
Citation: Sîrbu-Drăgan, M.; Brînaru,

D.; Halunga, S. Timing Analyses in

FWE Evaluation. Appl. Sci. 2023, 13,

13008. https://doi.org/10.3390/

app132413008

Academic Editor: Alessandro Lo

Schiavo

Received: 29 October 2023

Revised: 1 December 2023

Accepted: 2 December 2023

Published: 6 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Timing Analyses in FWE Evaluation
Maria Sîrbu-Drăgan * , Diana Brînaru and Simona Halunga *

Faculty of Electronics, Telecommunications and Information Technology, University Politehnica of Bucharest,
060042 Bucharest, Romania; diana@munde.pub.ro
* Correspondence: maria.dragan@upb.ro (M.S.-D.); simona.halunga@upb.ro (S.H.);

Tel.: +40-752-3083-60 (M.S.-D.); +40-752-0692-71 (S.H.)

Abstract: This paper presents several conclusions based on time domain analysis of the simulation
results of several transmission lines that use frequency-dependent dielectrics, highlighting the
fiberglass effect on performance. The matching conditions of the circuit are checked based on a Smith
chart simulation that represents the magnitude of the reflection coefficient via scattering parameters.
A time domain analysis is provided by means of the eye diagram, which allows the study of the rise
and fall time, jitter, and eye height and width of the two materials considered to be appropriate for
the examination of composite substrates: one conventional substrate, FR4, and one more oriented to
high-speed design constraints, N4000-13. Time domain analyses highlight the effect of increasing
the rate for our purpose on the composite substrate for coupled or single-ended interconnections or
routes on PCBs.
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1. Introduction

The necessity of high-speed paths puts distinctive constraints on dielectrics, with a
smaller dielectric constant, Dk, due to the inverse proportionality between the velocity
and the square root of the dielectric constant. One main issue is the costs of the overall
system, which will rise due to substrate cost; thus, using the N4000-13 substrate with low
loss at higher frequencies, given by the loss tangent of the dielectric, Df, is more costly
in comparison to a common substrate like FR4. The cost of the design will also increase
because a good estimation of the electromagnetic and signal integrity is needed. All new IoT
applications, 5G networks, and high-speed circuits need low latency and low jitter even for
high data rates; thus, timing analysis is necessary while minimizing power consumption.

High-speed circuits impose constraints on PCB substrates with lower dielectric con-
stants, where lower permittivity allows higher velocity and, thus, maximum data rates.
However, this can significantly increase system costs, as both analog and digital applica-
tions require PCB material selection based on dielectric properties. Common dielectric
materials like FR4 exhibit reduced performance and significant frequency-related issues.

This paper is an extension of [1] written as a partial result of the research carried out
by the same group of authors, where several primary results were obtained and presented,
while in this work, the topic has been expanded by conducting a new series of simulations
and measurements and extracting several interesting conclusions based on the larger set
of results. Since it proves that the subject is of interest, we consider that its development
is valuable. While in [1], we highlighted the presence of FWE only through the study of
insertion and reflection parameters; here, we aim to demonstrate the presence of FWE
through time domain analyses using eye diagrams.

In [2], the authors presented a new delay deviation measure to quantify the delay
in single-ended links, and they evaluated the differential skew exceedance to estimate
the unpredictability in differential links. Those measured were calculated by various
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simulations and several interesting results were highlighted. It is important to say that the
development of the study depends on the trace width and separation.

In [3], specimens of varying thicknesses were tested at different stress levels, and
various analyses, including acoustic emission, infrared thermography, and micro-CT, were
conducted. The study also observed thermoelastic effects, crack diversion, and delamina-
tion at elevated stress levels, with thicker specimens showing increased crack growth and
susceptibility to manufacturing defects. Numerical and experimental results indicated that
specimen thickness influences crack growth patterns.

The authors of [4] explored the impact of fiber hybridization on the tensile fracture
of 3D woven textile composites. It was the first investigation of its kind in this context.
The hybridization led to increased modulus with higher carbon fiber volume fractions
but a proportional decrease in strength (78% of the baseline glass). Fiberglass can still
maintain 80% of its original strength, a significant improvement over nonhybrid materials
with no hybridization. Cases showed a residual strength higher than the initial strength,
like the thick unsymmetrical and functionally graded in the warp direction. In general, the
warp direction retained a residual strength comparable to the weft. Unsymmetric samples
displayed coupled behavior, influenced by thermally induced shrinkage. These findings
highlight the tradeoff involved in hybridization methods.

In [5], the authors investigated the impact of fabric areal weight on the mechanical
properties of carbon-fiber-reinforced polymer composite laminates. Three different twill
weaves with areal weights of 380, 630, and 800 g/m2 were used to create laminates. The
research showed that decreasing fabric areal weight leads to significant increases in tensile
strength, elastic modulus, and in-plane shear stress, offering valuable insights for material
selection in industrial applications and enhancing the understanding of composite behavior.

The impact of various weave structures on fabric comfort and mechanical properties
of fiber-reinforced composites was presented in [6]. Fabrics using different materials in
the warp and weft directions, with four weave types each, were examined. Hybrid fabrics
with specific weaves demonstrated superior air permeability, moisture management, and
thermal resistance. In composites, different weaves exhibited enhanced mechanical proper-
ties, suggesting applications in window coverings, sports equipment, and, potentially, the
automotive industry.

The authors of [7] evaluated different propagation of acoustic signals with different
CFRPs, and several material proprieties were also researched. Fiber orientation, ply number,
and material geometry proved to have an important role because they affect the acoustic
wave during propagation; with that in mind, the negative side effects are loss of peak
amplitude, duration, and energy of the recorded signals.

In [8], the author proposed a new structure that modeled the FWE and cross-talk
phenomena for high data rate differential lines designed in PCB. It was shown that the
substrate of composite is essential in the construction aspect for such lines, and it was
concluded that frequency-dependent materials framework needs to be implemented and
FWE must be pre-evaluated in the design chapter. The time domain and frequency domain
indicate the priority of accurate model use for intersymbol interference prevention, which
is a crucial aspect in signal quality evaluation.

The authors of [9] explained the benefit of using Modal Acoustic Emission (MAE) on
Composite Overwrapped Pressure Vessels (COPV). The paper examined this path, which
is an encouraging method that brings more data to typical acoustic emission techniques.
It also discusses how MAE signals are used for mode extraction from AE signals. As a
conclusion, it demonstrated that extensional and flexural modes were splatted, and their
frequency bandwidths were described. With all of this in mind, MAE is encouraging but
demands more examination.

In [10], the authors raised issues regarding the connection between Acoustic Emitted
(AE) signal features and Fiber–Resin Composite Materials (FRCM) that may damage the
transmitted signal because of fiber weaving. It was shown that the axial fibers layer is the
main bearer of the signal, while the interweave oblique fiber can shift the values of the
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amplitude, number of received sounds, and their energy and duration. They concluded
that AE proved to be a good solution for testing the FCRM with sophisticated fiber waving.

The authors of [11] applied the AE technique to check glass/epoxy laminated when
exposed to mode II delamination loading conditions. A Hilbert Transform (HT) signal
processing approach was used and the results concluded that this approach was relevant
to measure damage mechanisms and better compliance was settled. In addition, the HT
boosted signal characterization.

In [12,13], the authors presented several results related to the effects of surface treat-
ment, creation process, and architecture on the mechanical and environmental setting of
laminated jute/epoxy campsites. It was shown that the use of unidirectional fabric archi-
tecture raised the strength and tensile modulus. Also, the paper showed that jute/epoxy
laminar composites have almost the same stiffness-to-mass ratio as glass fabric/epoxy
laminar composites.

In [14], the authors evaluated the delamination propagation in glass/epoxy compos-
ites under mode I quasi-static and fatigue loading conditions. Several connections were
made between the AE energy and the free strain energy. In a third-degree polynomial,
connections between the cumulative AE energy of delamination and cumulative crack
growth were anticipated with the AE method. The advantage of the AE method is in pre-
dicting delamination rise using one sensor without the demand to estimate AE propagation
velocity. This approach is a tough technique for detecting and analyzing the crack length.

In [15], the authors presented the negative contribution of a few factors (in terms of
skew, losses, dispersion, etc.) that can alter the high-speed design performance. The fiber
weave effect is statistical in essence and it is challenging to regulate the timing skew, which
is defined as the time difference in the arrival of the signal on a differential pair of routes
at the end of it. This evaluation does not mean that, inevitably, a deviation of the skew
budget will necessarily cause the system to crush, but the authors concluded that more
elaborate modeling and simulation of the channel was needed, as well as compensation
of the FWE at the receiver end. In [16], the author described and compared the signal
transmission on interconnections with various specifications of the fiber weave, finding
various approaches to enhance the FWE effect so that high-speed digital developers have
a complete evaluation of it. The author concluded that, for high data rates, better results
are obtained by using flattened fiber weaves (such as 1078 and 1035) and NE-glass fiber
weaves (such as 2116NE). Also, ref. [11] suggested using long signal lines parallel to
the weft direction or rotating the image with a proper angle. If the fiber weave pitch is
not known, an angle of 5 degrees should be considered for proper routing and skewing
conditions. The authors of [17] presented the results regarding FWE on PCB substrates
and the inflicting problems of high-speed and high-frequency signal integrity on different
electronic devices. Better outcomes can be observed when using a 3D printer for high-
performance Additively Manufactured Electronics (AME) devices; therefore, the DragonFly
LDM is recommended for developing AME. In [18], the authors proposed several ways to
improve and avoid issues with resonances and insertion loss dips, by accounting for the
skew and ensuring the calculated impedance demand and the precise average dielectric
constant for utilization in impedance estimations. In [19–21], the authors explored the result
of using PCB weave on signal integrity in terms of mode transformation and differential
channel loss to intra-pair skew. The researchers used Keysight ADS 2DEM transformations
to explore the scattering parameters and eye diagram for signal broadcasting at 1 Gbps
and 10 Gbps. They concluded that NE-glass fiber with thick weave such as 3313 should
be used in PCB substrate to decrease the attenuation and intra-pair skew. The loss due
to fiber weave outcome should be kept below 5%, as additional channel loss impacted by
different factors like dielectric loss and cooper surface harshness should be also considered.
Using the K supercomputer, examiners have identified a new state of graphene that is being
investigated for all kinds of applications.

In [22], an assessment was conducted on circuits designed using both microstrip and
stripline technologies, calculating the time delay difference between them. The study
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revealed the detrimental impact of FWE on circuit performance. For better performance,
it is recommended to use a denser fabric and a new technique for better spreading out
the glass cloth. The authors developed a solution to mitigate the impact of the anisotropic
dielectric properties of PCBs. A model was designed in HFSS and signal integrity analysis
was executed using IBIS-AMI models in ADS with equalization techniques applied at the
receiver. A dielectric material with very good qualities can deliver better performance to
the whole system, but the fact needs to be considered that with lower Df there is lower
Dk, but the cost of the given substrate increases. In [23], the authors aimed to soften the
skew contributed by woven glass of PCB dielectrics, by using a combination of low Dk
spread glass, laminated with multiple ply glass. Dielectrics are made up of molecules and
atoms; thus, the effect of an applied electromagnetic field cannot move at macroscopic
distances. Evaluation has found that the applied electric field can shift the orientation of
the interrelated charges inside the material [24,25].

The eye diagram is an illustration of overlays of thousands or millions of bits cor-
responding to the transmitted signal. The arrangement of bits 0 and 1 can influence the
integrity of the signal propagation if collective transitions from 0 to 1 or 1 to 0 happen in
a tight period. The purpose of eye diagram representation is to describe the propagation
over a given channel, for a given rate of the source signal and special parameters: levels of
0/1 s, eye opening or height and width of the eye, eye amplitude, bit rate, transitions, rising
and falling edges, and jitter. Those are the major high-speed signal parameters in signal
examination that may display channel imperfections [26,27]. Some of these parameters are
illustrated in Figure 1.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 4 of 27 
 

also considered. Using the K supercomputer, examiners have identified a new state of 
graphene that is being investigated for all kinds of applications. 

In [22], an assessment was conducted on circuits designed using both microstrip and 
stripline technologies, calculating the time delay difference between them. The study re-
vealed the detrimental impact of FWE on circuit performance. For better performance, it 
is recommended to use a denser fabric and a new technique for better spreading out the 
glass cloth. The authors developed a solution to mitigate the impact of the anisotropic 
dielectric properties of PCBs. A model was designed in HFSS and signal integrity analysis 
was executed using IBIS-AMI models in ADS with equalization techniques applied at the 
receiver. A dielectric material with very good qualities can deliver better performance to 
the whole system, but the fact needs to be considered that with lower Df there is lower 
Dk, but the cost of the given substrate increases. In [23], the authors aimed to soften the 
skew contributed by woven glass of PCB dielectrics, by using a combination of low Dk 
spread glass, laminated with multiple ply glass. Dielectrics are made up of molecules and 
atoms; thus, the effect of an applied electromagnetic field cannot move at macroscopic 
distances. Evaluation has found that the applied electric field can shift the orientation of 
the interrelated charges inside the material [24,25]. 

The eye diagram is an illustration of overlays of thousands or millions of bits corre-
sponding to the transmitted signal. The arrangement of bits 0 and 1 can influence the in-
tegrity of the signal propagation if collective transitions from 0 to 1 or 1 to 0 happen in a 
tight period. The purpose of eye diagram representation is to describe the propagation 
over a given channel, for a given rate of the source signal and special parameters: levels 
of 0/1 s, eye opening or height and width of the eye, eye amplitude, bit rate, transitions, 
rising and falling edges, and jitter. Those are the major high-speed signal parameters in 
signal examination that may display channel imperfections [26,27]. Some of these param-
eters are illustrated in Figure 1. 

 
Figure 1. Eye diagram—general representation and main parameters. 

Levels 0/1, also named logical levels, represent the amplitude corresponding to these 
levels. The eye opening should be equivalent to the amplitude of the propagated signal, 
but in practice, the noise can also change the amplitude. Rise and fall times matter the 
most for calculating the middle values of the signal thresholds from 0 to 1 and vice versa. 
Jitter is the deflection of signal propagation times between the two levels [28–30]. 

To have a physical dielectric model, the frequency behavior needs to be known, thus, 
transmission models with frequency-dependent parameters are necessary [31–35]. 

In this paper, the main contribution is the study of the time and frequency domains 
of two materials, FRR4 and N4000-13. The simulations are carried out in two design tech-
nologies (microstrip and stripline) for different values of the frequency. Secondly, for a 
more detailed study, we will evaluate several parameters that help us highlight the better 
behavior of the N4000-13 material compared to the common FR4 material. The parameters 

Figure 1. Eye diagram—general representation and main parameters.

Levels 0/1, also named logical levels, represent the amplitude corresponding to these
levels. The eye opening should be equivalent to the amplitude of the propagated signal,
but in practice, the noise can also change the amplitude. Rise and fall times matter the most
for calculating the middle values of the signal thresholds from 0 to 1 and vice versa. Jitter
is the deflection of signal propagation times between the two levels [28–30].

To have a physical dielectric model, the frequency behavior needs to be known, thus,
transmission models with frequency-dependent parameters are necessary [31–35].

In this paper, the main contribution is the study of the time and frequency domains
of two materials, FRR4 and N4000-13. The simulations are carried out in two design
technologies (microstrip and stripline) for different values of the frequency. Secondly, for a
more detailed study, we will evaluate several parameters that help us highlight the better
behavior of the N4000-13 material compared to the common FR4 material. The parameters
to be studied are the rise and fall times, the transition from high level to low level, and the
jitter and amplitude values of the eye mask.

The subject of this research is focused on high- and very high-frequency circuit design
and analyses, as shown within the references cited by this work. From those references, we
may highlight [2] where a well-known tool in the circuit design industry is used, particularly
in the field of simulations and analyses of paths for high- and very high-frequency signals.
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Simbeor (version 2023.01—beta), a software recognized worldwide in the Printed Circuit
Board (PCB) design, was developed for precise simulations of signal behavior in such
environments.

The purpose of our article is to demonstrate the importance of determining the occur-
rence of jitter in high-speed circuits and reducing it to increase the system performance.

The novelty of this work lies in:

• Highlighting the fiberglass effect on the system performances using eye diagrams;
• Checking the matching conditions via scattering parameters using Smith charts;
• Designing circuits, simulations, extracting data, and interpreting the results in this

software, MWO (Microwave Office, version V22.1) from AWR DE, which is a work-
oriented program for high-frequency applications; however, it is not specific for
modeling certain materials, and accomplishes this behavior by implementing the
equations for the substrates used in the design tool.

The main contribution consists of the:

• Implementation of the circuits in the MWO design tool from AWR-DE;
• Selection of the parameters of the specifications for two substrates, a low-cost, conven-

tional FR4 and a high-speed-oriented substrate, N4000-13, from the data sheets;
• Implementation and analysis of the circuits;
• Extraction of data from these simulations, their analysis, and the interpretation

of results.

The rest of this paper is organized as follows. In Section 2, we present details about the
transmission line and fiber weave effect, the circuits and the simulations with the results
obtained and the last section, Section 3, contains the conclusions of this paper.

2. Problem Statement and Issues

A transmission line is a structure consisting of two or more conductors that connect to
a signal generator and along which an electromagnetic wave propagates. For this study, we
will consider the model in which two parallel conductors, which are separated by a layer
of dielectric material, are used to interconnect a transmitter with a receiver. Their role is to
ensure the transmission of undistorted information between the system components.

Next, the transmission line structure using per-unit-length parameters is presented in
Figure 2.
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Figure 2. Transmission line with per-unit-length parameters.

where:

- RL [Ω/m] is the line resistance (total resistance per unit length of the two conductors)
and represents the losses in the conductor that increase with the frequency;

- LL [H/m] is the line inductance (inductance of the two-conductor system per unit
length of the line);

- CL [F/m] is the line capacitance (insulator capacitance between line conductors per
unit length);



Appl. Sci. 2023, 13, 13008 6 of 27

- GL [S/m] is the line conductance (the conductance of the two-conductor system per
unit length of the line) and represents the losses in the dielectric that increase with the
frequency.

FWE hinders circuit performance, particularly at speeds exceeding 3 Gbps, due to
variations in the dielectric constant. This leads to differential distortion in signal lines,
increasing bit error rates, especially for long high-speed transmissions. As speed, distance,
and discontinuities rise, significant signal losses occur. This signal loss due to dielectric loss
at higher frequencies is observed in [26]. As transmission speeds increase, multiple factors
affect signal integrity. Figure 3 shows varying fiber optic styles, from loose to tight waves.
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An efficient evaluation of the signal integrity can be performed based on an examina-
tion of circuit performances at different frequencies, which can be achieved based on the
evaluation of the scattering parameters and by time analysis of the eye diagram.

For short distances and low data rates, signals travel reliably from transmitter to re-
ceiver. However, longer distances and higher speeds lead to significant signal degradation.
Signal integrity assesses the quality of electric signals during transmission. PCB design
depends on substrate characteristics, and a key limitation is the non-uniform distribution
of resin and fibers in the substrate material. When using composite materials with an
inhomogeneous structure and equal-length differential lines, differences in signal propa-
gation times create skew. This skew results in signal asymmetry, potentially shifting from
differential to common mode, leading to eye diagram closure, jitter, and distortions in rise
and fall times. This phenomenon is known as the Fiber Weave Effect (FWE) [23].

The difference between the propagation times of the two differential signals can be
determined using the relationship [24]:

tskew = l·
√

εr

c
, (1)

where:

- tskew is the difference between the propagation times;
- l is the length of the transmission line or of the coupled lines in the case of differential

lines;
- εr is the relative permittivity of the dielectric;
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- c is the speed of light (c = 3·108 m/s).

Relation (1) can also be written as:

tskew = l·
√

εrMax −
√

εrMin,
c

(2)

where:

- εrMax is the maximum relative permittivity of the dielectric;
- εrMin is the minimum relative permittivity of the dielectric;
- l is the length of the transmission line or the coupled lines in the case of differential

lines;
- c is the speed of light (c = 3·108 m/s).

To be able to evaluate the losses in a circuit, we need the distribution parameters, also
known as the S parameters. There are two types of S parameters: Sii are parameters that
characterize the reflection coefficient and Sij are parameters that characterize the transfer
coefficient.

The insertion loss for interconnections, denoted by IL, represents the loss of power
due to the transmission line, which is seen as a transmission channel with losses expressed
for the dielectric and conductor and is related to the reflection coefficient [12] by:

IL = 20·log|S21| (3)

For maximum signal transmission, we must have insertion losses close to 0 dB.
If the system impedance does not match the terminal impedance, then the signal is

reflected at the input terminal. The input reflection loss, denoted by RL, is the reflection
coefficient of the signal at the input gate and is similarly expressed in dB.

RL = 20·log|S11| (4)

In general, to ensure a maximum transfer of power from source to destination, the re-
flection losses at the input gate should be as small as possible; in a standard communication
system, an acceptable value for RL should be below −30 dB.

The purpose of our paper is to highlight the presence of the fiber tissue effect through
graphic representations in the time domain. We will extract data from time domain
representations and draw conclusions about rise times, fall times, and jitter.

In [2], the authors presented different patterns for very high-speed buses designed in
Double Data Rate (DDR) technologies—DDR5 operates at 8.4 GT/s and DDR6 works at
12.8 GT/s—and analyzed them in terms of delay and impedance variations, comparing
different patterns of fiber weaves as 1030, 1080, 1078, and 3313 in terms of delay deviation
exceedance and differential skew exceedance. Similar interconnection types are analyzed;
single-ended and differential PCB interconnect as they are analyzed in our systems. The
main point of interest here is the variation of skew, but this should be completed with
information regarding jitter, eye corners figures in different substrates, microstrip, and
stripline. The results can be easily extracted from the eye diagrams, making data rate
and substrate type swappable, as will be demonstrated in Chapter 3. The same 10 GHz
data rate was of interest in [2] and the S parameters were indicated to be represented with
the frequency variation to extract information about the periodic response in terms of the
reflection coefficient. Additionally, in [1], it was demonstrated that insertion loss should
be analyzed to highlight the influence of the attenuation over a certain length with the
increase of frequency.

In [15], the authors turned their attention to the fiber weave effect only for high-speed
PCBs, and compared different fiber wave patterns, such as 1035, 1078, 1080, and 2166, in
terms of impedance fluctuations and phase difference on the traces at high data rates, over
56 Gbps. The dielectric constant fluctuation of different types of fiber weaves was analyzed
for the mentioned patterns, affecting the impedance of the trace and signal propagation
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delay. In this research, the focus was oriented towards impedance fluctuation in time
and phase difference in frequency, for rates up to 4 Gbps. Here, the study would also be
complete if additional information regarding jitter was provided.

To perform the simulations, we used the MWO environment from AWR [34]. Using
this program, we designed circuits with two coupled and uncoupled lines in microstrip
and stripline technologies for two materials, FR4 [35] and N4000-13 [36], and, using them,
we performed simulations to obtain the eye diagram and the Smith chart and evaluated
the performance of the designed circuits.

2.1. Implementation of Circuits with Two Coupled Lines

In this subchapter, we will present the model and the results obtained based on the
simulation of a two-coupled line implemented in microstrip and stripline technologies,
using FR4 and N4000-13 as s. Figure 4 presents the model of the coupled lines implemented,
made in microstrip technology and FR4 substrate. The dielectric constant and loss tangent
of the dielectric for the composite substrate FR4 are εr = 4.7 and tgδ = 0.02.
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Figure 4. FR4 substrate microstrip technology coupled lines.

To obtain proper matching conditions at the ports, we determined the even and odd
mode impedances and, based on these, we obtained the values of common and differential
mode impedances, as presented in [1].

Using the Smith charts, presented in Figure 5a (for microstrip technology) and
Figure 5b (for stripline technology), we checked if the circuits were matched by repre-
senting the Sii reflection parameters. Matching is obtained when the parameters are in the
middle of the Smith diagram, as shown in Figure 5, corresponding to progressive waves at
the ports.

Next, we implemented the same circuit and simulations for the second material. We
noticed that, in Figure 6, in this case, the values for the common and differential impedances
were different; thus, based on the Smith chart evaluation of the reflection coefficients, we
observed that the circuit is not matched at the ports. Therefore, we optimized the values of
these impedances so that the circuits were matched, as can be seen in Figure 7.

To verify the performance of the circuit, an analysis in the time domain is performed.
To do this, a pseudo-random signal source is connected at the input port, both for the
circuit designed in microstrip technology and the one designed in stripline technology.
Figure 8 represents a circuit implemented in microstrip technology with an FR4 substrate
and pseudo-random signal source at port 1. This is a pseudo-random bit sequence with a
parametrized rate, number of symbols and samples per symbol, rise and fall times, and
window type. To highlight the effect of increased rate, the parameter RATE is varied
between 1 and 30 GHz and the influence of sharp edges of the signals and transitions are
specified by TR and TF rise and fall time. These are important for critical applications and
the results are also influenced by the window type selection. TR and TF are set to 10 ps.
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Figure 5. (a). Plotting the Sii parameters on the Smith chart after matching the circuit containing two
coupled microstrip lines on a uniform FR4 substrate. (b) Plotting the Sii parameters on the Smith
chart after matching the circuit containing two coupled striplines on a uniform FR4 substrate.
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Figure 6. (a). Plotting the Sii parameters on the Smith chart after matching the circuit containing
two coupled microstrip lines on a uniform N4000-13 substrate. (b) Plotting the Sii parameters on
the Smith chart after matching the circuit containing two coupled striplines on a uniform N4000-13
substrate.
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Figure 7. FR4 substrate microstrip coupled lines with a pseudo-random source.
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Figure 8. (a) Eye diagram for two coupled microstrip lines with L = 60 mm and Rate = 1 GHz. (b) Eye
diagram for two coupled microstrip lines with L = 250 mm and Rate = 1 GHz. (c) Eye diagram for
two coupled microstrip lines with L = 60 mm and Rate = 10 GHz. (d) Eye diagram for two coupled
microstrip lines with L = 250 mm and Rate = 10 GHz. (e) Eye diagram for two coupled microstrip
lines with L = 60 mm and Rate = 30 GHz. (f) Eye diagram for two coupled microstrip lines with
L = 250 mm and Rate = 30 GHz.

We modified all the other circuits in the same way and, based on the results obtained,
we performed an analysis in the time domain using the eye diagram. First, we evaluated the
voltage at port 3, and considered in this case the differential output of the circuits designed
in microstrip technology for both types of substrates. Simulations for different frequency
rates and line lengths were performed because we wanted to observe the behavior of the
circuits as the line length increased, and also as the rate increased.

The eye diagrams are graphical representations used in signal processing and telecom-
munications to assess the quality and integrity of digital signals. They are particularly
valuable in high-speed communication systems. An eye diagram is formed by overlaying
multiple signal periods on top of each other, creating a visual representation of signal
quality. The resulting pattern typically resembles an “eye,” hence the name. The horizontal
axis represents time, while the vertical axis represents signal amplitude.

Key aspects of eye diagrams include opening width, rise and fall times, jitter, and
noise. The width of the “eye” opening indicates signal timing and the potential for timing
errors. Rise and fall times, often measured at the edges of the eye, represent the speed at
which the signal transitions between its high and low states. Deviations from the ideal eye
shape indicate the presence of jitter (timing variations) and noise, both of which can affect
signal reliability.

The clearer and wider the eye opening, the better the signal quality. Engineers use
eye diagrams to quickly assess and troubleshoot signal integrity issues, making them a
valuable tool in optimizing communication systems, especially those operating at high
data rates.

As shown in Figure 9, the simulations were performed for two values of line lengths,
more precisely, for L = 60 mm and L = 250 mm, respectively. Also, we used three data rates,
namely, {1 GHz, 10 GHz, 30 GHz}. In the eye diagrams, shown in Figure 9, blue is the
result obtained for the circuit with substrate FR4 and pink is the result corresponding to
the circuit with substrate N4000-13. Analyzing the results, we noticed how the eye closes
as the line length increased and as the rate increased. At low rates and small lengths of the
transmission line, the eye is open. We noticed that for a length of 250 mm and a rate of
30 GHz, the eye diagram associated with the FR4 substrate circuit was completely distorted.



Appl. Sci. 2023, 13, 13008 12 of 27Appl. Sci. 2023, 13, x FOR PEER REVIEW 12 of 27 
 

  
(a) (b) 

  
(c) (d) 

Figure 9. (a) Rise time, fall time, and corners on the eye diagram for two coupled microstrip lines 
and FR4 substrate for L = 250 mm and Rate = 1 GHz. (b) Rise time, fall time, and corners on the eye 
diagram for two coupled microstrip lines and FR4 substrate for L = 250 mm and Rate = 10 GHz. (c) 
Rise time, fall time, and corners on the eye diagram for two coupled microstrip lines and FR4 sub-
strate for L = 250 mm and Rate = 1 GHz. (d) Rise time, fall time, and corners on the eye diagram for 
two coupled microstrip lines and FR4 substrate for L = 250 mm and Rate = 10 GHz. 

Based on the eye diagram representations, we extracted details about the rise and fall 
time and jitter. We simulated these three parameters on separate diagrams for the two 
substrates used. The simulations were performed for a length of 250 mm at two frequency 
rates: 1 GHz and 10 GHz. 

Figure 10a,b show the results for the FR4 substrate and Figure 10c,d show the results 
for the N4000-13 substrate. In all four figures, the rising time is marked with light blue, 
the falling time is marked with green, and the corners of the eye are marked with orange. 
At a rate of 1 GHz, we noticed that we have a single line for the rise time and one for the 
fall time, which suggests that the transition is made through a single point, leading to the 
minimum value achieved for jitter. With the increase of the frequency rate to 10 GHz, we 
noticed that the transitions were made through several points, both for the rise time and 
for the fall time, with more green and light blue lines appearing. 

0 500 1000 1500 2000
Time (ps)

Eye diagram 2 coupled microstrip lines FR4

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

p4

p3

p5

p2

Veye(PORT_3,2,0,0,0,1000)[*] (V)
2 coupled microstrip lines FR4 Eye Diagram.$F_SPEC
Eye_Transition(PORT_3,2,0,0,0,1000,0,11,20,50,20,80,0,0,20,0) (V)
2 coupled microstrip lines FR4 Eye Diagram.AP_HB.$F_SPEC

Eye_Transition(PORT_3,2,0,0,0,1000,1,11,20,50,20,80,0,0,20,0) (V)
2 coupled microstrip lines FR4 Eye Diagram.AP_HB.$F_SPEC
Eye_Corners(PORT_3,2,0,0,0,1000,20,50,0,0,0,0,20,0) (V)
2 coupled microstrip lines FR4 Eye Diagram.AP_HB.$F_SPEC

p2: FREQ = 0.01562 GHz p5: FREQ = 0.01562 GHz p3: FREQ = 0.01562 GHz p4: FREQ = 0.01562 GHz

0 50 100 150 200
Time (ps)

Eye diagram 2 coupled microstrip lines FR4

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

p4

p3

p5

p2

Veye(PORT_3,2,0,0,0,1000)[*] (V)
2 coupled microstrip lines FR4 Eye Diagram.$F_SPEC
Eye_Transition(PORT_3,2,0,0,0,1000,0,11,20,50,20,80,0,0,20,0) (V)
2 coupled microstrip lines FR4 Eye Diagram.AP_HB.$F_SPEC

Eye_Transition(PORT_3,2,0,0,0,1000,1,11,20,50,20,80,0,0,20,0) (V)
2 coupled microstrip lines FR4 Eye Diagram.AP_HB.$F_SPEC
Eye_Corners(PORT_3,2,0,0,0,1000,20,50,0,0,0,0,20,0) (V)
2 coupled microstrip lines FR4 Eye Diagram.AP_HB.$F_SPEC

p2: FREQ = 0.1562 GHz p5: FREQ = 0.1562 GHz p3: FREQ = 0.1562 GHz p4: FREQ = 0.1562 GHz

0 500 1000 1500 2000
Time (ps)

Eye diagram 2 coupled microstrip lines N4000_13

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

p4

p3

p5

p1

Veye(PORT_3,2,0,0,0,1000)[*] (V)
2 coupled microstrip lines N4000_13 Eye Diagram.$F_SPEC
Eye_Transition(PORT_3,2,0,0,0,1000,0,11,20,50,20,80,0,0,20,0) (V)
2 coupled microstrip lines N4000_13 Eye Diagram.AP_HB.$F_SPEC

Eye_Transition(PORT_3,2,0,0,0,1000,1,11,20,50,20,80,0,0,20,0) (V)
2 coupled microstrip lines N4000_13 Eye Diagram.AP_HB.$F_SPEC
Eye_Corners(PORT_3,2,0,0,0,1000,20,50,0,0,0,0,20,0) (V)
2 coupled microstrip lines N4000_13 Eye Diagram.AP_HB.$F_SPEC

p1: FREQ = 0.01562 GHz p5: FREQ = 0.01562 GHz p3: FREQ = 0.01562 GHz p4: FREQ = 0.01562 GHz

0 50 100 150 200
Time (ps)

Eye diagram 2 coupled microstrip lines N4000_13

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

p4

p3

p5

p1

Veye(PORT_3,2,0,0,0,1000)[*] (V)
2 coupled microstrip lines N4000_13 Eye Diagram.$F_SPEC
Eye_Transition(PORT_3,2,0,0,0,1000,0,11,20,50,20,80,0,0,20,0) (V)
2 coupled microstrip lines N4000_13 Eye Diagram.AP_HB.$F_SPEC

Eye_Transition(PORT_3,2,0,0,0,1000,1,11,20,50,20,80,0,0,20,0) (V)
2 coupled microstrip lines N4000_13 Eye Diagram.AP_HB.$F_SPEC
Eye_Corners(PORT_3,2,0,0,0,1000,20,50,0,0,0,0,20,0) (V)
2 coupled microstrip lines N4000_13 Eye Diagram.AP_HB.$F_SPEC

p1: FREQ = 0.1562 GHz p5: FREQ = 0.1562 GHz p3: FREQ = 0.1562 GHz p4: FREQ = 0.1562 GHz

Figure 9. (a) Rise time, fall time, and corners on the eye diagram for two coupled microstrip lines
and FR4 substrate for L = 250 mm and Rate = 1 GHz. (b) Rise time, fall time, and corners on the
eye diagram for two coupled microstrip lines and FR4 substrate for L = 250 mm and Rate = 10 GHz.
(c) Rise time, fall time, and corners on the eye diagram for two coupled microstrip lines and FR4
substrate for L = 250 mm and Rate = 1 GHz. (d) Rise time, fall time, and corners on the eye diagram
for two coupled microstrip lines and FR4 substrate for L = 250 mm and Rate = 10 GHz.

Based on the eye diagram representations, we extracted details about the rise and fall
time and jitter. We simulated these three parameters on separate diagrams for the two
substrates used. The simulations were performed for a length of 250 mm at two frequency
rates: 1 GHz and 10 GHz.

Figure 10a,b show the results for the FR4 substrate and Figure 10c,d show the results
for the N4000-13 substrate. In all four figures, the rising time is marked with light blue,
the falling time is marked with green, and the corners of the eye are marked with orange.
At a rate of 1 GHz, we noticed that we have a single line for the rise time and one for the
fall time, which suggests that the transition is made through a single point, leading to the
minimum value achieved for jitter. With the increase of the frequency rate to 10 GHz, we
noticed that the transitions were made through several points, both for the rise time and
for the fall time, with more green and light blue lines appearing.
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Figure 10. (a) Eye diagram for two coupled lines, stripline technology for L = 60 mm and
Rate = 1 GHz. (b) Eye diagram for two coupled lines, stripline technology for L = 250 mm and
Rate = 1 GHz. (c) Eye diagram for two coupled lines, stripline technology for L = 60 mm and
Rate = 10 GHz. (d) Eye diagram for two coupled lines, stripline technology for L = 250 mm and
Rate = 10 GHz. (e) Eye diagram for two coupled lines, stripline technology for L = 60 mm and
Rate = 30 GHz. (f) Eye diagram for two coupled lines, stripline technology for L = 250 mm and
Rate = 30 GHz.
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Based on the simulation results concerning the corners of the eye, we observed that
the transition takes place through the corners of the eye, which again suggests a minimum
jitter value. For a rate of 10 GHz, we can see that the mask is exceeded both for the upper
level and for the lower level.

Values were obtained for the transition on rise time and fall time for both materials at
the two rates at which the simulations were performed (1 GHz and 10 GHz) for microstrip
lines. The corresponding rise and fall time values can be extracted similarly. For 1 Hz,
we obtained 143.67 s for rise time and 143.71 s for fall time, respectively, for FR4, and for
N4000-13, we gained better values of 136.26 s and 136.21 ps. For higher data rates (10 GHz),
the values decreased as follows: 29.45 ps and 29.46 ps for FR4 and 20.13 ps and 20.08 ps for
N4000-13.

Values were obtained for time and amplitude for the eye mask. The simulations were
carried out for FR4 and N4000-13 materials at a rate of 1 GHz and 10 GHz for microstrip
technology. The results were presented for each substrate and for the two frequencies, the
values of crossing points for time (ps) and associated voltage (V) were obtained. For better
understanding, we can explain the corners values on Figure 10a, the orange measurement
trace (hexagonal shape). We have six plus one (as return) crossing points as follows: starting
from the left crossing point, two level one edges, right crossing point, and two level zero
edges, and return on the left crossing point. The values are given by the mean, but another
representation could have been the standard deviation, for example. For 1 GHz, the results
for the eye diagram conclude to the same observation for corners tabular representation,
meaning that both substrates present similar behavior, having values for the corners with
the same mean seen in Figure 10, with similar eye opening. Increasing the rate, we can
observe a degradation on the eye opening in Figure 10, also highlighted by the values of
the corners with a higher range of minimum and maximum values means for N4000-13
compared to those of FR4. The results for transitions and eye corners are illustrated in
Appendix A.

Another measurement in the time domain is the jitter metric that is computed on
the eye diagram. Jitter refers to the deviation or variability in the timing of signals in a
communication system. It is a phenomenon characterized by small, rapid, and unpre-
dictable variations in the timing of signal edges. Jitter can occur in various electronic and
communication systems, affecting the accuracy and stability of signal transmission. In
digital communications, jitter can lead to timing errors, signal distortion, and decreased
system performance. Thus, managing and minimizing jitter is crucial in ensuring reliable
and efficient data transfer, especially in high-speed communication systems. Jitter can be
determined by the peak-to-peak value or by the root mean square value. Table 1 shows
the peak-to-peak jitter at the same frequencies for FR4 and N4000-14 materials for stripline
technology for 1 GHz and 10 GHz. It was determined from the maximum between the
values on the horizontal axis (time in ps) of the two crossing points of the eye diagram,
with each one considered as the difference from the upper and lower peak values. The
results demonstrate a slightly better stability, with an increase of frequency for N4000-13
compared to the traditional FR4 substrate as jitter increased for both substrates with the
frequency, but for FR4, the increase was 23.25% and 11.76% for N4000-13.

Table 1. Jitter values for microstrip lines extracted from simulation results.

Substrate Frequency (GHz) Jitter (ps)

FR4
1

1.633
N4000-13 1.117

FR4
10

2.1276
N4000-13 1.2659

Using the FR4 substrate designed in stripline technology and with a pseudo-random
signal source at the input port, we represented the overlapping eye diagrams for the
output port of the circuits, as shown in Figure 11. The results corresponding to the circuit
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with substrate FR4 are illustrated in blue, while those corresponding to the circuit with
substrate N4000-13 are in pink. The simulations were performed at the same frequency
rates and the same transmission line lengths as in the case of microstrip technology for
proper comparison.
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Figure 11. (a) Rise time, fall time, and corners on the eye diagram for two coupled striplines, FR4
substrate for L = 250 mm and Rate = 1 GHz. (b) Rise time, fall time, and corners on the eye diagram
for two coupled striplines, FR4 substrate for L = 250 mm and Rate = 10 GHz. (c) Rise time, fall
time, and corners on the eye diagram for two coupled striplines, FR4 substrate for L = 250 mm and
Rate = 1 GHz. (d) Rise time, fall time, and corners on the eye diagram for two coupled striplines, FR4
substrate for L = 250 mm and Rate = 10 GHz.

Analyzing the results presented above, we notice that even in the case of stripline
technology for large rates and lengths, the signal is degraded. We notice that the perfor-
mance degrades even for smaller rates and line lengths for the circuit with FR4 substrate
compared to the circuit on N4000-13 substrate.

Therefore, comparing all the results obtained in Figures 9 and 11, we notice a better
behavior at high frequencies and lengths for circuits with substrate N4000-13 compared
to circuits with substrate FR4. We chose to increase the length of the line and to study
the behavior of the circuits in this case, because its increase leads to the occurrence of
the attenuation phenomenon due to the loss tangent of the dielectric. On the other hand,
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increasing the transmission rate of symbols reduces the transmission time of the signals.
We demonstrated that as the frequency rate increased from 1 GHz to 30 GHz, the signal
transmission time decreased from 2000 ps to approximately 67 ps in both cases.

The same simulations were carried out for the rise time, the fall time, and the corners
of the eye, and for the stripline technology, as shown in Figure 12. The same lengths and
frequency rates were used as in the previous case.
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Figure 12. N4000-13 two-line uncoupled circuit and substrate designed in microstrip technology and
pseudo-random signal source.

Figure 11a,b show the results for the FR4 substrate and Figure 11c,d show the results
for the N4000-13 substrate in stripline technology. In all four figures, the rising time is
represented with light blue, the falling time is represented with green, and the corners of
the eye are represented with orange. We notice that the performance of the circuits has not
changed much. At a rate of 1 GHz, we still have a fast transition, which indicates a very
low jitter value, and with the increase in the frequency rate, the jitter value also increased.
As the rate increases, we see how the transitions on the upper and lower levels exceed the
eye mask.

Results were obtained for time and amplitude for the transition of rise and fall time for
the FR4 and N4000-13 materials for the lines designed in stripline technology for different
data rates. The corresponding rise and fall time values can be extracted in a similar manner.
For 1 GHz, we obtained 152.98 ps for rise time and 152.9 ps for fall time, respectively, for
FR4, and for N4000-13, we gained better values of 140.41 ps and 140.45 ps. For higher data
rates (10 GHz), the values decreased as follows: 41.14 ps and 41.99 ps for FR4 and 24.06 ps
and 24.03 ps for N4000-13.

A few parameters are available for analysis, extracted from jitter measurements.
Among these, the most important is the time variation of the voltage. As we have two
intervals or two eye crossings for representation, both rise and fall times will include, in
pairs, values for each unit interval. These might be different and will be seen as jitter—eye
transition variation voltage. Measurements of rise and fall times are set between 20%
and 80% and can be modified. The measurement of the transition contains individual
values for different means as follows: left and right mean, left and right sigma (standard
deviation), and left and right lower and upper peaks. In Figure 11d, the curves in light
green and blue contain the above-mentioned measurement points, but another type of
representation of these transitions is in a tabular form. On each line in the table, we have
the values for the two standard deviations, two means, and return on the first instance.
This explains the coincidence of the first and last line in each section, for each substrate,
and for each frequency.

Results were obtained of the simulations for the corners of the eye for the same
materials and frequency rates as above, for stripline technology. The results were presented
for each substrate and for the two frequencies, the values of crossing points for time (ps)
and associated voltage (V) were obtained. For better understanding, we can explain the
corners values on Figure 11a, the orange measurement trace (hexagonal shape). We have
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six plus one (as return) crossing points as follows: starting from the left crossing point,
two level one edges, right crossing point, and two level zero edges, and return on the
left crossing point. The values are given by the mean, but another representation could
have been the standard deviation, for example. For 1 GHz, the results for the eye diagram
conclude to the same observation for corners tabular representation, meaning that both
substrates present similar behavior, having values for the corners with the same mean seen
in Figure 11, with similar eye opening. Increasing the rate, we can observe a degradation
on the eye opening in Figure 11, also highlighted by the values of the corners with a higher
range of minimum and maximum values means for N4000-13 compared to those of FR4.
The results for transitions and eye corners in the case of stripline interconnections are
illustrated in Appendix B.

Table 2 shows the peak-to-peak jitter at the same frequencies for FR4 and N4000-14
materials for stripline technology for 1 GHz and 10 GHz. Again, the results demonstrate
the better stability, with an increase of frequency for N4000-13 compared to the traditional
FR4 substrate, as jitter increased for both substrates with the frequency but, for FR4, the
increase was 65.53% and only 6.65% for N4000-13.

Table 2. Jitter values for stripline lines extracted from simulation results.

Substrate Frequency (GHz) Jitter (ps)

FR4
1

2.2284
N4000-13 1.8578

FR4
10

6.4644
N4000-13 1.9901

We notice that in this case we also have a lower jitter value for the circuit with
the N4000-13 substrate. This means that regardless of the design technology, microstrip
or stripline, FR4 substrate circuits achieve a higher jitter value that will degrade circuit
performances.

Minimizing jitter in a system brings several benefits. Firstly, it enhances the over-
all reliability of signal transmission by reducing timing uncertainties, ensuring that data
arrives at their destination consistently and predictably. This is particularly crucial in
applications where precise timing is essential, such as telecommunications and data net-
working. Secondly, a low jitter value contributes to improved signal integrity, reducing
the likelihood of timing errors and distortion. This is especially important in high-speed
digital communication systems, where even small variations in signal timing can lead to
data corruption. On the other hand, minimizing jitter is a key to achieving stable and
accurate synchronization between different components within a system. In scenarios like
audio and video streaming or real-time data processing, maintaining a low jitter level helps
prevent synchronization issues and ensures a smooth and seamless user experience.

In conclusion, achieving a minimal jitter value is essential for maintaining the relia-
bility, integrity, and synchronization of signals in various communication and electronic
systems.

2.2. The Fiberglass Fabrics Effect

Based on previous coupled line models, we created circuits with two separate lines to
analyze the impact of glass fiber fabrics. These circuits feature composite substrates and
will be simulated using N4000-13 material for lengths of 120 mm and 250 mm at 1 GHz
and 10 GHz rates, with the results analyzed using eye diagrams, as illustrated in Figure 13.
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Figure 13. (a) Eye diagram for two non-coupled microstrip lines for L = 120 mm and Rate = 1 GHz.
(b) Eye diagram for two non-coupled microstrip lines for L = 250 mm and Rate = 1 GHz. (c) Eye
diagram for two non-coupled microstrip lines for L = 120 mm and Rate = 10 GHz. (d) Eye diagram
for two non-coupled microstrip lines for L = 250 mm and Rate = 10 GHz.

Figure 14 shows the results obtained by overlapping the eye diagrams of the signal
at the circuit input and the results obtained after passing through the transmission line.
Analyzing the images, we notice that, as the rate of the transmitted signal increases, the eye
diagram closes. Therefore, at rates of 10 GHz and interconnection lengths of 250 mm, the
eye diagram is completely degraded. The input signal is represented in blue and the signal
at the end of the line is represented in pink. For low rates, such as 1 GHz, the eye diagram
maintains both its amplitude and jitter level, and at high interconnection values.

Next, we implemented the two uncoupled lines circuit stripline technology, but with
pseudo-random signal source, and the eye diagrams associated with the circuit are shown
in Figure 12. It can be observed, again, that as the transmitted signal rate increases, the eye
diagram closes, so at 10 GHz and an interconnection length of 250 mm, the eye diagram is
completely degraded, represented in pink in Figure 14 in all four cases at the far end of the
evaluated interconnection. For lower rates, such as 1 GHz, the eye diagram maintains both
its amplitude and jitter level for longer interconnections lines.
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Figure 14. (a) Eye diagram for two non-coupled stripline lines for L = 120 mm and Rate = 1 GHz.
(b) Eye diagram for two non-coupled stripline lines for L = 250 mm and Rate = 1 GHz. (c) Eye
diagram for two non-coupled stripline lines for L = 120 mm and Rate = 10 GHz. (d) Eye diagram for
two non-coupled stripline lines for L = 250 mm and Rate = 10 GHz.

A comparison can be made on the same system of the shape of the eye diagram
obtained at the far end of the interconnection by overlapping the graphs maintaining
the rate and length of the interconnection for circuits with homogeneous and composite
substrate, respectively. First, the result obtained for the use of microstrip technology
is illustrated.

We notice that the circuit with homogeneous substrate, represented by red in
Figure 15, behaves better than the circuit made with inhomogeneous substrate, repre-
sented by pink. In the case of the second circuit, the eye closes faster, and the presence of
distortions is observed. The following is an illustration of the overlap of eye diagrams for
stripline technology.
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Figure 15. (a) Eye diagram homogeneous substrate vs. inhomogeneous substrate—microstrip.
(b) Eye diagram homogeneous substrate vs. inhomogeneous substrate—stripline.

Figure 15 shows that in the case of the composite substrate, represented in red, the
eye diagram shows a higher jitter value compared to the circuit that has a homogeneous
substrate, represented in pink.

Time domain analysis and frequency domain analysis are two distinct approaches
in the study of signals and systems. Time domain analysis is a method that examines
the behavior of signals over time, focusing on how the signal varies over time and the
temporal relationships between different signal events. The primary advantages of this
analysis include detecting specific events within a time interval and evaluating the system’s
response over time. However, this method has limitations, such as not providing direct
information about the frequency content of the signal.

Frequency domain analysis is a method that investigates the frequency content of
signals, revealing the frequency components that make up a signal and their intensity.
The advantages of frequency domain analysis lie in studying the frequency spectrum,
identifying dominant frequencies, and evaluating how a system responds to different
frequencies. However, it is limited by its inability to provide information about the timing
or sequence of events over time.

Therefore, it is crucial to study both cases. Time domain analysis and frequency
domain analysis offer different perspectives on system behavior. Combining both methods
provides a more comprehensive understanding. Some faults or issues may be more evident
in a time domain analysis, while others may be better understood by exploring their
frequency content. In the design and analysis of systems, understanding behavior in
both domains can contribute to optimizing performance and stabilizing the system. By
approaching both methods, more robust and complete conclusions can be drawn about the
characteristics of the analyzed signals and systems.

Article [1] presented only frequency domain analysis. We have centralized the results
obtained in [1] in two tables: Table 3 for reflections loss and Table 4 for insertion loss.
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Table 3. S parameters for stripline and microstrip.

Technology Type Mode Type Reflection Loss (dB)

Microstrip
Differential

41
Stripline 68

Microstrip
Common

46
Stripline 48

Table 4. Insertion loss for stripline and microstrip for various interconnections’ lengths.

Technology
Type

Interconnections
Lengths (mm) Insertion Loss—Resonance Frequencies (GHz)

Microstrip
60

15
Stripline 12

Microstrip
120

9 22
Stripline 8 19

Microstrip
200

5 14 23
Stripline 3 11 19 27

Microstrip
250

4 11 19 26
Stripline 3 9 15 21 28

As mentioned in [1], a stripline interconnection presents improved reflection loss
compared to a microstrip interconnection and, as can be seen in Table 3, we have a reduced
value for reflection loss for stripline, 68 dB, compared to 41 dB for microstrip technology in
differential mode. The difference is much lower between the two technologies for common
mode: 48 dB vs. 46 dB.

As mentioned in [1], the number of resonance frequencies increased with the length
of interconnection for both microstrip and stripline technology. As was demonstrated in
the case of stripline, we had additional frequencies of resonance compared to microstrip
technology: three resonances for microstrip compared to four resonances for stripline at
200 mm or four resonances vs. five resonances for 250 mm for the same technologies, as
seen in Table 4.

For a given interconnection on a PCB, we can evaluate the skew that is unintentionally
induced in a differential pair due to the misalignment of conductors and glass fiber bundles
in PCB substrates [37]. In [38], it was demonstrated that wider traces will see less variation
of these metrics compared to narrow traces and recommended to apply the proposed
numerical experiment on each case. We can also evaluate the crosstalk due to a tight
separation between routes; this behavior is evaluated via S parameters, with detection of
a signal from a trace to another, even if the power level is small enough. This traditional
technique is widely used for electromagnetic and acoustic communications, as in [39].

Besides frequency analyses, we demonstrated that, even though the stripline technol-
ogy is a more lossy medium, it does not distort the signal as much as the microstrip variant,
especially with the increase of data rates. In Chapter 3, we analyzed the corresponding
substrates, FR4 and N4000-13, in the time domain and showed that the traditional FR4
substrate has an increase of jitter, with an increase of frequency for both microstrip and
stripline interconnections much more important compared to N4000-13. The distortion of
the signal is illustrated in Figure 13a,b for microstrip at 1 GHz compared to Figure 14a,b for
stripline at the same rate. With the increase of frequency, to 10 GHz, the stripline wave form
and the corresponding eye diagram presents low jitter and low overshoot and undershoot,
while for the microstrip lines, these parameters increase. The values of jitter are presented
in Table 1 for microstrip and in Table 2 for stripline, while transition rise and fall time and
eye corners are summarized in Appendices A and B for the two frequencies. The jitter
value for microstrip at 1 GHz is 1.117 ps and at 10 GHz is 1.2659 ps, showing an increasing
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of jitter of 11.76% compared to 1.8578 ps at 1 GHz and 1.9901 ps for 10 GHz for the stripline,
representing a 6.65% increase of jitter with the increase of frequency.

The results presented in [1], together with the results from our present paper, allow a
complete study of a given material for both microstrip and stripline technology, as both
frequency and time domain analysis will provide particularities either for reflection loss,
insertion loss, number of resonance frequencies, or jitter with the increase of data rates.

3. Discussion and Future Work

In this article, we presented the circuits made in the MWO work environment from
AWR DE. We simulated circuits with two coupled lines designed in microstrip and stripline
technology for two types of materials: FR4 and N4000-13.

The results obtained in this article represent the continuation of the study initiated
in [1] and provide further insights into how the occurrence of FWE can be prevented and
how it affects circuit performance. Further developing the setup established in our previous
work, we extended our research and conducted FWE studies in both time and frequency
domains for different substrate materials. In the frequency domain, the simulations were
based on representing the S parameters based on the Smith diagrams, which helped us
assess circuit matching. These simulations were conducted for both microstrip and stripline
technologies, using both FR4 and N4000-13 materials. We compared the results from
various design technologies and material choices. To emphasize the findings from [1], we
further explored the time domain, this time using eye diagrams. While in the previous
paper the focus was placed on presenting the reflection coefficients for the common and
differential mode and the insertion losses for different lengths of the microstrip line, in this
paper, an emphasis was put on the time domain representation in the signal at the output
of the line when the input was connected at a pseudo-random signal source. Based on the
eye-diagrams obtained, we drew several interesting conclusions regarding the rise time, fall
time, and jitter. Simulations were conducted for all the cases mentioned above and results
were compared to provide a comprehensive understanding of FWE in circuit design.

First, we checked the matching of the circuits with the help of the Sii distribution
parameters that we represented on the Smith chart. We noticed how these parameters were
in the middle of the Smith chart, which means that the circuits are matched. To check the
performance of the circuits, we performed simulations in the time domain using the eye
diagram representation. We simulated the circuits at three different frequency rates (1 GHz,
10 GHz, and 30 GHz) for two line lengths (60 mm and 250 mm). Comparing these results,
we noticed that the circuits designed in stripline technology offered better performances,
with the simulation results being more favorable. This happened because, in the case
of microstrip technology, the transmission occurs through the air, and this leads to the
appearance of coupling on the neighboring line. Based on the obtained eye diagrams, we
were able to extract data about the rise time and the fall time. It was highlighted that with
the increase of the frequency rate (from 1 GHz to 10 GHz), the transition from the upper
front to the lower levels was no longer performed through a single point, as it happened
at a rate of 1 GHz. Also, we demonstrated how with the increase of the frequency rate,
the upper and lower levels exceeded the eye mask. Given the results, we noticed that
N4000-13 presents a lower variation of the rise and fall time for microstrip technology,
16.67%, compared to FR4 substrate’s 27.50% (values obtained for 10 GHz). We noticed
that the jitter values were lower for circuits with N4000-13 material compared to circuits
with FR4 material. The simulations showed that for stripline technology, the jitter for
N4000-13 presented a lower increase in comparison to microstrip technology (6.65% vs.
11.76%) with the increase of frequency. For microstrip, the jitter was lower compared to
stripline technology, but the influence of the frequency increase had a lower impact on the
N4000-13 substrate.

We performed simulations in the time domain using the eye diagram for rates of
1 GHz and 10 GHz and for lengths of 120 mm and 250 mm. To highlight the influence of
the high data rates, the frequency of the data source varied from 1 GHz, for small rates,
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to 10 GHz, for high rates. The interconnection lengths’ selection, single-ended or coupled,
was made between 120 mm and 250 mm, since these are typical lengths on backplanes
where signal integrity issues must be considered. Higher frequencies and higher lengths
will be analyzed in our future work. With the increase in length and frequency rate, the eye
closed and more distortions appeared. Therefore, the performance of the circuits was lower
in this case.

After all the simulations were carried out and based on the results obtained, we
noticed how important was both the technology in which a circuit was designed and also
the material we used. The stripline technology offers higher performance to the circuits,
because the microstrip technology has a much higher emission rate, and this leads to the
propagation of the signal on the neighboring line. Also, FWE can be fixed if it is noticed in
time and the performance of the circuits can be improved.

The main contribution consisted of the implementation of the circuits in the MWO
design tool from AWR-DE; the selection of the specifications parameters for two substrates;
a low-cost, conventional FR4 and a high-speed-oriented substrate, N4000-13, from the
data sheets; and the implementation and analysis of the circuits. Both time and frequency
domain simulations were performed, with the extraction of data from these simulations
presented in detail in the Results section.

In conclusion, in order to benefit from the highest possible performance for a given
circuit, it is recommended to carry out an early verification of the impact of the effect of the
fiber fabrics on the designed circuit, since it has been demonstrated through the simulations
that the composite substrate influences, together with the increase in the frequency rate,
the closing of the eye and encourages the appearance of distortion and interference.
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Appendix A

Table A1. Transition rise and fall time values for microstrip lines extracted from simulation results.

Rate Substrate Transition Rise Time (ps) Transition Fall Time (ps)

Time (ps) Voltage (V) Time (ps) Voltage (V)

1 GHz

FR4

1387.7 0.10352 1387.9 0.3951
1391.8 0.10352 1390.9 0.3951
1535.2 0.3951 1534.4 0.10352
1531.1 0.3951 1531.2 0.10352
1387.7 0.10352 1387.9 0.3951

N4000-13

1314.4 0.10061 1315.4 0.39423
1316.7 0.10061 1316.4 0.39423
1453.2 0.39423 1453.2 0.10061
1450.1 0.39423 1451 0.10061
1314.4 0.10061 1315.4 0.39423

10 GHz

FR4

88.463 0.12823 82.899 0.37586
92.257 0.12823 90.551 0.37586
122.67 0.37586 118.19 0.12823
112.05 0.37586 113.23 0.12823
83.463 0.12823 82.899 0.37586

N4000-13

112.4 0.11444 112.5 0.38174
115.67 0.11444 115.56 0.38174
135.82 0.38174 135.61 0.11444
132.39 0.38174 132.46 0.11444
112.4 0.11444 112.5 0.38174

Table A2. Eye corners values for microstrip lines extracted from simulation results.

Substrate 1 GHz 10 GHz

Time (ps) Voltage (V) Time (ps) Voltage (V)

FR4

461.01 0.2486 1.5158 0.2491
860.72 0.49303 41.508 0.4584
1060.6 0.49303 61.505 0.4584
1460.3 0.2486 101.5 0.2491
1060.6 0.0063951 61.505 0.045687
860.72 0.0063951 41.508 0.045687
461.01 0.2486 1.5158 0.2491

N4000-13

383.34 0.24714 23.681 0.24639
783.31 0.49154 63.683 0.47084
983.3 0.49154 83.684 0.47084

1383.3 0.24714 123.69 0.24639
983.3 0.0019794 83.684 0.025347

783.31 0.0019794 63.683 0.025347
383.34 0.24714 23.681 0.24639
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Appendix B

Table A3. Transition rise and fall time values for striplines extracted from simulation results.

Rate Substrate Transition Rise Time (ps) Transition Fall Time (ps)

Time (ps) Voltage (V) Time (ps) Voltage (V)

1 GHz

FR4

797.71 0.10547 797.66 0.39204
804.48 0.10547 804.55 0.39204
956.55 0.39204 956.59 0.10547
949.6 0.39204 949.54 0.10547
797.71 0.10547 797.66 0.39204

N4000-13

601.41 0.10066 603.16 0.39212
606.21 0.10066 605.35 0.39212
747.07 0.39212 746.2 0.10066
741.68 0.39212 743.46 0.10066
601.41 0.10066 603.16 0.39212

10 GHz

FR4

85.804 0.12969 86.403 0.35535
104.06 0.12969 108.31 0.35535
144.05 0.35535 153.41 0.12969
127.32 0.35535 124.58 0.12969
84.804 0.12969 86.403 0.35535

N4000-13

112.4 0.11444 112.5 0.38174
115.67 0.11444 115.56 0.38174
135.82 0.38174 135.61 0.11444
132.39 0.38174 132.46 0.11444
112.4 0.11444 112.5 0.38174

Table A4. Eye corners values for stripline lines extracted from simulation results.

Substrate 1 GHz 10 GHz

Time (ps) Voltage (V) Time (ps) Voltage (V)

FR4

876.53 0.249 17.052 0.24654
1276.7 0.48922 56.801 0.43057
1476.7 0.48922 76.675 0.43057
1876.9 0.249 116.42 0.24654
1476.7 0.0086491 76.675 0.05447
1276.7 0.0086491 56.801 0.05447
876.53 0.249 17.052 0.24654

N4000-13

673.64 0.24624 12.882 0.2476
1073.5 0.48972 52.864 0.45794
1273.4 0.48972 72.855 0.45794
1673.2 0.24624 112.84 0.2476
1273.4 0.0041314 72.855 0.032796
1073.5 0.0041314 52.864 0.032796
673.64 0.24624 12.882 0.2476
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