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ABSTRACT: This paper addresses the high-frequency signal transmission problem of high-speed differential lines on four-layer printed
circuit boards (PCBs). It establishes a mathematical model of high-speed differential lines in conjunction with modified Kron’s methodol-
ogy (MKM), a nontraditional circuit modelingmethod. The article builds the model through diakoptics of differential lines, then generates
the corresponding topology maps, and finally creates the model through tensorial analysis of the network (TAN). The differential line
model is simulated and optimized by HFSS. This paper mainly analyzes the influence of differential line spacing and grounding vias on
the signal transmission of differential lines. Secondly, it analyzes the problem of multi-group differential line arrangement based on the
above work. Finally, the experimental results obtained are consistent with the simulation ones.

1. INTRODUCTION

As 5G and 6G technologies advance, permanent magnetic
levitation (PML) trains are emerging as the most attrac-

tive urban transportation system. However, stable PML data
transmission requires both rapid and steady signals as well as
long-lasting hardware solutions. The data acquisition of the
PML train through PCB and 5G signals is shown in Fig. 1. The
key components of the PML train control and acquisition are
the PCB and integrated circuit (IC) chip, and the most basic
bridge between the chip and the PCB is microstrip line. There
are transmission lines on the power and ground layers in the
PCB, and the transmission lines of the two layers are connected
through vias [1, 2]. Nonetheless, PML faces difficulties as the
signal integrity (SI) and electromagnetic compatibility (EMC)
of PCB are constantly challenged by the increase in signal trans-
mission frequency [3–6]. The transmission line analysis and
design on the PCB needs to be further refined to overcome this
difficulty [7].
SI requires more precise system-level analysis when the fre-

quency of the signal transmission rises. Typically, this investi-
gation involves power supply, signal modeling, and simulation.
A coupling effect happens between the differential lines dur-
ing high-frequency differential signal transmission, which has
an impact on the signal’s accurate transmission. As a result, is-
sues with conduction and radiation could arise [8, 9]. Crosstalk,
which results in electromagnetic interference (EMI)/EMC is-
sues, is the noise produced by the coupling, mutual capaci-
tance, and mutual inductance between two signal lines. The
higher the signal frequency is, the closer the distance is be-
tween the differential line excitation sources, and the more pro-
nounced the coupling effect is. Moreover, the characteristic
impedance matching is complicated by the discontinuous phe-
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FIGURE 1. PML transfer data.

nomena brought about by the via and pad, which makes the
signal transmission considerably more irregular and the trans-
mission loss worse [10, 11]. The design and modeling of high-
speed PCB differential lines will be probably more complicated
in the future.
High-speed PCBs have been studied by numerous re-

searchers; however, they still have certain drawbacks.
Initially, lengthy processing periods are needed for techniques
like the method of the moment [12], finite difference time
domain [13], finite element method (FEM) [14], and finite
integration time domain. Second, the necessary speed and
precision cannot yet be reached by 1D, 2D, or 2.5D processing.
By using tests, Baek et al. proposed a difference-line equivalent
circuit model, which is also appropriate for differential mode
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and common mode [15]. However, the conversions mentioned
in this method need to be good between the erase partition
signals to be valid when being coupled, and the calculation
process is complex. On the other hand, MKM is a high-speed
PCB calculating technique that is accurate, quick, and very
flexible, and it has been shown to be effective and precise [16].
To the best of the authors’ knowledge, very few MKMs are

currently in use, and only a relatively small number of re-
searchers modelled high-speed differential lines based on this
method. This study’s unique contribution is the MKM model-
ing of high-speed difference lines.
There are five sections to this study. The pertinent history

and development conditions are introduced in Section 1. Sec-
tion 2 talks about MKM modeling. Section 3 shows a among
between HFSS simulations, VAN experiments, and MKM-
based mathematical model data. Section 4 discusses Section 3
and analyzes the effect of parameters on the transmission char-
acteristics of differential lines, and Section 5 summarizes the
conclusions drawn in this paper.

2. KRON'S MODEL AND PCB MODELING METHOD
2.1. Introduction to TAN
Gabriel Kron wrote the first manual on non-traditional circuit
formalism for TAN in 1940. The original purpose of this text-
book was to teach the general theory of motors. Several fur-
ther TAN applications in electrical engineering were also es-
tablished ten years later [17]. Mesh splitting analysis, or the
original network notion, is linked to TAN by Kron [18]. This
allows for the study of both simple and complicated engineer-
ing systems. The initial network analysis is a two-step pro-
cess that is commonly used to describe complicated engineering
challenges. To address each component of the problem inde-
pendently, the problem is first broken down into smaller parts.
Next, identify an adaptable mathematical theory that integrates
all components to yield the anticipated outcomes.
The benefits of TAN over the conventional Kirchhoff’s node

method and grid approach are as follows:

1. There is integration of the electrical-electromagnetic cou-
pling effects between electronic components.

2. It is possible to compute electrical parameters in systems
that have multidimensional physical interactions.

3. Use a less complicated tensor checking technique to ana-
lyze intricate electronic systems.

Firstly, the complex problem can be solved by an equiva-
lent circuit topology diagram, which systematically describes
the problem, taking into account the basic principles of each
element of the structure to be studied. Secondly, the topolog-
ical graph of a complex structure is transformed into a tensor
mathematical expression. Finally, an equivalent mathematical
model is developed by combining the tensor mathematical ex-
pressions [19–23].

2.2. PCB Modeling Process
The use of MKM to differential line modeling is covered in
detail in this section. But to show how the enhanced Green’s

(b)

(a)

structure diagram

schematic diagram

FIGURE 2. Differential lines on a four-layer PCB board.

method modeling is to create a mathematical model, this pa-
per examines a straightforward four-layer plate structure as
a feasibility study [24–27]. Fig. 2 shows the external input
impedance as differential excitation signals. A critical compo-
nent of studying high-speed differential lines is characteristic
impedance matching.
When the microstrip line is between air and medium, and

0.127 < wid < 0.381mm, its characteristic impedance (ZC)
model, the relatedZC , capacitance (C), and inductance (L) can
be calculated by the following formulas, and that In is the nat-
ural logarithm in the formulas appearing below:

ZC =
89√

εr + 1.41
In
(

5.98h

0.8wid+ t

)
(1)

υ =
υ0√
εr

(2)

L =
ZC l

υ
(3)

C =
l

υZC
(4)

where εr is the relative dielectric constant; υ0 is the speed of
vacuum light; wid, l, t are the width, length, and thickness of
the line, respectively; and ZC is the characteristic impedance
of the microstrip line. Based on empirical calculations, the C
per unit length of a 50Ω transmission line on an FR4 dielectric
substrate is about 88.9 pF/mm.
Figure 3 depicts the differential line resistance interconnec-

tion topology. The differential line is supposed to cascade nu-
merous times in microwave circuit theory, depending on the
number of subcomponents. The difference line’s Kron equiva-
lent topological network is displayed in Fig. 3(a); the efficacy of
this approach has already been confirmed in prior studies [19–
23]. With respect to the interconnection structure, MKM mod-
eling extends the short-circuit terminal network by adding a dif-
ferential line network (refer to the dotted rectangular box in the
figure). The difference lines are then split into equal subnet-
works, and the interconnection matrix is created and utilized to
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Kron equivalent topology of differential line topology of single transmission line

(b)

(a)

FIGURE 3. Topological map.

link each subnetwork. The S scattering parameters are finally
computed. A topology diagram for a single transmission line
is shown in Fig. 3(b). The voltage excitation and impedance
matrix model can be written as follows:

[Z] =

 R1 0 0
0 [ZC ] 0
0 0 RL

 (5)

[E] =
[
V1 0 . . . 0

]
(6)

Formula (5) represents the impedance matrix of the differ-
ence line. Because the characteristic impedance of the in-
put and output needs to be matched, the impedance match-
ing of the characteristic impedance is 50Ω, That is, R =
50Ω. In Fig. 3(a), i11 and i12 represent the grid current, and
Z1j

∣∣
j=1L(2n−1) and Y1j

∣∣
j=1L(2n−1) are the impedance and

admittance of the transmission line per unit length, respectively.
According to the grid of i11 and i12, the following expressions
can be obtained:

Z11i11 + (i11 − i12)
1

Y11
= 0 (7)

(i11 − i12)
1

Y11
= 0 (8)

From the above-mentioned two formulas,

[e] = [Z1j ] [i1j ] (9)

[Z1j ]j=1(2n−1) =

[
Z11 +

1
Y11

− 1
Y11

1
Y11

− 1
Y11

]
(10)

Before generating the impedance matrix model of For-
mula (5), the subnet needs to be connected. A systematic
transition is depicted in Fig. 3 from (a) to (b), where (b) is
taken from the theory of subnetwork interconnection for a
single microstrip line. A connectivity matrix from (a) to (b)
and the related grid current function must both be specified

to translate the graph into the correct abstract mathematical
statement.

i10 = 1I11 + 0I13 + 0I15 + . . .+ 0I1(n+2)

i11 = 1I11 + 0I13 + 0I15 + . . .+ 0I1(n+2)

i12 = 0I11 + 1I13 + 0I15 + . . .+ 0I1(n+2)

i13 = 0I11 + 1I13 + 0I15 + . . .+ 0I1(n+2)
...

i1(n+1) = 0I11 + 0I13 + 0I15 + . . .+ 1I1(n+2)

i1(n+2) = 0I11 + 0I13 + 0I15 + . . .+ 1I1(n+2)

(11)

The relationship between the grid current function I and con-
nectivity matrix F can be found in the transformation between
Figs. 3(a) and (b). Subnetworks can be compared to earlier net-
works because they are all similar to prior subnetworks.
Consequently, the expression that follows can be obtained:[

i1(n+1)

]
= [F ]

[
I1(n+1)

]
(12)

The interconnection matrix F is defined as follows:

[F ] =


1 0 · · · 0 0
1 1 · · · 0 0
... 1

. . . 1
...

0 0 · · · 1 1
0 0 · · · 0 1

 (13)

Next, the mathematical model of the through-hole was cre-
ated, along with a computation technique for it. For the two
microstrip lines’ vias, the same parameters were used. The cor-
responding modeling topology of a single via on a four-layer
plate is displayed in Fig. 4. The following is the formula for
calculating the equivalent parameters of the vias:

Zvia ≈ 0.1
√
LviaCvia (14)

Cvia ≈
πεr
4

(
d2 − t

Ind2−t
d1+t

− d1 + t

Ind2−t
d1+t

)
(15)
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FIGURE 4. Through-hole equivalent topology.

Lvia ≈ 0.2h

√
d1d2

d2 − d1

(
In
4h

t

(√
d2
d1

+1

)
− 1

2
In
d2 − t

d1 + t

)
(16)

Zpad ≈
60
√
εr
In
√

4h

d
(17)

where Ln and Canti are the equivalent inductance and equiva-
lent capacitance generated by the microstrip line and the hole,
respectively, and the units are nh and pF;C1 andC2 are equiva-
lent capacitance generated by pad and hole, respectively. Some
parameters can be found in Table 1, but when the parameters are
substituted into the calculation of formulas (14), (15), (16), and
(17), the parameter units need to be converted to inch.
According to formulas (7), (8), (9), the following impedance

matrices similar to formula (10) can be obtained. Get the fi-
nal difference line model. The final impedance matrix can be
obtained:

[Z] =



R0 0 · · · 0 0
0 Z11 · · · 0 0

. . .
...

... Z1j

...
...

Zvia

0 0 · · · Zpad 0
0 0 · · · 0 RL


(18)

Figure 4 shows the impedance matrix [Z ′] and voltage exci-
tation vector [E′], which can be determined by the following
relationship (20):

[E′] = [F ]
t
[E] (19)

[Z ′] = [F ]
t
[Z] [F ] (20)

where [F ]t is the transpose of matrix [F ]. Then, the following
formulas can be obtained:

[I] = [Z ′] [E′] (21)

Finally, scattering parameter S, which represents the rela-
tionship between the two ports, is derived. S11 is the return
loss (RL), which reflects the relationship between the energy
emitted by a port and the energy bounced back. In the loga-
rithmic case, the smaller the coefficient is, the better the trans-
mission performance is. S11 is the insertion loss (IL), which

reflects the relationship between the energy transmitted by one
port and the energy received by another port. In the logarithmic
case, the greater the coefficient is, the better the transmission
performance is. They can be obtained using the grid current as
follows:

S11 =
1− 2R0I11

V1
(22)

S21 =
−2RLI1(n+2)

V1
(23)

3. SIMULATION AND TEST OF HIGH-SPEED DIFFER-
ENTIAL LINE

3.1. Related Parameter Description
The simulation performed in this study was based on the con-
figuration of a four-layer PCB. The high-speed differential line
had a symmetrical structure (i.e., from the left side of the top
layer to the middle, then down to the bottom through the pad
and via, and finally reaching the rightmost side) [28]. The
spacing of the initial model was 0.35mm; the center of the
model’s geometry was used to represent the coordinate origin;
the center coordinate of the hole was (0, 0.5, 0); and the coor-
dinate of the turning point adjacent to the difference line was
(−0.477, 0.175, 0). The frequency of the simulation test was
from 0 to 8GHz. The relevant parameters, such as S param-
eters and impedance parameters, were extracted from the sim-
ulation results. Table 1 shows the parameter design related to
the PCB and the differential line. Table 2 shows the laminated
structural design of each layer of the PCB. The length parame-
ter is measured in millimeters.

3.2. Initial Model Production Test and Simulation
After HFSS simulation and optimization are completed, the
manufacturer is commissioned to process and manufacture the
product; considering that the processing will be subject to phys-
ical tolerances, the step size is usually set to ≥ physical tol-
erance during the optimization process; and finally an experi-
mental test is performed. For better experimental testing, some
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(b)(a)

front part of the PCB back part of the PCB

FIGURE 5. Actual picture.

(b)(a)

Correction diagram Experimental test diagram

FIGURE 6. Pilot test.

TABLE 1. PCB board and differential line parameters.

Name Value/mm
PCB length (l) 100
PCB width (w) 100

Microstrip line width (wid) 0.254
Microstrip line thickness (t) 0.035
Differential line spacing (d) 0.35

The inner diameter of the hole (d1) 0.2
Outside diameter of through (d2) 0.22

Diameter of pad (d3) 0.6
Through-hole diameter (d4) 0.2

areas are drained next to the difference line to facilitate the in-
stallation of SMA connectors. The actual picture is shown in
Fig. 5 ((a) front side of the actual picture and (b) back side of
the actual picture). Shown in the figures are the actual pictures
of the initial, the added through-hole, and the final optimized
differential line, respectively. The SMA connector is fixed by
solder.
Figure 6(a) shows the self-test schematic of the network an-

alyzer (VNA) and the input and output refluxes to help deter-
mine whether the detection device can be used normally, and to
ensure that the instrument has no error, or the error can be ig-
nored, and at the same time ensure the scientific and accuracy
of the experiment. Meanwhile, it can ensure the accuracy of the

TABLE 2. PCB laminated structure design.

Name Material Thickness/mm
Top layer copper 0.035

Medium layer 1 Fr4 0.11
Medium layer 2 copper 0.017
Medium layer 3 Fr4 0.566
Medium layer 4 copper 0.017
Medium layer 5 Fr4 0.11
Medium layer 6 copper 0.017
Medium layer 7 FR4 0.566
Medium layer 8 copper 0.017
Medium layer 9 Fr4 0.11
Bottom layer copper 0.035

experimental equipment. Fig. 6(b) shows a picture of a differ-
ential line test scenario using a network analyzer. Because the
differential lines are symmetrical structures, it is sufficient to
test only one of them. The VNA is connected to the PCB with
a welded RF terminal through an SMA connector.
Figure 7 shows the diagram for d = 0.35mm. There are sim-

ulation data, test data, and scattering parameter curves of two,
four, and eight Kron subnetworks, respectively. The Kron sub-
network data only calculate the values of eight points, and fi-
nally the curve is obtained by fitting. Fig. 7(a) illustrates theS11

curve of the initial model, in which S11 is greater than −5 dB
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(b)(a)

S    parameter curve11 S    parameter curve21

FIGURE 7. S parameter simulation curve of initial model.

(b)(a)

S    parameter curve11 S    parameter curve21

FIGURE 8. S parameter simulation curve of change d.

in the range of 0 to 8GHz, indicating that the reflection of S11

is relatively large, and the transmission effect is not very good.
Fig. 7(b) illustrates the S21 curve of the initial model, in which
S21 is less than −215 dB in the range of 0 to 8GHz, and S21 is
small, indicating that the forward transmission energy is small,
and the transmission performance is poor. The reason for this
is that the parameters chosen for the initial model produce poor
results, and it can even be said that differential lines with such
parameters do not transmit signals, so the following optimiza-
tions were made.

3.3. Effect of d on the Transmission Characteristics of Differ-
ential Lines

With the consideration that through-holes and spacing can
have an impact on differential line transmission performance,
Figs. 8(a) and (b) show the S11 and S21 curves for the changed
spacing of the initial model, respectively. Without adding
through-hole structures, the change in d does not improve the
transmission effect of the differential line. The reflection and
RL are both large. Meanwhile, the forward transmission is
poor, and IL is extremely small.

3.4. Effect of Through-Hole Radius on the Transmission Char-
acteristics of Differential Lines
The coordinates of the through-hole mechanism are (0, 2, 0).
As shown in Fig. 9(a), S11 is less than−15 dB in general in the
range of 0 to 8GHz. The reflection is small, but RL is much
smaller. Fig. 10(b) shows the S21 parameter curve. In the range
of 0 to 8GHz, the IL is greater than −3.5 dB, indicating im-
provements in forward transmission performance. Thus, it is
shown that the through-hole structure has the effect of improv-
ing signal transmission over the transmission line in this paper.

3.5. The Optimized Model Is Finally Obtained
Given the influence of the above mentioned parameters dis-
cussed above, the influences of d = 0.2mmand d4 were further
considered in this study.
As shown in Fig. 10(a), the S11 parameter is greater than

−15 dB in the range of 0 to 8GHz. A comparison of this plot
with that in Fig. 8 shows that S11 has been improved. Mean-
while, in Fig. 10(b), when d4 = 0.2mm, S21 is greater than
−3 dB in the range of 0 to 8GHz. Comparing this plot with
that in Fig. 8 indicates an increase in the minimum point by
−0.5 dB, and S21 is much smoother.
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(b)(a)

S    parameter curve11 S    parameter curve21

FIGURE 9. S parameter simulation curve of change the through-hole mechanism.

(b)(a)

S    parameter curve11 S    parameter curve21

FIGURE 10. Final optimized S parameter simulation curve.

FIGURE 11. Characteristic impedance Z0 curve.

A comparison of the initial and optimization models indi-
cates that the characteristic impedance of the differential line
is also optimal, which matches the port impedance. Fig. 11
shows the characteristic impedance of the Z0 curve. The ini-
tial differential characteristic impedance of the differential line
is approximately 74Ω, and the external impedance of the port is

100Ω. At this time, if the characteristics do not match, then the
signal transmission will manifest a discontinuous phenomenon,
and the signal transmission will be hindered. The character-
istic impedance of the optimized difference line is optimized
from approximately 74Ω to approximately 99.5Ω. This finding
matches the external impedance of the port. By addressing the
signal transmission problem from the source, the probability of
crosstalk, resonance, and discontinuity can be jointly reduced.
Figure 12 shows the plots for d = 0.17mm, d1 = 0.314mm,

d2 = 0.32mm, d3 = 0.7mm, and d4 = 0.314mm, and there is
a comparison of three types of data, namely Kron subnetwork,
simulation, and test data. Fig. 12(a) presents the S11 curve of
the optimizedmodel. As the frequency increases, S11 gradually
increases. Fig. 12(b) presents the S21 curve of the optimized
model. As the frequency increases, S21 gradually decreases
and is accompanied by a jitter.

3.6. The Influence of Multiple Sets of High-Speed Differential
Lines

The influence of the horizontal and vertical multiple sets of
differential lines on the transmission of differential lines was

15 www.jpier.org
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(b)(a)

S    parameter curve11 S    parameter curve21

FIGURE 12. Final optimized S parameter simulation curve and is accompanied by a jitter.

(b)(a)

horizontal multi-group difference line model vertical multi-group difference line model

FIGURE 13. Multiple Differential Lines.

investigated. Fig. 13(a) presents the HFSS model diagram of
three sets of horizontal differential lines, and the distance be-
tween the two sets of horizontal difference lines is y = 2.5mm.
Fig. 13(b) shows the HFSS model diagram of two sets of ver-
tical differential lines, and the distance between the two sets of
horizontal difference lines is Z = 0.4mm.
As shown in Figs. 14(a) and (b), S11 is generally less than

−10 dB, while S21 is generally greater than−4 dB. These find-
ings indicate that when the multigroup differential lines are
horizontally distributed, the effect is negligible, but the trans-
mission effect is substantial. Figs. 14(c) and (d) further show
that S11 increases with increasing Z, while S21 is mostly in
the range of −10 to −20 dB. Therefore, the reflection of verti-
cal multiple sets of differential lines is relatively large, and the
transmission effect is poor.
Figure 14 shows varying sets of difference lines for distribu-

tion. Their comparison indicates that the horizontal distribution
is much more conducive to the stability and integrity of the sig-
nal.

4. DISCUSSIONS
This work used the FEM technique to the HFSS, which was
then utilized to simulate and analyze the high-speed differen-
tial lines in a four-layer PCB. The software’s precision is more
accurate than that of other 3D simulation tools.

Signal transmission jitter was decreased, and S11 was
smoother when the grounding through-hole structure was
enlarged, and the spacing was improved. The transmission
loss was decreased by the hole, and the transmission loss
may be further decreased by the formation of more grounding
vias surrounding the vias. Therefore, the loss resulting from
the via hole could be somewhat mitigated by creating a hole
surrounding it. The phenomena of parameters S11 and Z0

above are discussed and analyzed as follows:

1. Regarding the influence of different line spacings, the
smaller the distance is between the differential lines dur-
ing high-frequency signal transmission, the greater the in-
fluence is caused by coupling, resonance, radiation, and
EMI.

2. The discontinuous through-hole impedance, signal in-
tegrity, and crosstalk between the differential lines might
all are enhanced by the hole structure.

3. The secret to transmitting differential signals is character-
istic impedance matching, which allows a signal with a
matching impedance to be sent smoothly.

4. Physical tolerances primarily affect the width of the mi-
crostrip line and the diameter of the aperture, and indi-
rectly affect the impedance of the microstrip line, thus cre-
ating an impedance mismatch problem.
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(b)(a)

S    curve of horizontal11 S    curve of horizontal21

S    curve of vertical11 S    curve of vertical21

(d)(c)

FIGURE 14. Horizontal and vertical S parameter simulation curves.

5. CONCLUSION
A lot of electronic engineers are not familiar with the high-
speed differential line model; therefore, this study’s analysis of
the model produces fresh insights. MKMmodeling was used in
this study on a four-layer PCB construction using a basic four-
layer board model. The TANmodel was developed based on it.
The modeling procedure and method could also be explained
because the suggested model was based on the MKM. In addi-
tion, the viability of the differential line-based, four-layer board
structure was examined in conjunction with the through-hole
structure and pads. From this investigation, the following find-
ings can be drawn:

1. MKM-based modeling is designed to swiftly adapt to ex-
tremely complex systems.

2. The quantity of subnetworks affects how accurate MKM
modeling is.

3. Grounding vias have a bigger impact on high-speed dif-
ferential line signal transmission than spacing does.

4. The difference line’s horizontal distribution has less im-
pact than its vertical distribution.

It is likely that PCBs will continue to grow in complexity
and signal frequency in the future. PCB-EMCmodels based on
Kron’s method will be favoured by more and more scholars.
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