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Abstract—Far-end crosstalk (FEXT) is a critical factor that 

limits signal integrity performance in high-speed systems. The 
FEXT level is sensitive to the dielectric inhomogeneity of the 
stripline in fabricated printed circuit boards (PCBs). The 

dielectric of the stripline is manufactured with multiple 
inhomogeneous dielectric layers (IDLs) of various resin and glass 
fiber bundles. A marginal difference in the dielectric permittivity 

of the IDLs can lead to a significant change FEXT level. In this 
article, a practical FEXT modeling methodology for striplines is 

proposed by introducing the extraction method for εr of IDLs. The 

new stripline model is constructed with three IDLs comprised of 
core, prepreg, and resin pocket, to improve the model accuracy. 

With the cross-sectional geometry and measured S-parameters of 

the coupled striplines, εr of IDLs can be extracted. In addition, an 

analytical model to predict the FEXT polarity and magnitude of 
the stripline caused by the inhomogeneity is proposed targeted for 
prelayout application. The proposed models have been verified 

using measurement. The proposed models can provide useful 
analysis methodology and design guidelines to mitigate the FEXT 
level in high-speed systems, especially for high-volume PCB tests 

in the prelayout and postlayout stages. 

Index Terms—Delta-L, dielectric material, dielectric material 
property, extended unterminated line (EUL), far-end crosstalk 
(FEXT), inhomogeneous dielectric layers (IDLs), stripline. 

I. INTRODUCTION 

AR-END crosstalk (FEXT) needs to be well-controlled in 

the high-speed system design to avoid system failure due 

to signal integrity issues [1], [2], [3]. Therefore, during the 

prelayout stage, it is important to model and reduce the FEXT 

of high-speed channels before fabrication to meet the high-

speed system design margins [4], [5], [6]. 

The inhomogeneity of the dielectric material is reported as a 

significantcontributortotheFEXT[5],[6],[7].Inthefabrication 
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Fig. 1. Cross section of a pair of coupled stripline. The resin pocked is indicated 

with a dotted boundary. 

of the printed circuit board (PCB), the dielectric material is 

laminated with different glass fiber and resin, which constructs 

the inhomogeneous dielectric layers (IDLs) [7], [8]. The 

dielectric permittivities (εr) of the resin and glass bundles are 

different, typically around 3 (resin) and 5 to 7 (glass), 

respectively. The difference in phase velocities of even and odd 

mode signals caused by IDLs results in nonzero FEXT noise in 

striplines. A marginal difference in dielectric permittivity can 

result in a significant FEXT level difference. For example, a 

difference of 0.1 between the permittivity of the core and 

prepreg layer could result in tens of millivolts crosstalk for a 3-

in stripline in the worst cases [7] (see Fig. 4). 

Stripline is typically modeled with a two-layer (2L-IDL) 

model constructed with a core layer and prepreg layer, which 

can only model the inhomogeneity between two layers. In this 

article, a new model with multiple IDLs (e.g., 3L-IDL model) 

is proposed. A model with more than three IDLs can be 

generated if given enough information about the glass weaves 

and resin content. Each IDL has different dielectric permittivity, 

which is a closer model of the fabricated stripline to the real 

products. 

Theadditionalthirdlayer,sometimesalsonamed“resinpocket,” is 

the layer that is only filled with resin between the core and 

prepreg layer, as is shown in Fig. 1. It is formed by resin flowing 

into metal gaps during the lamination process. Since the resin 

pocket fills the area between the two coupled traces and with a 

different dielectric constant, it has a critical influence on the SI 

F 
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performance of the stripline. The 3L-IDL model constructed 

with the resin pocket provides a more accurate representation 

of an actual fabricated stripline compared to a typical 2L-IDL 

model [9]. 

In order to characterize the FEXT due to the IDLs, εr of each 

IDL in the new model needs to be determined. Previously 

reported models only extracted εr of prepreg and core layers. In 

this article, an approach to extract εr of IDLs for the new three-

layer model is proposed. 

The method is validated with measurement results using a 

test stripline structure with the extended unterminated line 

(EUL) and Delta-L structures, which is widely used for high-

volume PCB tests [10], [11]. The EUL structure is designed for 

convenient and accurate FEXT measurements, which allows 

only half the needed test ports while excluding the impact from 

FEXT due to mismatched terminals. Delta-L structures are 

differential striplines with different lengths [12]. With the de-

embedding procedure [13], [14], [15], the vias and fixture effect 

can be removed so that S-parameters of the stripline is obtained. 

With the extracted εr of IDLs for the new three-layer model, 

more accurate modeling of the FEXT waveform can be 

achieved. 

The superposition method in [4] provides a practical way to 

analyze and model the FEXT of the stripline in multilayer IDLs. 

Using the same superposition principle, the FEXT caused by 

the inhomogeneity of three IDLs can be decomposed into the 

FEXT of two sets of 2L-IDL models. Furthermore, an analytical 

model is proposed to predict the polarity and magnitude of 

FEXT in striplines caused by the IDLs. The analytical model 

does not require any results from the 2-D or 3-D simulation 

tools. The analytical model can be applied for both the 

traditional 2L-IDL model and the newly proposed 3L-IDL 

model. 

As part of this article organization, in Section II, FEXT due 

to the IDLs is discussed. The FEXT analysis methodologies for 

the stripline with three IDLs are explained. Section III presents 

the extraction algorithm for εr of IDLs using Delta-L and EUL 

design. Section IV provides an analytical model and 

verification using measurement results. Finally, Section V 

concludes this article. 

II. FEXT ANALYSIS METHODOLOGY 

A. FEXT Caused by IDLs 

FEXT noise is caused by the coupling between transmitting 

lines when the signal propagates from the transmit end to the 

receiving end. The modal analysis for the FEXT [16] separates 

the aggressor signal into even and odd modes and propagates 

through the coupling pair with different velocities 

vfext = veven + vodd. 

The odd and even phase velocities (vp,odd, vp,even) can be 

expressed using the per-unit-length (PUL) model inductance 

(Lm) and capacitance (Cm) 

 . (1) 

 

Fig. 2. Illustration of the capacitance components for the coupled striplines. 

The dielectric permittivity in prepreg, resin pocket, and core are εr,pg, εr,rp, and 

εr,co, respectively. 

TABLE I 
DEFINITION OF THE DECOMPOSED CAPACITANCE 

  

 
 

 
 

 
 

 
 

Here, m 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 vp,even and vp,odd can be described as 

the variable ΔLC[7], which is defined as 

 

To separate the contribution of each IDL on ΔLC, the 

capacitance is decomposed [17]. In [17], the stripline is 

modeled with the core and prepreg layers. Based on that, the 

capacitance of the structure with 3 IDLs is decomposed in [4], 

as is shown in Fig. 2. The four categories of the PUL 

capacitances in the three-layer model are explained in Table I. 

In reality, the thickness of the resin pocket may vary 

depending on the resin content of dielectrics used. In this study, 

since the main focus is to develop an equivalent model, we 

assume the 

thicknessoftheresinpocketisthesameasthetracethickness.As 

theresult,Cf,Cp,andCfg aremainlyrelatedtothefluxthatgoes 
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through the core and prepreg layers. The mutual capacitance 

across the gap Cg can be expressed as 

Cg = Cg,pg + Cg,co + Cg,rp 

 = εr,pg Cg,pga + εr,coCg,coa + εr,rp Cg,rpa . (3) 

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

the capacitance components with subscript “pg” 

  (3a) 

This capacitance is expressed by the product of the 

capacitances in the air-filled structure (denoted by the 

superscript “a”) and the permittivity of the dielectric material. 

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

[18, eq. (8.86)] as 

  (3b) 

Thus, theself-capacitance inthe nodal capacitance matrixcan 

be expressed as 

C11 = Ct,pg + Ct,co + Cg 

 = εr,pg · Ct,pga + εr,co · Ct,coa 

+ εr,pgCg,pga + εr,coCg,coa + εr,rp Cg,rpa . (4) The mutual 

capacitance in the nodal capacitance matrix 

. (5) 

According to [17 [eq. (14)], the self-inductance and mutual 

inductance can be estimated using capacitances of the air-filled 

line as 

 

where. For typical edge-

coupled striplines ΔCa > 0. Then, ΔLC is defined by (2) using the 

L and C given by (4)–(7) expressed as 

 

Where Ct,pga , Ct,coa , Cg,pga , Cg,coa , Cg,rpa , and ΔCa are all the 

capacitance with the air-filled structure, which is only related to 

the geometry of the stripline. 

From (8), it can be noted that ΔLC is proportional to the 

dielectric permittivity difference between prepreg and resin 

pocket (εr,pg − εr,rp) and the difference between the core and 

resin pocket (εr,co − εr,rp). In other words, the FEXT caused 

 

Fig. 3. (a) Case 1: The dielectric permittivity in the prepreg, resin pocket, and 

core layers are εr,pg, εr,rp, and εr,co, respectively. (b) Case 2: The dielectric 

permittivity in prepreg and resin pocket layers is εr,rp. (c) Case 3: The dielectric 

permittivity in core and resin pocket layers is εr,rp. 

by the 3L-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. 

B. Superposition Method 

The 3L-IDL model with three different dielectric materials is 

not easy to analyze directly. Therefore, decomposing it into 

typical 2L-IDL models can help to simplify the complex 

structure. 

As shown in Fig. 3, Case 1 is the original 3L-IDL model. The 

dielectric permittivity in the prepreg, resin pocket, and core 
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layers are εr,pg, εr,rp, and εr,co, respectively. Two inhomogeneous 

boundaries are formed in this model: the boundary between 

prepreg and resin pocket and the boundary between resin pocket 

and core, to decompose the two boundaries into two sets of 

relatively simple 2L-IDL models. 

In Case 2, the dielectric permittivity of the prepreg layer is 

denoted by εr,rp, which is the same as the dielectric permittivity 

of the resin pocket. The model in Case 2 then becomes a 

twolayer model with only one inhomogeneous boundary 

between the resin pocket and core. According to (8), ΔLC of Case 

2 is 

 

 

Fig. 4. Cross-sectional geometry of two coupled symmetrical stripline traces. 

The trace width of the trace is 7.2 mil. The spacing between the traces is 10 mil. 

In Case 3, the dielectric permittivity of the core layer is 

denoted by εr,rp, which is the same as the dielectric permittivity 

of the resin pocket. The model in Case 3 then becomes a two-

layer model with only one inhomogeneous boundary between 

the resin pocket and prepreg 

 

Itcanbeassumedthattheair-filledmutualcapacitancesacross 

the gap contributed by each layer ( ) remain 

the same when assigning different dielectric permittivity to the 

layers. 

ΔLC1 can be expressed by the superposition of Case 2 and Case 

3 

 ΔLC1 = ΔLC2 + ΔLC3. (11) 

Then, the FEXT caused by the inhomogeneity of the stripline 

with the 3L-IDL model is equivalent to the superposition of the 

FEXT of two two-layer models. 

C. FEXT Analysis for Stripline With IDLs 

As the validation of the FEXT analysis methodology, two 

examples are given for the stripline with IDL and with different 

geometries. One of the single-ended traces is considered the 

aggressor and the other trace is the victim. The FEXT caused 

by the coupling between the two traces is discussed. The work 

can be easily extended to differential signaling as well. 

1) Stripline With Symmetric Prepreg and Core Dimension: 

Fig. 4 demonstrates a cross section of an equivalent model of 

the stripline. For simplicity, the cross section of the stripline is 

set as rectangular instead of a typical trapezoidal shape. Both 

the thickness of the prepreg layer and the core layer is 5 mil. 

Both the dielectric permittivity in core and prepreg is 4. The 

dielectric permittivity in the resin pocket is set to be 2.8 as an 

example. The thickness of the trace is also set to be the same as 

the thickness of the resin pocket layer. In this example, the 

stripline is symmetric in that the core layer and the prepreg layer 

share the same thickness and material property. The FEXT level 

of the example can be decomposed into two cases as Fig. 3. 

All three cases are simulated by ANSYS Q2D. The 

assignment of dielectric permittivity for the different cases is 

 

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

TABLE II 
PEAK VALUE OF THE FEXT WAVEFORM WITH THE GEOMETRY IN FIG. 4 

    

    

    

    

    

Case 1: εr,pg= 4; εr,rp= 2.8, εr,co= 4. 

Case 2: εr,pg= 2.8; εr,rp= 2.8, εr,co= 4. Case 3: 

εr,pg= 4; εr,rp= 2.8, εr,co= 2.8. 

ThetransformedFEXTwaveformresultfromtheS-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 ofCase1isapproximatelyequaltothesumofCase2andCase3. 

The error is caused by the assumption during the derivation that 

the air-filled mutual capacitances across the gap contributed by 

each layer (Cg,pga , Cg,coa , Cg,rpa ) 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 

portion of the mutual capacitance contributed by different 

layers will be slightly different. 
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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 Cg can be expressed as 

. (12) 

Then, replace (3) by (12) for (4)–(7), ΔLC for the two-layer 

model is 

 

where are effective dielectric permittivity for 

the prepreg and core layers in the two-layer model.  and 

are effective air-filled mutual capacitances across the gap 

contributed by prepreg and core layers. The FEXT level of this 

2L-IDL model turns out to be close to zero, indicating that for 

this extreme symmetric example, the former 2L-IDL model 

 

Fig. 6. Cross-sectional geometry of two coupled stripline traces. The trace 

width of the trace is 7.2 mil. The spacing between the traces is 10 mil. 

 

Fig. 7. Cross-section of (a) rectangle traces and (b) trapezoid traces with 

the 60° base angle. 

cannot describe the performance of the multiple IDLs structures 

accurately. 

2) Stripline With Asymmetric Prepreg and Core Dimension: 

Another example is the stripline with asymmetrical prepreg and 

core dimensions. The trace is not in the middle between the 

reference plane and the dielectric constant is different for 

different layers. The structure is more frequently used in 

fabricated PCB design. 

The cross-sectional geometry is shown in Fig. 6. In this case, 

the thickness of the prepreg layer is 7 mil, whereas the thickness 

of the core layer is 3 mil. The dielectric permittivity in the core 

is 3.5. The dielectric permittivity in the resin pocket is 2.8. In 

fabricated multilayer PCB, due to the different glass fiber 

weave/content in prepreg and core, prepreg melting during 

lamination, and resin properties tolerances, etc. [4], [5], [6]. The 

dielectricpermittivitiesintheprepregandcorelayeraredifferent in 

this example, where the dielectric permittivity prepreg is 

defined as 3.5, 4.5, and 5.5 for different series of cases. 

Table III lists the FEXT magnitude of the different 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 refers to a, b, or c), which validates the superposition method 

for asymmetric stack up as well. 

For this asymmetrical example, the FEXT performance 

cannot be simply predicted from the 3L-IDL model. With the 

help of the superposition method, the problem is decomposed 

into two 2L-IDL cases and the total FEXT level can be 

predicted. In (9) and (10), it can be noted that ΔLCis not only 

related to the difference of the dielectric material but also the 

capacitance. Then, (9) and (10) can be modified as 

  (14) 
TABLE III 

PEAK VALUE OF THE FEXT WAVEFORM WITH THE GEOMETRY IN FIG. 6 

 

    

    

    

    

    

 

    

    

    

    

    

 

    

    

    

    

    

TABLE IV 
PEAK VALUE OF THE FEXT WAVEFORM 
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 . (15) 

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

than that of the core layer. As the result, Ct,pga will be smaller 

than Ct,coa . Considering that Cg,pga + Cg,rpa should be larger than 

Cg,coa , ΔLC3 is expected to be a positive value. The value of the 

capacitance term in ΔLC2 is expected to be much smaller than 

that in ΔLC3. 

In all the cases, the traces are assumed to be rectangular, as 

is shown in Fig.7 (a). While in reality, due to the time-

controlled etching process in the PCB fabrication, the copper 

area is actually dissolved from the top down, which results in 

the trapezoid trace shape [19], as is shown in Fig.7 (b). 

Comparisons between the rectangle trace and trapezoid trace 

are shown in Table IV. The base angle of the trapezoid shape is 

60◦ . The average of the upper and lower edge of the trapezoid 

is the same as the width of the rectangle. The geometry of the 

symmetric case is the same as Fig. 4, whereas the geometry of 

the asymmetric case is the 

 

Fig. 8. Conceptual illustration of a Delta-L structure. (a) Thru. (b) Total. 

same as Fig. 6. The error caused by the approximation on the 

trace shape is within 6%. 

III. DIELECTRIC PERMITTIVITY EXTRACTION ALGORITHM 

In this section, εr of IDLs extraction methodology using 

measured S-parameters of Delta-L and EUL structures within 

the same layer of a PCB is introduced. A two-parameter 

optimization problem is formulated based on the investigations 

of the sensitivity of FEXT peak voltage and phase. 

A. Measurement Setup 

To investigate the FEXT and insertion loss of the PCB, 

boards withmultiplestriplineswithEULstructureandDelta-

Llinesare fabricated. We use the Delta-L and EUL structures 

since both of them are readily available in a typical PCB 

electrical characterization board, Delta-L is used to characterize 

the insertion loss of differential interconnect (such as PCIe, etc.), 

and EUL is used to characterize the crosstalk of single-ended 

interconnect (such as DDR, etc.). 

The Delta-L structures are differential striplines with 

different lengths, as shown in Fig. 8. The “Thru” is with a 

shorter length, and the “Total” is with a longer length. The test 

fixtures consist of connectors, pads, vias, transitions, etc. Using 

IPC test method 2.5.5.14, the insertion loss of “DUT” is 

obtained. The measurement is performed with D-probes [20]. 

Compared to 

thetraditionalmeasurementmethodsbasedonSMAconnectors, 

more efficient tests can be performed with smaller landing 

space for the high-volume PCB manufacturing validation. 

The striplines with EUL structures are illustrated in Fig. 9. 

The device under test (DUT) is a pair of coupled single-ended 

striplines, and the striplines are intentionally extended. The 

extendedpartsareunterminated(open)withoutanycouplingtothe 

other pair. With a matched long transmission line termination, 

the impact from FEXT due to mismatched termination can be 

gatedinthetimedomain[9].Additionally,onlyhalfthetestports 

 

Fig. 9. Conceptual illustration of striplines with EUL structures. 

are needed, therefore it eliminates the requirement for costly 

test equipment with additional ports. 

The S-parameters measurement is performed using Keysight 

N5244A4-portNetworkAnalyzer.Two3-instriplineswithEUL 

structures are measured. The amplitude of the incident step 

signal on the aggressor line is set to +1 V. The rise time is 50 

ps and the widow width is 1.5 ns. In this study, the Intel IMLC 

tool [21] is used for fast calculation and batch mode. The Delta-

L and EUL structures within the same layer of a PCB are 

assumed to share the same εr of each IDL. 

B. Extraction Methodology 

In [22], a set of simulations are performed to investigate the 

FEXT’s sensitivity to εr,pg and εr,co of the 2L-IDL modeled. The 

difference of εr,pg and εr,co has an obvious impact on the absolute 

value of vp,odd and vp,even, leading to shorter or longer modal time 

of flight, which in turn affects the FEXT level. On the other 
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hand, the differential mode PUL phase (βdd) is quite sensitive 

to the sum of εr,pg and εr,co. 

As of the 3L-IDL model, the resin pocket layer is only filled 

with resin. The dielectric constant of the resin is provided by 

the PCB vendor as 2.8 in this test coupon. With the 

superposition 

method,theFEXTpeakvaluecanstillbeexpressedasafunction of 

εr,pg and εr,co 

 = KFEXT (εr,pg,εr,co). (16) 

According to Liu et al. [14], the differential propagation 

constant of a transmission line is related to the PUL RLGC 

parameters for differential mode 

  . (17) 

Sinceallpracticallinesarelowloss,thatis ωC, 

(3) can be approximated using the Taylor series expansion, and 

the phase (βdd) can be estimated [23, eq. (2-85b)] as 

 βdd = imag  . (18) 

Since Cdd is contributed by the capacitance components 

distributed in prepreg (Cdd,pg), resin pocket (Cdd,rp), and core 

(Cdd,co) for differential mode. For a stripline, the capacitances in 

prepreg and core are in parallel [17] 

 Cdd = Cdd,pg + Cdd,rp + Cdd,co. (19) 

Thus, βdd should have a strong sensitivity to the sum of εr,pg 

and εr,co, since Cdd,pg and Cdd,co in (5) are scaled by εr,pg and εr,co. 

Then, the modeled βdd is expressed as fext 

 . (20) 

 

Fig. 10. Flowchart of the proposed εr,pg and εr,co extraction method. 

TABLE V 
EXTRACTION RESULT COMPARISON OF 2L-IDL MODEL AND 3L-IDL MODEL 

 

To extract the inhomogeneous dielectric permittivity (εr,pg, 

εr,co), a target function (T) is generated to evaluate the estimate 

of the error between the modeled result to the measured result. 

The function is defined with root-mean-squared error, which is 

a general-purpose error metric for numerical predictions as 

 

forfext0 is Here, the unit 

millivolt, which is usually in the order of 

10−1, whereasis in the order of 

10−9. As the result, 

“1e8” is introduced 

for normalization so that andcan have a comparable impact on 

the target function (T). 

The entire extraction procedure is illustrated in the flowchart 

in Fig. 10. The EUL S-parameters provide the measured FEXT 

level and the Delta-L S-parameters after de-embedding 

provides βdd. With the cross-sectional geometry, the simulation 

model is created by a 2-D solver (Intel IMLC is the 2-D tool we 

used for this study). 

Table V shows the comparison of the extraction result with a 

different model. Case 1 and Case 2 are the striplines on the same 

layer of the same board but designed with different spacing. The 

extractionresultsofεr,pg andεr,co areexpectedtobequiteclose. 

Compared with the 3L-IDL model result, the difference of the 

2L-IDL extraction results between Case 1 and Case 2 is larger. 

The 3L-IDL model with resin pocket model is more accurate to 

model the stripline behavior. 

Another validation is shown in Fig. 11, which indicates the 

FEXT of the wide spacing model with narrow spacing extracted 

εr, compared with the result from the measured S-parameters. 

As the spacing increases, the trace will see more glass and less 

 

Fig. 11. FEXT of the wide spacing model with narrow spacing extracted DK. 

(a) Example 1. (b) Example 2. Black solid lines: FEXT result from the 

measured S-parameters; Blue dash lines: FEXT result from the simulated S-

parameters of 3-IDL model; Red dash lines: FEXT result from the simulated 

S-parameters of 3L-IDL model. 

resin ineffective the prepreg layer of the 2L-IDL model, which 

results in a larger difference between the modeled result and the 

measured result.Meanwhile, the 3L-IDLmodel can improve the 

accuracy of the FEXT prediction. 
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C. Extraction Algorism Optimization 

The initial extraction procedure used the nominal value from 

the PCB vendor as the starting value, which is usually the 

effective value of the typical stripline model with two IDLs. As 

a result, the procedure requires a large amount of simulations 

whenapplyinggradientdescentoptimization.Thesuperposition 

method can help to simplify the optimization procedure and 

reduceextraction time.TheFEXTlevel ofthedecomposed Case 2 

and Case 3 is simplified from (9) and (10) as 

FEXTcase2 = λ2(εr,pg − εr,rp) (22) 

FEXTcase3 = λ3(εr,co − εr,rp). (23) 

Here, λ2 and λ3 are constant when the geometry is fixed. λ2 

and λ3 can be achieved from the 2-D solver with known 

geometry. The superposition method can approximate the 

FEXT of the stripline with IDLs. Accordingly, the FEXT level 

of the 3L-IDL stripline is 

FEXTcase1 = FEXTcase2 + FEXTcase3 

 = λ2(εr,pg − εr,rp) + λ3 (εr,co − εr,rp). (24) 

The FEXT level can be expressed with εr,pg and εr,co with 

known εr,rp and two simulation cases. Since the definition of the 

core layers of the 2L-IDL model and 3L-IDL model remain the 

same, the nominate value of the core layer can be used as the 

initial value of εr,co. The initial value of εr,pg can be solved from 

(24). Besides, the polarity of λ2 and λ3 helps determine how to 

adjust the optimization of the combination of εr,pg and εr,co. 

As an example, a pair of Delta-L and EUL structures is under 

test. The cross-sectional geometry is shown in Table VI. 

The FEXT peak value of Case 2 is 26.38 mV; the FEXT peak 

value of Case 3 is –35.9 mV. From (22) and (23), λ2 is solved 

to be 15.51 and λ3 is solved to be –29.92. With εr,rp assigned 

TABLE VI 
CROSS-SECTIONAL GEOMETRY OF THE DELTA-L AND EUL STRUCTURE 

  

  

  

  

  

  

  

  

 

Fig. 12. Comparison between measured result and modeled result with the 

initial value. (a) FEXT waveform. (b) βdd waveform. 

 

Fig. 13. Comparison between measured result and modeled result with 

optimized value. (a) FEXT waveform. (b) βdd waveform. 

to be 2.8 in (24), the FEXT level of the 3L-IDL model is 

 FEXTcase1 = 15.51εr,pg − 29.92 · εr,co + 40.35. (25) 

From the EUL measurement, the peak value of the 

measured FEXT is –7.88 mV. The nominate εr,co provided by 

the vendor is 4.0. Then, the initial εr,pg is solved to be 4.61. 

The simulation result of the initial value is shown in Fig. 12. 

Modeled βdd is lower than the measured result. Since βdd is 

related to the sum of εr,pg and εr,co, εr,pg or εr,co should be increased 

to match the measurement result. The peak value of modeled 

FEXT is lower than the measured result. According to (25), to 

increase the FEXT value, εr,pg should be increased or εr,co 

shouldbedecreased.Therefore,consideringboththeFEXT and 

βdd result, εr,pg needs to be increased. Fig. 13 shows the 

comparison between the modeled result and the measured result 

after the optimization when εr,pg is defined as 4.7. The modeled 

result matched the measured result much better. In addition to 

IMLC simulation results, we also performed simulation with 

Q2D tool commercially available. Q2D simulation result with 

the same material properties also validates the extraction result, 

as shown in Fig. 13. 

IV. FEXT PREDICTION FOR STRIPLINE WITH IDLS 
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In practice, to improve the signal integrity performance in 

high-speedsystems,theFEXTneedstobemitigated.Thedesign of 

the stripline can be improved with the help of modeling various 

combinations of materials and geometry. 

A method to predict the FEXT polarity and peak level of the 

stripline caused by the inhomogeneity with an analytical 

expression is proposed. The prediction only needs the 

calculation by analytical expressions instead of with assistance 

from the 2-D or 3-Dsolvers.Comparedtotime-consumingfull-

wavesimulation, the proposed method is time-efficient when 

optimizing a large number of designs with different geometry. 

AnalyticalexpressionoftheFEXTpeaklevelisderivedbased on 

the capacitance decomposing. For the model with multiple 

IDLs, including resin pocket, the FEXT can be expressed with 

the superposition of two cases with only two IDLs. The FEXT 

can be simplified as 

FEXT 

(26) 

For the typical stripline model with two IDLs with the 

symmetric structure in which the thickness of the core layer and 

the prepreg layer is the same as h, [18 eq. (8.60–8.62)] proposed 

expression for the capacitance of air-filled case 

 

Here, m represents even or odd mode. w is the trace width. s 

is the spacing between the traces. 

The mutual capacitance and self-capacitance in (26) are 

expressed with the modal capacitance as 

  . (31) 

For the asymmetric structure in which the thickness of the 

core layer is hcoand the prepreg layer is hpg, the capacitance is 

approximately expressed as 

  . (32) 

Here,  , and  are the 

capacitance of the symmetric air-filled structure when h = hpg 

or h = hco. 

Then, the FEXT level of the stripline can be expressed as 

 FEXT . (33) 

f’ is solved from (26) to (32). K is decided from the simulation 

result based on the geometry in coupon design. 

For the 3L-IDL stripline, the FEXT level is predicted with 

the superposition method as 

FEXT3−IDL = FEXT2−IDL case2 + FEXT2−IDL case3. (34) 

As demonstrated in Fig. 3, Case 2 is the same structure as the 

typical stripline, which considers the resin pocket layer and the 

prepreg layer filled with the homogenous material. While in 

Case 3, the core layer and the resin pocket layer are filled with 

the same material, which means the thickness of the core 

layershouldbeincreasedbytandthethicknessoftheequivalent 

prepreg layer used for the 2L-IDL model should be decreased 

by t. Therefore, the FEXT expression for the decomposed cases 

is 

 FEXTcase2  (35) 

FEXTcase  

With (33) and (34), the polarity and the FEXT level of the 

stripline with two IDLs and three IDLs can be predicted. Based 

on over 351 measured cases with a different set of boards from 

threedifferentvendors,thecorrectrateforthepolarityprediction of 

the 2L-IDL model is 99.43% and that of the 3L-IDL model is 

98.58%. 

For the FEXT peak level prediction, the passing criteria are 

defined as the following: When the absolute FEXT peak value 

of the measurement is larger than 2 mV if the difference 

prediction 

andthemeasurementarelessthan30%,thecaseispassed.;when the 

absolute FEXT peak value is less than 2 mV if the predicted 

FEXT level is less than 2 mV and polarity of the is correctly 

predicted, the case is passed. The passing ratio of the 2-IDL 

model is 90.03% and that of the three-layer model: 80.63%. 

Theprediction errorisintroduced from thefollowing process: 

the analytical expressions for the capacitance and inductance; 

theassumptionforthesuperpositionmethod;andtheinaccuracy of 

the geometry information. 

With the prediction expression for the stripline, the following 

design guidelines are summarized to mitigate the FEXT. 

1) The thickness of the core and prepreg layer needs to be 

identical, if not as similar as possible. 

Table VII shows three cases of measurement with different 

core and prepreg thicknesses while with the same trace spacing 

and manufactured with the same material by the same vendor. 

According to (26), when the thicknesses of the core and prepreg 
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are designed to be closer, the FEXT level will be smaller. The 

measured result matches the expectation. 
TABLE VII 

FEXT COMPARISON WITH DIFFERENT THICKNESSES OF CORE AND PREPREG 

   
 

    

    

    

TABLE VIII 
MEASURED FEXT COMPARISON WITH DIFFERENT SPACING OF TEST 

COUPON 

 
  

 

  

  

  

 

  

  

  

  

  
TABLE IX 

FEXT COMPARISON WITH DK OF CORE AND PREPREG 

 

 
 

 

    

    

2) The spacing between the traces should be maximized. 

Table VIII shows two cases of measurement in the same layer 

of the same board with different spacing. The FEXT level of 

the larger spacing case is smaller. 

3) Using the 2L-IDL model, a combination of core and 

prepregshouldbechosenwiththeleastdifferencebetween 

the two dielectric constants. 

Table IX shows three cases of measurement with different 

boards, while with the same geometry. According to (26), when 

the DKs of core and prepreg are designed to be closer, the 

FEXT level will be smaller. The measured result matches the 

expectation. 

4) Using the 3L-IDL model, core and prepreg combinations 

should be chosen to match the DK value to minimize 

FEXT, using the proposed analytical model, as much as 

possible. 

To get the optimized design for the dielectric material, the 

expression for the FEXT of a certain stripline can be generated 

and the permittivity can be solved. The process is as follows. 

a) With known geometry information and the initial value 

ofthe permittivity, solve the FEXT level for Case 2 and 

Case 3 by a 2-D solver or (27)–(34). 

b) Generate the FEXT expression of 3L-IDL with the super-

position method. 
TABLE X 

SUMMARY OF THE COMPARISON BETWEEN 2L-IDL AND 3L-IDL MODEL 

 
  

 
 

 

 

 
 

c) Solve the equation when the FEXT is equal to zero 

andfind the best solution for the permittivity. 

For example, the structure in Fig. 6 is designed with εr,rp= 2.8 

and εr,co = 3.5. εr,pg need to be determined and can be designed 

for minimum FEXT. The initial value for εr,pg is 3.5. The FEXT 

for Case 2 is solved as –6.5 mV and the FEXT for Case 2 is 

solved as 2.95 mV. Then, the FEXT can be 

predicted as 

FEXTpredict = 4.2(εr,pg − εr,rp) − 9.3(εr,co − εr,rp). (37) 

Then, εr,pg is solved as 4.35 when FEXTpredict is 0. The 

simulatedFEXTis–0.3mV.Thesimulatedbestsolutionofεr,pg is 

4.5 The error between the solution of the prediction and the 

simulation value is 3%. Only with the superposition method and 

analytical prediction, the best minimize FEXT can be achieved. 

V. CONCLUSION 

In this article, the stripline model of 3L-IDL is proposed with 

improved FEXT prediction accuracy compared to the 2LIDL 

model by separating the resin pocket from the traditional 

stripline model and using the superposition principle. A 

summary table is shown in Table X. 

To better model the FEXT, εr of IDLs is extracted using 

measured S-parameters of Delta-L and EUL structures. The 

extraction algorism is optimized with the superposition 

principle. Moreover, the prediction for the FEXT polarity and 

magnitude of the stripline caused by the inhomogeneity can be 

predicted using the proposed analytical model and is verified 

with the measurement data. With the stack up information, the 
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polarity 

canbepredictedwithover98%accuracyandtheFEXTlevelcan be 

predicted with over 80% accuracy. This article also provides a 

design guide to minimize FEXT induced by IDLs for PCB 

material designers. 
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