
 
 

Abstract—Far-end crosstalk (FEXT) noise is a critical factor 
that affects signal integrity performance in high-speed systems. 
The FEXT level is sensitive to the dielectric inhomogeneity of the 
stripline in fabricated printed circuit boards (PCB). Stripline is 
typically modeled as a 2-layer model with core and prepreg layers. 
However, in reality, the stripline is laminated by multiple 
inhomogeneous dielectric layers (IDL). The dielectric layers of the 
stripline are laminated with epoxy resin and glass bundles. The 
dielectric permittivity ( ) of the epoxy resin and glass bundles are 
different, which causes the inhomogeneity of the dielectric layers 
while also increasing the FEXT magnitude. Therefore, a typical 2-
layer structure is inaccurate to model the FEXT. In this paper, the 
stripline model is constructed with the core, prepreg, and resin 
pocket layers. To analyze the stripline with three IDL, a practical 
superposition method is proposed. A design guideline to mitigate 
the FEXT level in the stripline design is proposed based on the 
method.  
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I. INTRODUCTION 
Far-end crosstalk (FEXT) noise is a critical factor that affects 

the signal integrity performance in high-speed systems with 
faster data transmission rates and a higher density of circuits [1-
3].  

In the fabrication procedure of the multilayer printed circuit 
boards (PCB), the dielectric layers are laminated with epoxy 
resin and glass bundles, as is shown in Fig. 1. The dielectric 
permittivity ( ) of the epoxy resin and glass bundles are 
different. The inhomogeneity of the dielectric layers is caused 
by the different glass fiber weave/content in prepreg and core, 
prepreg melting during lamination, and epoxy resin property 
tolerances [4-6]. 

Stripline is typically modeled as a 2-layer model with core 
and prepreg layers [7-9]. FEXT between coupled stripline is the 
superposition of the received even and odd model signals [10]. 
With this analysis, FEXT is the superposition of the received 
even and odd model signals. Due to the difference between the 
dielectric constants (DK) in prepreg and core layers, the phase 
velocity for even and odd mode signals are not equal, which in 
return increases the FEXT magnitude [11].  

 
Fig. 1. Cross-section of a pair of coupled stripline. The layer marked with 

red is the resin pocked. 
 
The normal 2-layer model only takes the inhomogeneity 

between the core and prepreg layer into account. However, 
inhomogeneity caused by the epoxy resin and glass bundles 
inside the core and prepreg layers also affects the FEXT [12]. 
The 2-layer structure is then not accurate enough to model the 
stripline performance in the frequency and time domain. The 
stripline model constructed with multiple inhomogeneous 
dielectric layers (IDL) with different dielectric permittivity is 
closer to the performance of the actually fabricated stripline. 
The resin pocket, which is a layer only filled with resin as 
shown in Fig. 1, can be considered as a third layer different from 
the core and prepreg layers. During the lamination of the 
prepreg layer, some portion of resin melts and forms the resin 
pocket [13]. Since the resin pocket fills the area between the 
traces, it plays an important role in stripline modeling. The 
model of the three IDL can provide a better description of the 
actual performance of the stripline [14]. 

In order to analyze, explain and model the processes in 
multilayer inhomogeneous dielectric layers, a superposition 
method was proposed. To estimate the FEXT of multiple IDL 
models, the stripline can be decomposed with 2-layer IDL 
models. The superposition of each 2-layer IDL model can 
provide a more accurate FEXT.  

Section II introduces the impact of IDL on FEXT by a 
qualitative theory based on the transmission line theory and 
analytical expressions. The superposition method for analyzing 
the stripline model with multiple IDL is proposed and validated 
in Section III. Section VI analyzes the FEXT of the stripline 
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with IDL. The proposed superposition method provides a 
convenient analytical calculation of FEXT caused by the IDL. 
In addition, a guideline for the stripline with IDL is proposed as 
a reference for high-speed PCB designers. The proposed 
method provides an opportunity to better understand the causes 
of FEXT and develop measures to minimize them. 

II. FEXT ANALYSIS METHODOLOGY FOR 
STRIPLINE WITH IDL 

FEXT is the coupling between transmitting lines as the signal 
propagates from the transmit end of the pair to the receiving 
end. To describe the FEXT of coupled striplines, the 
methodology based on modal analysis is adopted [10]. In a pair 
of coupled striplines, the aggressor signal is separated into even 
and odd modes. The odd-mode signal and the even-mode signal 
propagate through the stripline with different velocities.  

The odd and even phase velocities ( , ) can be 
expressed using the per-unit length (PUL) model inductance 
( ) and capacitance ( ): 

 

 

 
Here,  represents even or odd mode. The FEXT is 

generated during the time interval between the arrival of the 
odd-mode signal and the arrival of the even-mode signal. 

The differences between  and  can be described 
as the variable , which is defined as:    

 
 

 
To determine the influence of the IDL on , the 

capacitance can be decomposed [15]. In [15, Fig.2], the model 
with the core and prepreg layer is given. Based on the 2-layer 
model, the four categories of the per-unit-length capacitances in 
the 3-layer model shown in Table I are: 

 
TABLE I 

Capacitance Definition 

 
Fringe capacitance on the outer side of the 
trace contributed by the prepreg ( ) 
and core ( ) regions. 

 
Parallel plate capacitance of the trace, 
contributed by the prepreg ( ) and core 
( ) regions. 

 
Fringe capacitance near the gap between 
traces, contributed by the prepreg ( ) 
and core ( ) regions. 

 
Mutual capacitance across the gap, 
contributed by the prepreg ( ), resin 
pocket ( ) and core ( ) regions.  

 
Notice that the thickness of the resin pocket is much smaller 

compared to the thickness of the core and prepreg layer. , , 

and  are dominated by the prepreg and core regions. The 
mutual capacitance across the gap  can be expressed as: 

 
 

 

 
 

 and  represent the potion of the flux that goes 
through prepreg and core. 

The total capacitance in the prepreg ( ) is expressed using 
the capacitance components with subscript ‘pg’: 

 

 
 

 
 

 
 
This capacitance can be estimated using the scaling of the 
capacitances in the air-filled line (denoted by the superscript ‘a’) 
by the permittivity of the dielectric media [16, Equ. (2.18)]. 
Similarly, the total capacitance in the core ( ) is expressed: 
 

 
 

  
 

 
 

 

 
Fig. 2. Illustration of the capacitance components for the coupled striplines. The 
dielectric permittivity in prepreg, resin pocket, and core are ,  and  
respectively. 

Thus, the self-capacitance in the nodal capacitance matrix can 
be expressed as: 
 

 
 

 
 

 
 

The mutual-capacitance in the nodal capacitance matrix: 
 
 

 
 
 

According to [12, Equ.14] [13, Equ. 14], the self-inductance 
and mutual-inductance can be estimated using capacitances of 
the air-filled line as: 
 

 

826

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on January 11,2022 at 21:39:05 UTC from IEEE Xplore.  Restrictions apply. 



 
 

 

 
 

 

 
 

Where . For typical edge-coupled 
striplines . Then,  is defined by (2) using the L and 
C given by (4)-(7) expressed as: 

 

 

 
 

 
, , , , , are determined by the 

structure. From (8), it can be noted that  is proportional to 
the dielectric permittivity difference between prepreg and resin 
pocket  and the difference between the core and 
resin pocket . In other words, the FEXT caused 
by the 3-layer IDL can be separated into two parts: FEXT 
caused by the inhomogeneity of prepreg and resin pocket layers 
and FEXT caused by the inhomogeneity of core and resin 
pocket layers. Accordingly, the superposition method is 
introduced in Section III. 

III. SUPERPOSITION METHOD 
To simplify the analysis of the stripline with IDL, the 3-layer 

model can be decomposed as two 2-layer models. As shown in 
Fig. 3. Case 1 is the original 3-layer model. The dielectric 
permittivity in the prepreg, resin pocket, and core layers are 

,  and  respectively. Two inhomogeneous 
boundaries exist in this model: the boundary between prepreg 
and resin pocket and the boundary between resin pocket and 
core. The basic idea is to decompose the two boundaries into 
two models individually. 

In Case 2, the dielectric permittivity of the prepreg layer is 
set to be , which is the same as the dielectric permittivity 
of the resin pocket. The model in Case 2 then becomes a 2-layer 
model with only one inhomogeneous boundary between the 
resin pocket and core. According to (8),  of Case 2 is: 

 

 
 

In Case 3, the dielectric permittivity of the core layer is set to 
be , which is the same as the dielectric permittivity of the 
resin pocket. The model in Case 3 then becomes a 2-layer model 
with only one inhomogeneous boundary between the resin 
pocket and prepreg.  

 

 
 

It can be assumed that the air-filled mutual capacitances 
across the gap contributed by each layer ( , , ) 
remain the same when assigning different dielectric permittivity 
to the layers.   can be expressed by the superposition of 
Case 2 and Case 3: 

 
 

 
Then the FEXT caused by the inhomogeneity of the stripline 

with the 3 IDL model is equivalent to the superposition of the 
FEXT of two 2-layer models.  

 

 
(a) Case 1 

 

          
(b) Case 2 

 

     
(c) Case 3 

Fig. 3. (a) Case 1: The dielectric permittivity in the prepreg, resin pocket, and 
core layers are ,  and  respectively. (b) Case 2: The dielectric 
permittivity in prepreg and resin pocket layers is . (c) Case 3: The dielectric 
permittivity in core and resin pocket layers is . 

IV. FEXT ANALYSIS FOR STRIPLINE WITH IDL 
In this section, two examples are given of the FEXT analysis 

for the stripline with IDL and with different geometries.  

A. Example with symmetric geometry  
The stripline is normally considered as the combination of 

two layers: core and prepreg. In this way, only the 
inhomogeneous between the core and prepreg layer is taken into 
account for the FEXT analysis. However, inhomogeneous 
caused by the resin pocket will also affect the FEXT level. 
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Fig.4.  Cross-section geometry of two coupled symmetrical stripline traces. The 
trace width of the trace is 7.2mil. The spacing between the traces is 10mil. 

 
For example, Fig. 4 demonstrates a cross-section of the 

stripline. Both the thickness of the prepreg layer and the core 
layer is 5mil. Both the dielectric permittivity in core and 
prepreg is 4. The dielectric permittivity in the resin pocket is 
2.8. The thickness of the trace, which is also the thickness of 
the resin pocket layer. The FEXT level of the example can be 
decomposed with two cases as Fig. 3. All three cases are 
simulated by ANSYS Q2D. The assignment of dielectric 
permittivity for the different cases are:

Case 1: =4; =2.8, =4. 
Case 3: =2.8; =2.8, =4. 
Case 2: =4; =2.8, =2.8. 

 
The transformed FEXT waveform result from the S-

parameter of the Q2D simulation is shown in Fig.5. Table II 
lists the peak value of the FEXT waveform of the three cases. 
The FEXT level of Case 1 is approximately equal to the sum of 
Case 2 and Case 3. The error is caused by the assumption during 
the derivation that the air-filled mutual capacitances across the 
gap contributed by each layer ( , , ) are the same 
in different cases. The flux lines tend to get more concentrated 
in the region with higher dielectric permittivity. As a result, for 
different cases, the potion of the mutual capacitance contributed 
by different layers will be slightly different. 
 

 
Fig.5.  FEXT waveform for the stripline model with the geometry in Fig.4. 
 

TABLE II 
The peak value of the FEXT waveform with the geometry in Fig.4 

 Case 1 Case 2 Case 3 
 4 2.8 4 
 2.8 2.8 2.8 
 4 4 2.8 

FEXT Peak 
(mV) -9.97 -4.96 -4.96 

 

In this example, the core layer and the prepreg layer have the 
same thickness and dielectric. If the stripline is only modeled 
with core and prepreg layers, the mutual capacitance across the 
gap  can be expressed as: 
 

 
 

Then replace (3) by (9) for (4-7), the  for the 2-layer 
model is:  
 

(10) 
 

 are  are effective dielectric permittivity for the 
prepreg and core layers in the 2-layer model. ,   are 
effective air-filled mutual capacitances across the gap 
contributed by prepreg and core layers. Thus, the FEXT level 
by this equivalent model is close to zero. Therefore, in this 
extreme symmetric example, the normal 2-layer model of the 
stripline can’t perform accurately with multiple IDL.  

 

B. Example with asymmetric geometry  
An example with asymmetrical geometry, which is more 

common in actual PCB design, is simulated and analyzed. The 
cross-section geometry is shown in Fig. 6. The thickness of the 
prepreg layer is 7mil, while the thickness of the core layer is 
3mil. The dielectric permittivity in the core is 3.5. The dielectric 
permittivity in the resin pocket is 2.8. In fabricated multi-layer 
PCB, due to the different glass fiber weave/content in prepreg 
and core, prepreg melting during lamination, and epoxy resin 
properties tolerances, etc. [4-6], the dielectric permittivity in the 
prepreg and core layer are different in this example. Where the 
dielectric permittivity prepreg is set to be 3.5, 4.5, and 5.5 for 
different series of the cases.  

 

 
Fig.6.  Cross-section geometry of two coupled stripline traces. The trace width 
of the trace is 7.2mil. The spacing between the traces is 10mil. 
 

Table III lists the FEXT level of the cases. For the series of 
Case a, Case b, and Case c, the FEXT level of Case x.1 is 
approximately equal to the sum of Case x.2 and Case x.3 (x can 
be a, b or c), which provides the verification for the 
superposition method.  

For this example, with asymmetrical geometry, it is difficult 
to analyze the FEXT directly from the 3-layer model. The 
superposition method can help by decomposing the total FEXT 
to two 2-layer cases. In (9) and (10), it can be noted that is 
not only related to the difference of the dielectric material, but 
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also the capacitance. Then, (9) and (10) can be modified as: 

 

 
In this example, the thickness of the prepreg layer is larger 

than that of the core layer. As the result,  will be smaller 
than . Considering that the  should be larger 
than , is expected to be a positive value. The value of 
the capacitance term in   is expected to be much smaller than 
that in .  

 
TABLE III Peak value of the FEXT waveform with the geometry in Fig.6 

(a)  
 Case a.1 Case a.2 Case a.3 

 3.5 2.8 3.5 
 2.8 2.8 2.8 
 3.5 3.5 2.8 

FEXT Peak 
(mV) -3.65 -6.50 2.95 

(b)  
 Case b.1 Case b.2 Case b.3 

 4.5 2.8 4.5 
 2.8 2.8 2.8 
 3.5 3.5 2.8 

FEXT Peak 
(mV) 0.30 -6.50 6.69 

(c)  
 Case c.1 Case c.2 Case c.3 

 5.5 2.8 5.5 
 2.8 2.8 2.8 
 3.5 3.5 2.8 

FEXT Peak 
(mV) 3.91 -6.50 10.63 

 
In practice, to improve the signal integrity performance in 

high-speed systems, the FEXT is always expected to be 
mitigated in the design procedure. In the design procedure of 
the stripline, the method to mitigate the FEXT level could help 
provide the value  and   as a guideline. From (11) and 
(12), both  and  are proportional to the difference of 
the dielectric permittivity while the capacitance term is mainly 
determined by the cross-section geometry. Therefore, the FEXT 
caused from Case 2 and Case 3 can be expressed approximately 
as: 

 
            (13) 
                                                     (14) 

 
 and  can be obtained by two simulations of 2-layer 

models. For example, from Case a.2 and Case a.3,  is 
calculated as 4.2 and  is calculated as -9.3. Then the 

prediction for the total FEXT caused by IDL is: 
   (15) 

When the  and  is known as 2.8 and 3.5, to minimize 
the FEXT, the  can be determined as 4.35. From Table 
II(b), when  is 4.5, the total FEXT is 0.3mV. The error 
between the solution of the prediction and the actual value is 
3%. With the superposition method, only two simulations of 2-
layer models are needed to predict the FEXT level with 
different dielectric materials that provide a solution to minimize 
the FEXT.   

V. CONCLUSION 
This paper proposes a practical method to analyze the FEXT 

for the stripline with IDL and provides a design guideline to 
mitigate the FEXT level. The 3-layer stripline model 
constructed with core, prepreg, and resin pocket layers are 
investigated. The resin pocket is a critical layer with stable 
dielectric permittivity that locates surrounding traces. The 
FEXT for the stripline with multilayer IDL can be decomposed 
with the models that only with one inhomogeneity boundary.  

For the stripline with fixed geometry, the FEXT level of the 
material with different dielectric constant can be expressed. 
Besides, the best solution of the dielectric constant assignment 
in the stripline with minimum FEXT can be calculated. This 
method can be further applied for the construction of stripe lines 
with multiple IDL and for FEXT analysis of microstrip 
constructed with layers of a dielectric substrate and a solder 
mask 
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