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ABSTRACT: The present study examines the negative group delay (NGD) behavior of a circular curved (CC) coupled-line (CL) microstrip
circuit with a bandpass (BP) characteristic. The novel CC CL-based circuit is derived from the curved li-topology which demonstrates BP-
NGD functionality. The basic theoretical approach enabling the BP-NGD analysis is introduced. The BP-NGD function main properties
related to NGD center frequency, NGD value, and NGD bandwidth are defined. Despite the progressive NGD research work, it was
wondered how the RF printed circuit board trace geometrical parameters such as curvature radius and angle change the microwave
communication parameters. To verify the BP-NGD concept feasibility, different microstrip prototypes are designed, simulated, fabricated,
and tested as the proof of concept (POC). Thus, a developed empirical study of CC microstrip structures corroborating well-correlated
simulations and experimental results is examined. Moreover, deep sensitivity analyses for geometrical design parameters were performed
using commercial tool full-wave simulations. The obtained results provide insights into the effects of CC-structure inter-space and
curvature angles on the inherent BP-NGD parameters. The proposed NGD circuit is potentially useful in the future in RF and microwave
engineering for signal delay correction. Additionally, it helps in understanding the characteristics of microstrip PCB traces that are
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important for optimizing signal integrity (SI), power integrity (PI), and electromagnetic compatibility (EMC).

1. INTRODUCTION

The contemporary challenge in the present era lies in the de-
sign and fabrication of advanced electronic printed circuit
boards (PCBs), which have become increasingly arduous due to
the escalation of integration density [1, 2]. To meet the require-
ment of high integration density, the PCB design complexity
is constantly increasing. Behind the outstanding technologi-
cal progress, undesired crosstalk is generated in PCB electrical
interconnects [3-5]. Hence, apart from the design approach,
additional investigation is essential in the domains of signal in-
tegrity (SI), power integrity (PI), and electromagnetic compat-
ibility (EMC) [6-8]. Against the SI, PI, and EMC issues, PCB
simulation tools based on 2-D or 3-D electromagnetic (EM)
computation were developed [9, 10]. Different families of nu-
merical computation methods were considered to develop rel-
evant computer-aided design (CAD) solvers for the PCB inter-
connect effect prediction [11]. Commercial simulation tools for
PCB analyses have been developed thanks to extensive CAD
exploration [12-14]. However, most of these 2-D/3-D compu-
tational solvers of the available commercial tools [12—14] do
not enable us to understand the electrical and EM phenomena
behind the SI, PI, and EMC issues due to the PCB interconnect
complexity. In addition to the design complexity, the intercon-
nect PCB simulations are mostly excessively time-consuming.
Only with the 2-D/3-D EM computations, the full wave mesh-
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ing does not enable us to analytically highlight the main causes
of interconnect propagation delays. To overcome the limitation
on the electrical effect understanding, we can proceed with the
PCB interconnect analyses based on the transmission line (TL)
theory [15-18]. Further PCB interconnect modeling research
must be performed to develop relevant methods for estimat-
ing EM coupling, attenuation, and delays or to treat the pre-
viously discussed SI and EMC issues [3—8]. For fast estima-
tion of the interconnect delay, various lumped element-based
circuit models were introduced [19-23]. To take into account
the inductive effects, a more precise TL lumped RLC-model
was suggested for the analysis of PCB SI [1920]. The model
of PCB interconnect time delay was unified through the ex-
ploitation of the RLC-approach [20-22]. A more precise alge-
braic equation was established for the calculation of intercon-
nect delay [21]. Additionally, the buffered interconnect trees
were optimized using this approach [22]. Further investigations
are imperative to gain deeper insights into PCB interconnect at
higher frequencies, despite the existence of lumped RC- and
RLC-model developments. More advanced interconnect mod-
els based on the distributed TL were introduced [18, 23, 24].
Analytical expressions of the suitable transfer function [23] and
S-parameters [24] for microstrip PCB interconnect were es-
tablished by taking into account the characteristic impedance
and propagation constants. In addition to the signal distribu-
tion properly through the isolated interconnects, the EMC re-
searchers may encounter some novel and unfamiliar phenom-
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ena related to the group delay, which could pose unresolved
questions. Although there has been some progress on the inter-
connect analytical modeling, further studies must be performed
for deeper understanding regarding the effect of PCB intercon-
nect crosstalk [3-8,25].

Several singular physical effects due to the PCB intercon-
nect crosstalk still need to be highlighted. For example, most
EMC PCB design engineers have limited understanding of the
negative group delay (NGD) phenomenon, which is often ob-
served in PCB microstrip interconnects. Further research work
is needed for the physical interpretation of NGD effect. Doing
this, bandpass (BP) NGD circuits (NGDCs) were proposed by
exploiting some structures of interconnect PCBs [26-29]. The
BP-NGD effect was investigated with distributed transmission
line (TL) [26], radial stub ended CL [27], lumped circuits [28],
and lossy coupling [29]. It is found that for the coupler-based
NGD topology, when the resonator is close to the microstrip
transmission line, the NGD phenomenon can be observed due
to the positive and negative interference between the direct and
coupled signals from input to output ports. More recently, the
NGD generator was integrated into the PCB interconnects us-
ing signal interference methods [30]. Additionally, recent re-
search indicates that the BP-NGD functions have the potential
to enhance RF and microwave operations [31-33]. A novel ap-
proach, based on the BP-NGD equalization technique, is in-
troduced in [34-36] to mitigate the adverse effects of EM in-
terference resonance. Moreover, it is crucial to conduct fur-
ther analytical inquiries in order to attain a comprehensive un-
derstanding of the BP-NGD effect arising from interconnects
coupling. Consequently, the present investigation aims to ex-
plore the impact of BP-NGD on crosstalk coupling in PCB trace
structures, specifically focusing on typical circular curved (CC)
shaped microstrip traces [37]. The proof of concept (POC) cir-
cuit consists of a victim folded two-port TL, and another cou-
pled TL is placed in its proximity. The paper consists of four
main sections as follows:

* Section 2 mainly emphasizes theoretical analysis. The ba-
sic definition of BP-NGD function is introduced. Then,
the essential equations about the parameters of the li-
topology as a BP-NGD function are recalled.

* In Section 3, the design and prototyping of the BP-NGD
CC-circuits as proof of concept (POC) are described.

* Section 4 presents different outcomes from experimental
analysis conducted on microstrip circuits based on CC CL.
The results of calculation, simulation, and test are com-
pared and discussed.

e Then, Section 5 is the final conclusion.

2. BP-NGD THEORETICAL APPROACH OF LI-
TOPOLOGY
After the analytical description of the S-matrix investigation

concerning li-topology [38], this section presents the BP-NGD
effect specifications.
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2.1. S-Parameter Description

The analytical description of the considered BP-NGD circuit is
elaborated according to the microwave theory. Like the clas-
sical circuits, the S-parameter analysis is the fundamental ap-
proach for the BP-NGD microstrip structures [26,27]. Fig. 1
illustrates the studied passive li-topology as a two-port cir-
cuit [38].

()

| et

FIGURE 1. (a) 2-D microstrip design and (b) equivalent circuit of li-
topology [38].

In this diagram, Ry = 50 €2 denotes the reference impedance.
The characteristic impedance (Z), attenuation loss (a), and
propagation delays (7 and 7;) describe the CL. The coupling
coefficient (k), with a value between 0 and 1, and the delay of
the signal propagating through the CL (71 and 7;) define the
equivalent CL model. In terms of S-parameters, the associated
model can be expressed as:

S11(jw)
So1(jw)

S12(jw)

Saa(jw) M

[Snvep(jw)] =

For the case of the symmetric passive circuit, the input and
output reflection coefficients .S|; = Sy, and the forward and
backward transmission coefficients S, = S,; are identical:

S (jw) = Spm(jw) = [rNpn(w) + j - iNpmn(W)]/
[r Dy (W) + J + i D (W)] (2)
where Z-real part real(Z) = r X, Z-imaginary part imag(Z) =
1 X, numerator(Sy,,) = Npy and denominator(Sy,,) = Dmn

with j2 = —1andm, n = {1, 2}. The S-parameter magnitudes
defined by Sy (w) = |Smn(jw)| can be expressed as:

Sk w) =/ [PN2, (@) +iNZ, ()] /[r D2, p(w) +iDZ,(w)] (3)

2.2. BP-NGD Fundamental Specifications

By taking the transmission phase p(w) =
GD analysis is based on the relation:

GD(w) = ~dp(w)/dw 4)

The BP-NGD function behavior is introduced by Fig. 2(a).
wp = 27 f,, is the NGD center frequency. The lower (f;) and
upper (f2) NGD cut-off frequencies (w;, = 27 f;2) are de-
fined by:

arg [Sa1 (jw)], the

GD(UJl) = GD(WQ) =0 (5)
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FIGURE 2. BP-NGD effect (a) GD, (b) S11, and (¢) S21 typical responses.

TABLE 1. CC-circuit employed substrate parameters.

Designation

Thickness

Relative permittivity

Metallization thickness

Loss tangent

Metallization conductivity

Name Value
h 1.6 mm
Er 4.2
t 35 um
tan(d) 0.02
o 58 MS/m

The NGD bandwidth indicated by Fig. 2 is equal to:
BW = fo — f1 = (wa —w1)/(27) 6)
The NGD value by negative real parameter is analytically
defined by:
GD(w,)=GD,, <0 @)
It is very important to keep in mind that the ideal response

expected to BP-NGD function illustrated in Fig. 2(a) is defined
by the following ideal condition with the NGD frequency band:

GD(w) =~ GD, (®)

It means that outside the NGD the frequency band, the GD
must be positive under condition GD(w) > 0. Knowing the
GD specifications and NGD frequency band, the insertion and
reflection loss specifications also need to be recalled. As shown
in Fig. 2(b) and Fig. 2(c), the main S-parameters to be consid-
ered for the li-topology NGD analysis are reflection and trans-
mission coefficients similar to the classical millimeter wave cir-
cuit constraints. As seen in Fig. 2(b), within the NGD frequency
band, the li-topology access matching must respect constraints
quantified by the real positive value S11(w) < Si1,,, = 4 =
104@/20 Fig. 2(c) represents the constraint of li-topology in-
sertion loss S (w) > So1,, = B = 108®/20,

2.3. li-Topology BP-NGD Specification

The li-topology BP-NGD specifications were recently investi-
gated [38]. The NGD center frequency is:

wn, = 1/(271) ©)

By taking positive real kg = +/1 — k2, the NGD value
GD,, = GD(w,) at the center frequency can be expressed by:

GD, =7 [(1+a%k3)" =2k / [k (1+4) (1+aK3)] (10)
This NGD value is negative when:

2 _ 2 1
kamin—\/lJrlJra V1+2a? + 2a
a

. (11)
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The S;; and S;; of the li-topology at the NGD center-
frequency are respectively:

Sii(wn) = k?/[1 = a?(1 - k?)] (12)

kga\/k2(1+a4)(1+k4)+2k2a2+2a2(k4 —1)}+k2 cos(mT1/T2)

S n)=
21(wn) 1—a2kg

(13)

As POC of BP-NGD implemented in CC microstrip planar

technology, the description of the design and prototyping ap-
proaches are presented in the next section.

3. DESCRIPTION OF CC-MICROSTRIP CIRCUIT DE-
SIGNING AND PROTOTYPING

The present section addresses the designed and prototyped POC
CC-circuit representing the curved CL of li-topology as a BP-
NGD function.

3.1. Description of CC-Circuit POCs

The CC-circuit POCs are designed as 2-D structures in the en-
vironment of the commercial tool HFSS® from Ansys® and
implemented in microstrip technology. Fig. 3(a) and Fig. 3(b)
illustrate the 2-D geometrical design of the CC-circuits with
intercept curvature angle deg = 180°and deg = 90°, respec-
tively. The different cases of CC-circuit HFSS® design are
viewed in Figs. 3(c), 3(d), and 3(e). Table 1 illustrates the char-
acteristics of the Cu-metallized FR4 epoxy dielectric substrate
that is used for the printed POCs.

The disparities between the GD and S-parameter responses
predominantly stem from the bending characteristics of the CC-
structure.

The CC-microstrip circuit prototypes were fabricated to ver-
ify the BP-NGD response behaviors as described in the next
paragraph.

WWwWw.jpier.org
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FIGURE 3. CC-structure geometrical design: (a) deg = 180° and (b) deg = 90°. HFSS® planar design with (c) deg = 90°, (d) deg = 180° and (e)
deg = 270°.

FIGURE 4. Fabricated CC-microstrip circuit prototypes: (a) (deg = 180°, s = 2.5mm), (b) (deg = 90°, s = 2.5mm) and (c) (deg = 90°,
s = 2.2mm). (d) CC-microstrip circuit experimental setup.

TABLE 2. Geometrical parameters of CC-circuit prototypes shown in Fig. 4.

Designation Parameters Fig. 4(a) Fig. 4(b) Fig. 4(c)
Size WidthxLength | 35mmx60mm | 35mmx35mm | 35mmx35mm
Access line v 3 mm
L3 5mm
R 20 mm
Ry 25.5mm 25.5mm 25.2 mm
s 2.5mm 2.5mm 2.2mm
CL L1 67.54 mm 33.78 mm 33.78 mm
Lo 84.82 mm 42.41 mm 41.94 mm
deg 180° 90° 90°
Z1 50 Q2
k —21.52dB —21.52dB —20.36dB
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FIGURE 5. Comparison of li- and CC-structure simulations and measurements: (a) GD, (b) Si; and (c) Sz of the 180°-CC prototype shown in

Fig. 4(a).

TABLE 3. BP-NGD parameters from li- and CC-structure simulations and measurements.

Approach f» (GHz) | GD,, (ns) | S2u(fr) (dB) | Su(fr) (dB)
li-circuit simulation 1.926 —1.36 —3.68 —9.98
CC-circuit simulation 2.120 —0.98 —2.96 —12.10
CC-circuit measurement 1.961 —1.05 —-3.71 —9.52

3.2. Description of Fabricated CC-Circuit Prototypes

Figures 4(a), 4(b), and 4(c) display the fabricated circuit pro-
totypes. The constituting geometrical element specifications of
each prototype are given in Table 2. Fig. 4(d) presents the ex-
perimental setup of the CC-NGD circuit, using a two-port Vec-
tor Network Analyzer (VNA).

During the experimental test, the VNA test equipment pro-
vided by Rohde&Schwarz®referenced ZNB 20, which oper-
ates in the frequency range of 100 kHz to 20 GHz, was utilized.
The S-parameter investigation was performed in the frequency
band defined from 1.8 GHz to 2.1 GHz. The obtained BP-NGD
results of the CC-circuits are examined in the next section.

4. VALIDATION RESULTS FROM CC-CIRCUIT EXPER-
IMENTAL INVESTIGATION

To illustrate more quantitatively the BP-NGD effect related to
the CC-circuit representing the curved li-topology, experimen-
tations were performed. The results from the experimentation
and S-parameter simulations were parallelly generated from
HFSS® 3-D EM simulator software. The following subsec-
tions interpret the obtained empirical results with a comparison
of simulated ones.

4.1. Validation Results of 180°-CC Circuit

In this paragraph, we examine the comparisons of results from
HFSS®simulation (“CC-Simu.” plotted in black dashed lines
and “li-Simu.” plotted in blue dotted lines) and measurement
(“Meas.” plotted in red solid lines) results, which are derived
from the 180°-CC circuit shown in Fig. 4(a). In addition,
the equivalent li-circuit considered in this study is shown in
Fig. 1(a). Fig. 5 displays the acquired findings. Within the
180°-CC circuit, the dimensions of length L2 and interspace
match the length and spacing of the li-circuit. It can be seen

25

that the simulation and measurement results are in good agree-
ment. As expected, according to the GD plot seen in Fig. 5(a),
it is noteworthy that the properties of the tested 180°-CC cir-
cuit accord with the characteristics of BP-NGD. Fig. 5(b) and
Fig. 5(c) denote the comparisons of the reflection coefficients
(S114B) and the transmission coefficients (S; 4 ), respectively.
As depicted in Fig. 5(a), a slight disparity can be observed in
the simulated GD responses between the 180°-CC circuit and
li-circuit. The analysis of Table 3 reveals that the NGD cen-
ter frequency simulation result of the 180°-CC circuit is about
2.12 GHz, whereas the li-circuit is about 1.926 GHz. A dispar-
ity of roughly 194 MHz can be discerned between the two NGD
central frequencies.

4.2. Simulated and Experimental Results of 90°-CC Circuits

The BP-NGD validation results of 90°CC-prototypes designed
with two different values of spaces s = 2.5mm and s
2.2 mm highlighted by Fig. 6 and Fig. 7, respectively, are ex-
plored in the present paragraphs. We examine the compar-
isons of results from HFSS© simulation (“CC-Simu.” plotted in
black dashed lines and “li-Simu.” plotted in blue dotted lines)
and measurement (“Meas.” plotted in red solid lines) results,
which are derived from the 90°-CC circuit shown in Fig. 4(b)
and Fig. 4(c). Slight differences between the BP-NGD charac-
teristics are observed. Therefore, we can develop much more in
detail, for example, the comments on the GD and S-parameter
responses of Fig. 6 to interpret the obtained 90° CC-circuit re-
sults. Fig. 6 depicts the case of study concerning the prototype
of the 90°-CC circuit introduced by the design of Fig. 4(c). We
can emphasize once again, from the results plotted in Fig. 6,
that simulations and measurements are in good agreement.
The GD response displayed in Fig. 6(a) highlights the con-
firmation of the BP-NGD behavior under study. Fig. 6(b)
and Fig. 6(c) represent the measured and simulated S; 4g and

WWwWw.jpier.org
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FIGURE 6. Comparison of li- and 90°-CC-structure simulations and measurements with s = 2.5 mm: (a) GD, (b) Si1, and (c) Sz of the 90°-CC

prototype shown in Fig. 4(c).
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FIGURE 7. Comparison of li- and 90°CC-structure simulations and measurements with s = 2.2mm: (a) GD, (b) S11 and (c) S21 of the 90°CC

prototype shown in Fig. 4(b).

TABLE 4. li- and 90°CC-structure simulated and measured results.

Approach s(mm) | fn(GHz) | GD, (ns) | S21(fr)(dB) | S11(f=) (dB)
li-circuit simulation 1.888 —0.78 —2.10 —13.54
CC-circuit simulation 2.5 2.000 —0.61 —1.70 —15.00
CC-circuit measurement 1.930 —0.70 —2.23 —13.90
li-circuit simulation 1.847 —0.75 —2.06 —15.20
CC-circuit simulation 2.2 1.926 —0.89 —2.10 —14.80
CC-circuit measurement 1.870 —0.82 —2.10 —14.70

S>14B, from the 90°-CC circuit prototype, respectively. Ta-
ble 4 summarizes the comparison of the corresponding BP-
NGD characteristics. For the considered 90°CC-circuit, the
NGD level is about —0.608 ns around the center frequency
2 GHz.

Compared to the previous case of 180°CC-circuit, in this
case, the NGD absolute value is significantly reduced. More-
over, we can also find a significant NGD central frequency shift
about 70 MHz between the simulation model and measured re-
sults.

The BP-NGD responses for the case of 90°CC-circuit de-
signed with interspace s = 2.2mm are given in Fig. 7, and
the associated characteristics are summarized in Table 4. We
can underline that the NGD absolute value is slightly increasing

26

and the reflection coefficient slightly worse than for the case of
s = 2.5 mm. For a better understanding of the curvature effect
on the li-topology, a sensitivity study in the function of space
and intercept angle was performed. The following subsection
explores the innovative results.

4.3. Full-Wave Simulation Based-Sensitivity Analyses of the
CC-Structures

To analyze the influence of s and deg on the microwave re-
sponse of the CC-structure, we conducted parametric analyses.
The simulation results used for the analysis were simulated us-
ing HFSS® with a frequency variation range of 1.8-2.3 GHz.

WWwWw.jpier.org
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TABLE 5. BP-NGD characteristics versus s.

Structure | s(mm) | f,, (GHz) | GD, (ns) | $21(f») (dB) | S11(fr) (dB)
CC 0.5 2.173 —4.04 —-9.04 —4.62
li 0.5 2.153 —3.56 —17.50 —5.72
CC 1 2.104 —3.52 —-7.17 —6.02
li 1 2.074 —3.36 —6.64 —6.42
CC 1.5 2.030 —3.21 —6.06 —7.17
li 1.5 2.007 —3.30 —6.26 —6.80
CC 2.001 —2.74 —5.04 —8.41
li 2 1.969 —1.88 —5.40 —7.94
CC 2.5 1.960 —2.27 —4.13 —9.96
li 2.5 1.926 —2.55 —4.68 —8.87
CC 3 1.935 —1.86 —3.42 —11.52
li 3 1.886 —2.30 —4.21 —9.67

4.3.1. Sensitivity Analysis Versus s

In the process of conducting HFSS® parametric simulation, the
range of linear variation for the s of the 180°CC-circuit spanned
from 0.5 mm to 3 mm. Fig. 8 represents the mappings of CC-
and li-circuit GD response and corresponding Sj; and S;; ver-
sus s, respectively. According to Figs. 8(a) and 8(d), we can as-
certain the impact of the CL physical interspace on the BP-NGD
function: (i) as the space increases, the NGD center frequency
decreases; (ii) the absolute value of the NGD also decreases;
and (iii) the NGD bandwidth decreases as well. As shown in
Table 5, f,, of the 180°CC-circuit decreases from 2.173 GHz to
1.935 GHz when increasing s from 0.5 mm to 3 mm which is
compared to li-results shown in Figs. 8(d), 8(e), and 8(f). At
the same time, the NGD value varies between —1.86ns and
—4.04ns. As addressed by Table 5, the attenuation loss is kept
between 3.42 dB and 9.04 dB. Hence, within the range of CL
interspace variation, the reflection coefficient is kept between
—4.62dB and —11.52dB.

27

4.3.2. Sensitivity Analysis Versus Curvature Angle

The present sensitivity analysis is based on arbitrary intercept
angle CC-structure. In this case of study, we conducted para-
metric simulations using the identical frequency range as dis-
cussed in the preceding paragraph, but this time focusing on
the variation of angle deg. The simulations were performed us-
ing HFSS® CC-circuit design, as displayed in Fig. 9. To con-
duct a sensitivity analysis, we linearly modified the angle deg
of the CC-circuit from 90°to 180°. Fig. 9(a) shows the change
in GD response when the physical angle changes. Additionally,
Fig. 10(a) shows the GD mapping from the li-structure versus
length L.

Based on the findings illustrated in Fig. 9(a), it is evident
that (i) as the deg increases, the absolute value of NGD also
increases, (ii) but the center frequency of NGD decreases, and
(iii) the NGD bandwidth decreased with the angle. As shown in
Table 6, the NGD center frequency, f,,, of the CC-circuit varies
from 3.802 GHz to 1.96 GHz when deg increases from 90°to

WWwWw.jpier.org
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FIGURE 11. CC-structure simulation results of GD versus (f, deg).

TABLE 6. BP-NGD characteristics versus angle.

Structure | Varied parameter | f,, (GHz) | GD,, (ns) | S21(fr) (dB) | Su(fr) (dB)
CC deg= 90° 3.802 —0.68 —-3.79 —10.67
li L =42.41 mm 3.750 —0.99 —4.35 —9.59
CC deg=105° 3.351 -0.96 -3.78 -10.45
li L =49.48 mm 3.250 —1.30 —4.61 —8.90
CcC deg= 120° 2.923 —1.20 —-3.81 —10.67
li L = 56.55mm 2.860 —1.59 —4.64 —8.98
CC deg=135° 2.631 —1.43 —3.89 —10.37
li L =63.62 2.541 —1.87 —4.68 —8.95
CcC deg= 150° 2.371 —1.69 —3.87 —10.39
li L =70.69 mm 2.298 —2.10 —4.67 —8.90
CC deg= 165° 2.167 —2.00 —-3.93 —10.28
li L =77.96 mm 2.095 —2.31 —4.65 —9.02
CcC deg=180° 1.960 —2.27 —4.13 —9.96
li L = 84.82mm 1.926 —2.55 —4.68 —8.87
28

FIGURE 10. li-structure (a) GD, (b) Si; and (c) S versus (f, L).
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180°. Then, the NGD value of the curved CC-circuit varies
between —0.68 ns to —2.27 ns.

The reflection and transmission coefficients are mapped in
Fig. 9(b) and in Fig. 9(c) for CC-circuit and Fig. 10(b) and in
Fig. 10(c) for li-circuit, respectively. We can point out that the
CC-circuit attenuation loss is kept between 3.79 dB and 4.13 dB
with the reflection coefficient still lower than —9.9 dB.

Furthermore, through additional full-wave simulations of the
CC-circuit, we were able to expand the range of intercept an-
gles (from deg,in = 45° to degmax = 270° with a step of
degsiep = 5° which facilitated the refinement of the BP-NGD
parameter f,, and GD,,. The results of the parameter sweep are
shown in Fig. 11. The parametric simulation results indicate
that the NGD center frequency decreases as the angle increases.
However, the NGD absolute value increases as the angle in-
creases.

5. CONCLUSION

There is currently a scarcity of scientific research on the im-
pacts of PCB trace curvature on CL crosstalk within the field
of EMC studies. The present study aims to elucidate the in-
fluence of geometrical parameters, such as the angle and inter-
space of CL, on the unfamiliar BP-NGD responses. In the initial
step, the fundamental attributes of the unfamiliar BP-NGD re-
actions are recalled. Subsequently, the electrical variables are
utilized to present the BP-NGD parameters about li-topology.
To demonstrate the impact of curvature, we examine the cir-
cular traces of microstrip interconnects. By conducting both
numerical and experimental analyses, we investigate the novel
BP-NGD of prototypes with 180° and 90° CC-circuits. The
simulations were performed using a 3-D design software tool
specialized in EM applications. To confirm more realistically,
the influential study of the geometrical parameter effects and
comparisons between simulation results and experimentations
are discussed. Additionally, to enhance comprehension, sensi-
tivity analyses were performed about the interspace and angle
of the curved CL that constitutes the li-circuit. As anticipated,
the variation of transmission- and reflection-coefficients, NGD
frequency, NGD bandwidth, and NGD value in the CC-circuit
depends greatly on the intercept angle and interspaces. In the
future, the proposed research will be beneficial for electronic
design engineers specializing in PCBs. It aims to forecast the
behaviors of PCB traces by considering various geometrical pa-
rameters.
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