure can be calculated by the following expression: 

λ
ε

ν 0f
c

e

p ==  

It is apparent that the half wavelength is at this frequency because it is numerically close to the free space 

wavelength. Where wavelength is two times the line length (λ=2l). Substituting this for λ, we obtain. 
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This result is as expected given that the effective dielectric constant should lie between unity and the 

relative dielectric constant of the substrate, which for FR-4 fiberglass epoxy is ≈4.9.  

 

Figure 46. Scattering matrix magnitude for 450% Line Spacing 

The sum of the magnitude  squared of elements in the first column of the scattering matrix is theoretically 

equal to unity for a lossless network where the structure does not radiate or suffer losses to finite 

conductivity and the dielectric’s small but finite conductivity due to displacement current. Theoretically 

because the system is isolated from other sources of radiation and time varying fields in simulation. For the 

unshielded structure at 450% spacing the sum of each element in the first column dotted with its complex 

conjugate is calculated to get a numerical grasp as to how much energy has entered or been dissipated.  
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Because all ports are terminated into the characteristic impedance of the line, the total power incident at 

each port will be, 
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The network analyzer was set to stimulate at a constant 1mW (0dBm) for all frequencies stimulated. 

Therefore, the difference between input and output power will reveal how much energy was lost or gained 

in the system. 
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Positive values of ΔP mean that the structure has lost energy to finite conductivity of the conductor and 

substrate, displacement current in the dielectric and radiation. Negative values of ΔP mean that the system 

has gained energy from external electromagnetic fields. Power loss to the dielectric can be calculated by the 

following expression. 
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Where k0 is the free-space propagation constant linearly proportional to frequency. The attenuation per unit 

length due to conductor losses can be found by. 
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The total attenuation for 50Ω microstrip line two inches in length(50.8mm) can be found by the following. 
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Input impedance can be found in order to calculate the incident voltage at port one. 
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In order for input power to remain constant the incident voltage must also vary with frequency which is 

shown by the frequency dependence of the input impedance.  

 

Figure 47. Three line structure power gain/loss 

Figure 47 shows that there is a large amount of external interference in the measurements. The greatest 

amount of incident energy being around 2.4GHz.This result makes sense because there are active cellular 

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-5

-4

-3

-2

-1

0

1
Power Incident Upon or Expelled From Three Line Structure

Δ P
 (

m
W

)

Frequency (GHz)



44 

phones and Bluetooth devices in the laboratory. Loss due to all factors is present at every frequency, but the 

non-encapsulated geometry of microstrip permits any incident electromagnetic waves to create noise on the 

structure.  

Measured isolation reduction versus frequency with respect to either the dual or three line structure plots 

are shown in figures 48-55. Each dual/three line pair of plots illustrates isolation reduction for the shielded 

structure under certain termination conditions. Each of these plots would be useful for a layout engineer 

because it would allow him/her to see at what frequency band and spacing he/she would be able to apply a 

shielding technique and achieve that much better noise immunity. For example, if a designer was debating 

whether or not two transmission lines could be spaced 450% and saw that the crosstalk magnitude from an 

extracted scattering parameter was borderline high for his/her application in the 4.5 to 5GHz band then 

he/she could refer to figure 48 and see that crosstalk can be reduced by at least 10dB for the majority of the 

band. If the application were in the 1 to 2GHz band then crosstalk performance would vary over the band 

but be degraded for most of the band. Figure 48 shows isolation reduction when ports three and four are 

terminated. If the designer were to take a look at figure 50 then he/she would say that there is an added 

benefit in having the shield line terminations as open circuits.  

Figures 56-61 illustrate the isolation reduction vs. line spacing. This view of isolation reduction would 

allow a designer to see how much noise immunity would be gained if a shielded line under specific 

termination conditions were implemented for a specific frequency and the isolation reduction is viewed 

versus line spacing. An example in applying such a plot would be if a designer is working in a narrow band 

that is centered at 2.5GHz, and has been given mechanical constraints for line spacing and has determined 

that they can be anywhere from 450% to 600%. A look at figure 58 shows that the implementation of a 

shielded line at 450% spacing would enhance the noise immunity of the data bus by about 1dB with the 

port on the shielded line adjacent to the transmitting line open circuited. The designer is better off staying 

with a dual line structure in this case. However, if the center frequency is moved down to 500MHz, noise 

immunity is degraded by approximately 7.6dB with the shield line ports open. At 5GHz noise immunity is 

severely degraded for all shield line termination conditions by approximately 14dB with the shield line 

ports terminated in the line characteristic impedance. Therefore the variance of isolation gain is very large 
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and is, in most application viewed best versus frequency and compared against the different termination 

conditions on the shielded line.  

 

Figure 48. Measured isolation reduction vs. frequency referenced to dual line (ports 3&4 Terminated) 

 

Figure 49. Measured isolation reduction vs. frequency referenced to three line (ports 3&4 Terminated) 
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Figure 50. Measured isolation reduction vs. frequency referenced to dual line (ports 3&4 open) 

 

Figure 51. Measured isolation reduction vs. frequency referenced to three line (ports 3&4 open) 
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Figure 52. Measured isolation reduction vs. frequency referenced to dual line (port 3 open) 

 

Figure 53. Measured isolation reduction vs. frequency referenced to three line (port 3 open) 
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Figure 54. Measured isolation reduction vs. frequency referenced to dual line (port 4 open) 

 

Figure 55. Measured isolation reduction vs. frequency referenced to three line (port 4 open) 
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Figure 56. Measured isolation reduction vs. line spacing referenced to dual line structure (f=500MHz) 

 

Figure 57. Measured isolation reduction vs. line spacing referenced to three line structure (f=500MHz) 

450 500 550 600
-8

-6

-4

-2

0

2

4

6

8

Isolation Reduction with Respect to Dual Line Structure Under Different
Shield Line Termination Conditions (f=500MHz)                     

Is
ol

at
io

n 
R

ed
uc

ti
on

 (
dB

)

Spacing (% Line Width)

 

 
3&4 Terminated
3&4 Open
3 Open
4 Open

450 500 550 600
-2

-1

0

1

2

3

4

5

6

Isolation Reduction with Respect to Three Line Structure Under Different
Shield Line Termination Conditions (f=500MHz)                      

Is
ol

at
io

n 
R

ed
uc

ti
on

 (
dB

)

Spacing (% Line Width)

 

 
3&4 Terminated
3&4 Open
3 Open
4 Open



50 

 

Figure 58. Measured isolation reduction vs. line spacing referenced to dual line structure (f=2.5GHz) 

 

Figure 59. Measured isolation reduction vs. line spacing referenced to three line structure (f=2.5GHz) 
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Figure 60. Measured isolation reduction vs. line spacing referenced to dual line structure (f=5.0GHz) 

 

Figure 61. Measured isolation reduction vs. line spacing referenced to three line structure (f=5.0GHz) 
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CHAPTER 6 

INTRINSIC ERROR BETWEEN DOMAINS 

In this chapter, we will discuss errors introduced into the system and why there is not a 100% correlation 

between the results of the digital domain and the real world measurements. The coaxial to microstrip 

transition is a discontinuity [25] that creates reflections, impedance mismatches, at the source and load end 

of the lines.  

Finite substrate dimensions have an effect on the capacitance of the microstrip lines. Baginski et al. [26] 

showed that microstrip capacitance versus distance from board edge was at a minimum at the board edge 

and increased in a 1-e-x fashion toward its infinite substrate value. For substrates with εr between four and 

five the capacitance approached its infinite substrate self-capacitance value at approximately one line width 

from the edge measured from the nearest strip edge. The 600% structure has a distance, in line widths, of 

approximately three. This would lead one to postulate that the self-capacitance of all strip conductors are 

approximately equal because line spacing only decreases from 600% thus giving greater confidence that the 

strip conductor has reached its infinite substrate self-capacitance value.  

Simulation environments provide the convenience of being able to completely tune out and ignore external 

effects such as incident electromagnetic waves. The ability to tune out external factors is invaluable for 

understanding the consequences of altered physical and/or electrical properties of a structure. A user of 

these environments must always be aware that the model simulated is limited by the amount of detail that 

the user can put in the model and that there are unpredictable sources of noise that will corrupt 

measurement results. The measured results showed a large external bombardment from a wireless router 

operating at 2.4GHz. An extra 4mW were induced into the structure. Modeling in HFSS or Sonnet allows 

you to ignore these factors. This external interference was not detected in HFSS simply because I did not 

include it.Percentage error between domains can reveal instrument calibration error, miscalculation in 

simulation depending on what domain is used as reference and large percentage errors can be interpreted as 

external bombardment of electromagnetic radiation. The percentage error referenced to the simulated data 

will be expressed as, 
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Figure 62. Percentage Error for three line structure 

 

Figure 63. Percentage Error for terminated shielded structure 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

In this thesis, the coupling mechanisms for microstrip were investigated qualitatively in terms of their field 

interactions. Simulations were carried out in Sonnet’s finite element method solver in order to quantify the 

coupling between closely spaced transmission lines in a microstrip, stripline, and microstrip with dielectric 

overlay structure. The results show that the stripline structure intrinsically possesses the greatest noise 

immunity because of its encapsulated form where the ground plane can serve as a reflector for incident 

electromagnetic radiation and the results for crosstalk after implementation of the shielding line only serves 

to degrade noise immunity immensely as frequency increases. Microstrip with dielectric overlay exhibited 

the same isolation characteristics as stripline but to a lesser degree. Isolation on the unshielded microstrip 

with dielectric overlay was not as high as stripline and, like stripline, did suffer a degradation in crosstalk 

performance where the crosstalk continued to increases constantly as frequency increases. The greatest 

benefit to the shielding technique was seen in the microstrip structure. One example of this success was in 

figure 16 the crosstalk performance is clearly improved by approximately 5dB for the majority of the 

frequency band of interest.  

Other factors such as decreased substrate thickness and greater line width to substrate thickness ratio, 

greater spacing to line width ratios all lower crosstalk considerably and  

HFSS provided the means to simulate larger domains and the actual microstrip structure that was to be 

fabricated with great ease. Accuracy between measurements and simulation suffered greatly due to external 

interference. Though the accuracy suffered a loss the actual isolation reduction was measured and shown to 

be negative when referenced to both three line and dual line structures which indicated that the shield line 

is a technique that works in certain frequency bands depending on the structure and termination conditions. 

Three variations of microstrip structures were fabricated in house in order to validate the findings of the 

simulations in HFSS and to also have a reference for the isolation gain calculations. Measurements were 

taken with the shielded structures under different termination conditions for the shielded line. These 

variations on termination did have an effect on the overall crosstalk response. Depending on the 
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application, after the designer is able to conclude that the shield line would enhance the noise immunity, the 

appropriate terminating condition for the shielded line would be applied. The gain in noise immunity is 

given as the isolation gain.  

Errors were expected to be found in the coaxial to microstrip transition, in the finite dimensions of the 

substrate, line width variance that creates small impedance mismatches and reflections. The presence of 

other devices in the laboratory influenced the outcome of the measurements greatly. 4mW of power were 

absorbed by the device under test at 2.4GHz because of the router present in the laboratory. Errors between 

the virtual domain and reality were found to be mainly the lack of detail in the model and the absence of the 

incident electromagnetic radiation. 

In the future, it would be beneficial to further investigate the shielded lines by varying the width of the 

shield line, varying the spacing between vias, apply effective through hole plating for the short circuits to 

minimize the height difference and altered charge distributions found when using copper wire for short 

circuits.   
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Appendix B. Measured Data Figures 
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