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Abstract—As the data rate and density of digital high-speed 

systems are getting higher, far-end crosstalk (FEXT) noise becomes 

one of the major issues that limit signal integrity performance. It 

was commonly believed that FEXT would be eliminated for 

striplines routed in a homogeneous dielectric, but in reality, FEXT 

can always be measured in striplines on the fabricated printed 

circuit boards. A slightly different dielectric permittivity (εr) of 

prepreg and core may be one of the major contributors to the 

FEXT. This article is focusing on providing a practical FEXT 

modeling methodology for striplines by introducing an approach to 

extract εr of prepreg and core. Using the known cross-sectional 

geometry and measured S-parameters of the coupled stripline, the 

capacitance components in prepreg and core are separated using a 

two-dimensional solver, and the εr of prepreg and core is 

determined. A more comprehensive FEXT modeling approach is 

proposed by applying extracted inhomogeneous dielectric material 

information. 

Index Terms—Dielectric material, far-end crosstalk (FEXT), 

stripline, transmission-line theory. 

I. INTRODUCTION 

S DIGITAL systems are moving in the direction of faster 

data transmission rate and higher density of circuits, the 

problem of the far-end crosstalk (FEXT) becomes one of the 

major limiting factors for signal integrity performance [1]–[3]. 

The concept of FEXT due to inhomogeneous dielectric 

material was presented in [4]–[8] using microstrip line as the 

device under test (DUT), and the analytical crosstalk estimation 
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formulas were derived by modal analysis. By modeling FEXT 

using the superposition of received even- and odd-mode 

signals on the victim line [8, Fig. 4]–[30], it was determined 

that the difference in phase velocities of even- and odd-mode 

signals caused by inhomogeneous dielectric material is the root 

cause of FEXT. Namely, if the odd and even components of 

the signal arrive at the receiver end at different times the 180° 

phase shift between them is no longer present and FEXT is 

generated. 

The inhomogeneous dielectric material is almost 

unavoidable in fabricated multilayer printed circuit boards 

(PCB) due to the different glass fiber weave/contents in 

prepreg and core, prepreg melting during lamination, epoxy 

resin properties tolerances, etc. [9]–[12]. Engineers may 

measure noticeable FEXT on striplines and meet difficulties in 

FEXT modeling due to the unknown dielectric permittivity of 

prepreg and core. 

Recently, several dielectric material properties extraction 

methods [13]–[16] and FEXT models [17]–[19] for fabricated 

striplines were proposed; however, all of them assumed a 

perfectly homogeneous dielectric material. In one of the 

models, a new concept called FEXT due to lossy conductors 

was proposed, which can be one of the major FEXT 

contributors in the high-speed striplines. As shown in [18], the 

proximity effect due to the lossy conductors causes different 

per-unit-length (PUL) resistances and, hence, attenuations for 

even and odd modes, leading to FEXT due to the superposition 

of the received evenand odd-mode signals with different rise 

times. 

However, as far as the authors knowledge, there have been 

no published approaches for the characterization of the FEXT 

due to inhomogeneous dielectric material in striplines. As the 

examples, as shown in Section IV of the article, demonstrate, 

obvious discrepancies can be observed by comparing the 

measurement and modeled FEXT assuming homogeneous 

dielectric material. 

In this article, to improve the FEXT modeling results, an 

approach is proposed to extract the relative permittivity εr of 

prepreg and core using the measured S-parameters and 

knowncross-sectionalgeometryofcoupledstriplines.Improved 

modeling results will be presented by comparing 

measurements with modeling results obtained using the 

extracted dielectric parameters. 

A 
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Therestofthisarticleisorganizedasfollows.InSectionII,the 

transmission-linetheoryand analytical expressions ofFEXT are 

shown, and the impact of inhomogeneous dielectric material on 

FEXT is presented using simulation. By analyzing the electric 

field of striplines, the simulation results are explained by a 

qualitativetheorydescribingthepolarityofFEXT.InSectionIII, 

the algorithm of the prepreg and core permittivity extraction is 

introduced. Section IV provides the validations by comparing 

the measurement data with the results of modeling using the 

extracted εr. Finally, Section V concludes this article. 

II. FEXT ON THE STRIPLINE WITH INHOMOGENEOUS 

DIELECTRIC MATERIAL 

A. FEXT Modeling Based on Modal Analysis 

Before describing the extraction method, we would like to 

define the necessary parameters. In this article, the idea of 

describingFEXTbasedonthemodalanalysisisadopted[8].For 

apairofcoupledstriplines,aftertheaggressorsignalisseparated 

into even and odd modes, the FEXT is generated during the 

time interval between the arrival of the odd-mode signal and 

the arrival of the even-mode signal. In other words, after the 

propagation of l meters, the FEXT is the superposition of the 

received even- and odd-mode signals (veven(t,l), vodd(t,l)) on 

the victim line [8, Fig. 4]–[30]. 

 vfext (t,l) = veven (t,l) + vodd (t,l). (1) 

Suppose that only the FEXT due to inhomogeneous 

dielectric exists (all other FEXT sources are neglected). Under 

the lossless transmission-line assumption, (1) can be expressed 

using a function of modal phase velocities to predict the peak 

value of FEXT [18, eq. (3)] 

  (2) 

where vI is the amplitude of the aggressor signal that has a rise 

time of tr. The odd and even phase velocities (vp,odd, vp,even) can 

be expressed using the PUL modal inductance (Lm) and 

capacitance (Cm) 

 . (3) 

Here, m represents the even or odd mode. Lm and Cm can be 

obtained by the modal transformation of the nodal inductance 

(L) and capacitance (C) matrices of a three-conductor model 

with symmetrical signal traces [20], [21] 

(Tv)−1 · L · Ti=  

(Ti)−1 · C · Tv 

(5) 

where 

L 

 and C  

 

Fig. 1. Illustration of FEXT when vp,even > vp,odd. veven and vodd stand for the 

even- and odd-mode signals at the receiver end, respectively. 

 Tv  . (7) 

For the homogeneous and lossless case, the FEXT is zero due 

to the same phase velocity for even- and odd-mode signals 

(vp,odd = vp,even), which can be proven by using an important 

identity for homogeneous media LC = CL = μεIn [20, eq. 

(3.37)]. 

The polarity of FEXT peak voltage can be explained by the 

modal analysis. First, for striplines with an inhomogeneous 

dielectric material and different thicknesses of dielectric layers, 

the modal velocities are not equal ( ). As Fig. 1 

illustrates, for the positive aggressor signal, if the even-mode 

signal has a faster phase velocity and arrives at the receiver end 

earlier, the FEXT peak is positive. On the contrary, if the odd-

mode signal propagates faster, the FEXT peak is negative. 

B. Impact of the Inhomogeneous Dielectric on the Total FEXT 

of Striplines 

Thevelocitiesvp,odd andvp,even ofapairofcoupledstriplines are 

determined by the cross-sectional geometry and material 

parameters; therefore, the prepreg and core dielectric 

permittivity (εr,pg, εr,co) plays an important role. To demonstrate 

FEXTs sensitivity to the prepreg and core inhomogeneity, 

several simulations are performed using an Ansys two-

0018-9375 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. 
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dimensional (2-D) 

extractor[22].Weusethecoupledstriplineswithcross-sectional 

geometry, as illustrated in Fig. 2. The thickness of prepreg is 

larger than the thickness of the core (hpg = 12 mil > hco = 8mil). 

The line length is 10 in, and the rise time of the aggressor signal 

is tr = 35 ps. The dissipation factor (tanδ) in prepreg and core is 

equal to 0.003. All ports are matched. 

As Table I presents, the dielectric constant in core (εr,co) is set 

to 3.4, and the dielectric constant in prepreg (εr,pg) is swept from 

3.5 to 3.3 to investigate the impact of dielectric material 

inhomogeneity. The variation is approximately 10%, which is 

very likely to be expected for fabricated striplines [9]. 

The simulation results are given in Table I and Fig. 3. We 

observe that the impact from FEXT due to inhomogeneous 

dielectric material is noticeable. For this case with prepreg 

thickerthancore(hpg = 12mil > hco = 8mil),whenforεr,pg > εr,co, the 

FEXT “bump” is increased by the inhomogeneous 

 

Fig. 2. Cross-sectional geometry of two coupled symmetrical stripline traces. 

The upper blue block represents the prepreg, and the lower green block stands 

for the core. The etching angle θ is 45°. 

TABLE I 

SIMULATION RESULTS OF THE STRIPLINES WITH COPPER TRACES AND 
REFERENCE PLANES 

 

 

Fig. 3. Comparison between the cases with swept εr,pg and εr,co. The 

striplinesundertestarewithcoppertracesandreferenceplanes(theconductivity 

equals 5.8e7 S/m). 

dielectric. When εr,pg < εr,co, the “dip” is introduced. As the 

difference between εr,pg and εr,co increases, the “bump” and the 

“dip” grow significantly. 

The simulation data show the necessity of obtaining εr,pg and 

εr,co to achieve accurate FEXT modeling for coupled striplines. 

The assumption of the homogeneous dielectric can even lead to 

the modeled FEXT with the wrong polarity (the εr,pg and εr,co 

extraction approach will be presented in Section III). In Section 

II-C, a qualitative theory is brought up to explain the simulation 

results that engineers can use to roughly predict the polarity 
TABLE II 

SIMULATION RESULTS OF THE STRIPLINES WITH PEC TRACES AND 

REFERENCE PLANES 
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Fig. 4. Comparison between the cases with swept εr,pg and εr,co. The striplines 

under test are with PEC traces and reference planes. 

of FEXT using the information of dielectric material thickness 

(hpg, hco) and permittivity (εr,pg, εr,co). 

C. Polarity of FEXT Due to Inhomogeneous Dielectric 

According to the article presented in [18], when the 

dielectric material is homogeneous (case#3 in Fig. 3 and Table 

II, with εr,pg = εr,co), the FEXT with positive polarity can be 

explained because of FEXT due to lossy conductors. However, 

the relationship between the permittivity of prepreg and core 

and the polarity of FEXT needs further investigation. 

To straightforward demonstrate FEXT due to 

inhomogeneous dielectric, another set of simulations is 

performed. The impact of FEXT due to lossy conductors is 

totally excluded by introducing perfect electric conductors 

(PEC). Compared with the simulation, as shown in Section II-

B, all the settings are the same except that the traces and 

reference planes are modeled as PEC. The results are given in 

Fig. 4 and Table II. 

For the homogeneous dielectric case (∗3), FEXT is equal to 

zero since FEXT due to lossy conductors is excluded. For the 

inhomogeneous cases (∗1, ∗2, ∗4, and ∗5), the noticeable “dip” 

and “bump” are exclusive due to dielectric inhomogeneity. 

To provide explanations to the simulation results, first let us 

take a look at the expression of FEXT due to inhomogeneous 

dielectric, as shown in (2). To describe the differences between 

vp,even and vp,odd, a variable ΔLC is defined as 

ΔLC = Lodd Codd − Leven Ceven  

 

Fig. 5. Illustration of the capacitance components for the coupled striplines 

[23]. The prepreg and core dielectric heights are hpg and hco. The dielectric 

constant in prepreg and core is εr,pg and εr,co. 

The sign of ΔLC determines the polarity of FEXT according 

to (2) and (3). Indeed, they are as follows. 

1) If ΔLC > 0: vp,odd < vp,even and FEXT is positive. 

2) If ΔLC < 0: vp,odd > vp,even and FEXT is negative. 

To determine the influence of prepreg and core on ΔLC , we 

use the idea, as presented in [23], and analyze the capacitance 

components. According to Fig. 5 [23, Fig. 2], there are four 

categories of the PUL capacitances in striplines as follows. 

1) Cf: fringe capacitance on the outer side of the trace, 

contributed by the prepreg (Cf,pg) and core (Cf,co) regions. 

2) Cp: parallel plate capacitance of the trace, contributed by 

the prepreg (Cp,pg) and core (Cp,co) regions. 

3) Cfg: fringe capacitance near the gap between traces, 

contributed by the prepreg (Cfg,pg) and core (Cfg,co) regions. 

4) Cg: mutual capacitance across the gap, contributed by the 

prepreg (Cg,pg) and core (Cg,co) regions. 

The total capacitance in the prepreg (Ct,pg) is expressed using 

the capacitance components with subscript pg 

Ct,pg = Cf,pg + Cp,pg + Cfg,pg + Cg,pg = εr,pg 

(9a) 

where 

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 [23]. Similarly, the 

total capacitance in the core (Ct,co) is expressed as 

Ct,co = Cf,co + Cp,co + Cfg,co + Cg,co = εr,co 

(9b) where  

Thus, theself-capacitance inthe nodal capacitance matrixcan 

be expressed as 

 (10) 

The mutual capacitance in the nodal capacitance matrix can 

be expressed as 

|C21| = Cg,pg + Cg,co = εr,pg · Cg,pga + εr,co · Cg,coa . (11) 

According to the articles presented in [23, eq. (14)] and [24, 

eq. (14)], the self-inductance and mutual inductance can be 

estimated using the capacitances of the air-filled line as 

cm] 
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cm] 

Δ . For typical edge-where 

coupled striplines, ΔCa > 0. Next, let us calculate ΔLC defined by 

(7) using the L and C given by (10)–(13) 

 

According to the article presented in [25, eq. (6), Figs. 3 and 

5], reducing dielectric layer thickness leads to an increase in 

total capacitance when the ratio of trace spacing to dielectric 

thickness is within the range from 0.02 to 1.5. Assuming this 

condition is true, we get 

 Ct,pga > Ct,coa , when hpg < hco (15a) 

 , when . (15b) 

In addition, according to the articles presented in [25, Fig. 4] 

and [26, eq. (5)], reducing dielectric thickness leads to a 

reduction in mutual capacitance when the ratio of trace spacing 

to dielectricthicknessiswithintherangefrom0.02to1.5;therefore 

Cg,pga < Cg,coa , when hpg < hco (16a) 

Cg,pga > Cg,coa , when hpg > hco. (16b) 

According to (15) and (16), the third term in (14) subjects to 

the following conditions: 

Ct,pga · Cg,coa − Cg,pga · Ct,coa > 0, when hpg < hco (17a) 

, when  

Thus, by taking both (14) and (17) into account, the polarity 

of FEXT can be roughly estimated using the diagram, as shown 

in Fig. 6. 

1) When the thicker dielectric layer has a lower permittivity, 

FEXT is negative. 

2) When the thicker dielectric layer has a higher permittivity, 

FEXT is positive. 

This rule of thumb has good correlation with the simulation 

data, as given in Tables I and II and Figs. 3 and 4. The FEXT 

due to the proximity of lossy conductor may lead to some 

estimation error when εr,pg and εr,co are close numerically 

(differencebelow0.1),andthepredictionisgenerallygoodwhen 

 

Fig. 6. Polarity of FEXT due to 

inhomogeneous dielectric can be 

esti- 
) and permittivity (εr,pg,εr,co). Here, 

Δ = pg − co and Δ = r,pg − r,co. 

the differences between hpg and hco , as well as εr,pg and εr,co, are 

large enough. 

III. PREPREG AND CORE DIELECTRIC PERMITTIVITY 

EXTRACTION METHODOLOGY 

According to Section II, we can see that the stripline’s FEXT 

is very sensitive to the differences between prepreg and core. 

The motivation of the part is to provide improved FEXT 

modeling results by taking inhomogeneous dielectric material 

into account. 

The propagation constants are related to the PUL parameters 

of the modes as 

. 



214 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 64, NO. 1, FEBRUARY 2022 

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on January 24,2023 at 15:16:30 UTC from IEEE Xplore.  Restrictions apply.  

A. Extraction Methodology 

Using the qualitative theory in Fig. 6, engineers can estimate 

the polarity of FEXT on striplines using the cross-sectional 

geometry and nominal dielectric material information. However, 

as the simulation results in Table I and Figs. 3 and 4 demonstrate, 

FEXT is very sensitive to the difference in core and prepreg 

permittivities, and the nominal values of εr,pg and εr,co may not be 

known with enough precision to achieve the 

accuratemodelingofFEXTconsideringthatthePCBfabrication 

process may impact the dielectric properties. In this section, the 

authors will introduce the core and prepreg permittivity 

extraction methodology using the measured S-parameters and 

known cross-sectional geometry of a pair of coupled striplines. 

For a pair of coupled striplines, suppose the propagation 

constants of the common and differential modes are known 

(measured) 

 γ{cc,dd} = α{cc,dd} + j · β{cc,dd}. (18) 

Here, the real part of the propagation constant is the 

attenuation factor (α
{cc,dd}), while the imaginary part is the phase 

constant (β
{cc,dd}). The phase constant can be obtained from the 

measured de-embedded transmission coefficient as 

. (19) 

Sinceallpracticallinesarelowloss,thatis, 

ωC,(20)canbeapproximatedusingtheTaylorseriesexpansion, 

and the phase constant can be estimated [27, eqs. (2–85b)] as 

 . (21) 

Thus, the modal capacitances can be obtained by using the 

measuredphaseconstantβ{cc,dd} andthemodalPULinductance 

L{cc,dd} calculated using a 2-D solver for the air-filled line (this 

assumes that the inductance is not affected by the dielectric) 

  (22a) 

 . (22b) 

According to the common and differential modal definition 

given in [20] and [21] 

 Ccc = 2 · Ceven = 2(C11 − |C21|) (23a) 

 Cdd = 0.5 · Codd = 0.5(C11 + |C21|). (23b) 

By inserting (10) and (12) into (23), the relationship between 

Ccc,dd and the permittivity of prepreg and core is expressed as 

  (24a) 

  (24b) 

By solving the system of equations (24a) and (24b) , the 

permittivity of prepreg and core can be obtained as 

εr,co 

 

εr,pg 

. 

Here, with the measured phase (19), the modal capacitances 

Ccc and Cdd can be obtained using (22). Thus, if the capacitance 

components  are calculated, 

the permittivity of prepreg and core will be available as (25) 

shows.Inaddition, (25)proves that εr,co and εr,pg aretheunique 

solutions of the known measured phase and cross-sectional 

geometry information. 

 

Fig.7. Twoadditional2-Dair-filledmodelswereproposedforthecapacitance 

calculation. (a) Model-A is repeating the actual geometry. (b) Model-B is a 

vertically mirrored prepreg layer. 

In order to use (25) in practice, the capacitance components 

in core and prepreg regions need to be calculated. To achieve 
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this, two additional 2-D models with air dielectric material are 

created using the known cross-sectional geometry. As Fig. 7(a) 

illustrates, the additional air-filled model-A is created using the 

exact geometry of the coupled striplines. The self and mutual 

capacitances (C11A ,|C21A |)ofthismodelarecalculatedbythe2-D 

solver. By setting εr,pg = εr,co = 1, (10) and (11) are modified to 

describe C11A and |C21A | 

  (26) 

 . (27) 

As Fig. 7(b) shows, the additional air-filled model-B is 

vertically balanced, with the geometry of prepreg flipped down 

to substitutethelowerportionoftheoriginaltransmissionline.The 

capacitances in the upper portion and lower portion are the 

same due to symmetry. On the other hand, since the top part of 

both models is identical, we can reasonably assume that the 

Cg,pga is equal for both models as well. Thus, by replacing Cg,coa 

with Cg,pga in (26) and (27), the capacitance components of 

model-B can be expressed as 

(28) 

(29) 

 

Fig. 8. Flowchart of the proposed εr,pg and εr,co extraction method. 

By solving (26)–(29), the capacitance components needed for 

the permittivity extraction become available 

 

prepregandcorecanbeextracted.Theflowchartoftheextraction is 

shown in Fig. 8. 

B. Validation in Simulation 

To illustrate the feasibility of the proposed method, it is first 

applied to a simulated transmission line. The accuracy of εr,pg 

and εr,co extraction is investigated. 

A 2-D model of the coupled stripline with the cross-sectional 

dimensions, as indicated in Fig. 2, is created. Both core and 

prepreg are modeled according to the Djordjevic model [28] 

with the following parameters at 1 GHz: εr,pg = 3.4, tanδpg = 

0.012, εr,co = 3.6, and tanδco = 0.012. The modal 

transmissioncoefficientsScc21 andSdd21 arecalculatedbyusing 

Ansys 2-D extractor, and the obtained modal attenuation and 

phase constants (the latter is normalized by the frequency to 

reveal the nonlinear dependence of the phase on the frequency) 

are shown in Fig. 9. 

The core and prepreg permittivity extraction is performed 

according to Fig. 8 and the comparisons between the actual and 

extracted εr,pg and εr,co are shown in Fig. 10. The relative error is 

below 2% for frequencies above 0.1 GHz. Even though the error 

goes up to about 10% at frequencies below 0.01 GHz due to 

reduced difference between βcc and βdd when the simulation 

accuracy becomes a major limiting factor, we would like to 

conclude that the proposed algorithm has acceptable accuracy 

for the bandwidth from at least 0.1 to 50 GHz. 
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Fig. 9. (a) Simulated insertion loss and (b) phase of the coupled stripline. 
To present the frequency dependence of phase, β{cc,dd}/f is presented. 

IV. TESTS BASED ON FABRICATED PCB 

To test the proposed method, a validation board containing 

multiple lines was fabricated. The cables are connected to the 

PCB using the high-precision surface mount 

SMA(SubMiniatureversionA)connectors.Twoofthelines(1.3 in 

and 15.98 in) were used for 2x-thru measurements [29–33]. The 

S-parameters measurement is performed using a Keysight 

N5244A 4-port network analyzer. The VNA(Vector Network 

Analyzer) calibration is performed using an electronic 

calibration kit N4692 up to 50 GHz. The cross-sectional 

geometry of the coupled lines is presented in Fig. 11. The de-

embedded attenuation and phase constants are given in Fig. 12. 

Theextractedεr,pg andεr,co areshowninFig.13plottedusing solid 

curves. Since the extraction results are directly influenced by 

inaccuracies in the input parameters, slight variations can be 

observed in the extracted curves due to VNA measurement 

inaccuracies, de-embedding deficiencies [13], etc. To enforce 

the causality of extracted εr,pg and εr,co, which would allow using 

the extraction results for the time-domain simulations, the 

Djordjevic model is used to fit the initially extracted εr,pg and 

εr,co. 

 

Fig. 10. (a) Comparison between the actual and extracted εr,pg and εr,co. (b) 

Relative extraction error is also provided. 

 

Fig. 11. Cross section of the coupled striplines. 

Using the extracted tanδ (assuming equal values for core and 

prepreg) and conductor surface roughness parameters 

determined for the same line in [13], a model of the 

transmission line with the fitted core and prepreg parameters 

was created and used 

tocalculatetheFEXTsignalinthetimedomain.Thecomparison 

between the modeled and measured FEXT is shown in Fig. 14. 
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The incident signal on the aggressor line has the magnitude of 

1 V and the rise time of 70 ps. 

For reference, a model using the effective permittivity (εr,eff 

= 3.4@1 GHz) extracted assuming a homogeneous dielectric 

material [13] is also used for FEXT modeling (blue 

 

Fig. 12. (a) Measured insertion loss and (b) phase of the coupled stripline. 

 

Fig. 13. Initially extracted (solid lines) and fitted (dotted lines) εr,pg and εr,co. 

The values at 20 GHz are used to create the Djordjevic model. 

dashedcurveinFig.14).Thesurfaceroughnesswasmodeledusingt

heHuraymodel.TheHuraymodelhadthefollowingparameters: 

ball size aball = 0.63 μm, number of balls Nball = 25, and the tile 

area Atile = 90 μm2. The parameters for the roughness model 

were determined by an empirical approach, as presented in [34] 

and [35], using profiles, as shown in [13], with 

 

Fig. 14. Comparison of the time-domain FEXT between measurement (the solid 

line) and Q2D models created using extracted εr,pg and εr,co (dotted line). The 

modeling using extracted εr,eff assuming homogeneous dielectric material is also 

provided for the reference (the dashed line). 

rms roughness of 0.43 μm. The extracted loss tangent (tanδ) is 

about 0.0025@1 GHz. A two-term Djordjevic model is used to 

describe the frequency dependence of the dielectric material 

properties [13]. By comparing the result of FEXT modeling 

using the homogeneous model to the measured signal, it 

becomes obvious that the homogeneous model fails to 

reproduce a dip at 1.6 ns. While by modeling FEXT using 

extracted εr,pg and εr,co, the FEXT due to inhomogeneous 

dielectric material can be captured, and the dip at 1.6 ns is 

properly reproduced. The peak at 1.65 ns is explained by the 

FEXT due to the proximity effect of lossy conductor [18], and 

it is the major contributor to the total FEXT in this particular 

transmission line. 

Notice that the authors did not present the FEXT sources’ 

percentage contribution to the total FEXT because the “peak” or 

“valley” of different FEXT sources occurs at different times. 

FEXT due to inhomogeneous dielectric material is caused by 

different modal velocities, and the maximum amplitude occurs 

at the moment when the slower mode arrives, as shown in Fig. 

1. FEXT due to lossy conductor is due to different rise times of 

the two modes, and the maximum amplitude occurs at the 

moment that the received even and odd waveforms are with their 

biggest differences. Thus, the maximum of the total FEXT 

waveform does not match the results of adding up the 

nonsimultaneous maximum amplitude of different FEXT 

sources. 
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At last, to achieve good extraction accuracy, we recommend 

to use the cross-sectional sample of the coupled striplines. Using 

the roughly estimated geometrical information to do the 

extraction will lead to lower accuracy unavoidably. A sensitivity 

test was performed previously, and we found that for the case 

undertest,theextractedpermittivity’ssensitivitytothedielectric 

thickness (hpg and hco) and trace thickness (t) is worth 

mentioning. Using the coupled striplines with geometry, as 

shown in Fig. 11, ±10% perturbation in hpg and hco and t will 

lead to 13%, 6%, and 3% change in extracted εr,pg. 
TABLE III 

 

V. CONCLUSION 

It was demonstrated that FEXT is very sensitive to the 

inhomogeneous dielectric material of striplines. Even though 

the mechanism of FEXT due to inhomogeneous dielectric was 

revealed previously for microstrip lines, there has been no 

methodology to analyze the inhomogeneous dielectric material 

of the fabricated striplines. To estimate the polarity of FEXT 

due to inhomogeneous dielectric material, a rule of thumb is 

proposed using the geometry and material information of the 

coupled striplines. 

Byanalyzingthecapacitancecomponentsinprepregandcore, a 

new dielectric permittivity extraction approach is proposed to 

characterize εr,pg and εr,co. According to the tests based on the 

fabricatedPCB,usingtheextractedεr,pg andεr,co,theimproved 

accuracy of FEXT modeling can be achieved compared with the 

modeling assuming homogeneous dielectric material. 

Intheend,toprovidebetteroverviewofFEXTcontributorson 

striplines, Table III is provided. Using the techniques, as shown 

in [18] and [19] and this article, each FEXT contributor can be 

characterized. 
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