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A three-dimension terminal
simulation tool based on
transfinite element method

Siyi Yang, Hao Wang?*, Li Xu, Muyi Chen, Bingqi Liu, Hangxin Liu
and Bin Li

School of Electronic Science and Engineering, University of Electronic Science and Technology of
China, Chengdu, China

In the design of high-speed interconnection systems, it is often necessary to evaluate
signal integrity and electromagnetic interference performance by extracting terminal
network parameters and differential and common mode network parameters.
However, in a multi-conductor transmission line, the characteristic parameters
related to different conductors, which named terminal in terminal theory, are
couped together in traditional model network parameters and could not be
extracted directly. Therefore, in this paper, a three-dimension terminal simulation
tool based on transfinite element method is developed to solve this problem. The
vector finite element method is combined with the transfinite element method, and
the electric field of the truncation surface is approximated by the expansion of the
truncation surface mode function. As far as we know, the combination of the
transfinite element method and the terminal theory is proposed for the first time. The
terminal simulation tool has a human-computer interaction interface, as well as
functions such as modeling, mesh generation, solution setting, and post-processing
result display, which can accurately obtain the terminal network parameters and
differential and common mode network parameters. Numerical examples are given
to demonstrate the accuracy and efficiency of the developed tool compared with
the results from HFSS.

KEYWORDS

terminal simulation tool, full-wave electromagnetic analysis, transfinite element
method, finite element method, terminal network parameter

Introduction

With the development of electronic technology, the operating speed and frequency of
electronic equipment, and the integration of components have been continuously increasing
[1, 2]. In high-speed interconnection systems, signal integrity problems such as reflection,
crosstalk, delay and interference will occur when high-speed signals pass through
interconnection lines [3, 4]. Signal integrity has become one of the key issues in the
successful design of high-speed digital systems [5-7]. Signals propagate through the high-
speed interconnection lines in the form of electromagnetic waves [8]. In the low-frequency
region, the quasi-TEM models based on the equivalent physical circuit models assume that the
propagating waves are similar to the pure TEM modes and neglect the longitudinal field
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components [9], thus the quasi-TEM approximation can be
effectively and accurately carried out. However, this method can
yield accurate results only at the low-frequency region, and there is
no clear upper limit of frequency to ensure its effectiveness [10]. As
the frequency increases and the structure becomes more complex,
the dispersion characteristics of the interconnection lines become
more predominant. At higher frequencies, when the longitudinal
field components are no longer negligible, the assumption of quasi-
TEM models is not valid, and the full-wave electromagnetic analysis
must be carried out [11].

The finite element method (FEM) [12] is one of the popular
full-wave analysis methods in electromagnetic simulation. The
FEM can match complex structure by flexible tetrahedral meshes,
so it has the advantages of flexibility and versatility [13]. With the
development of computing technology and computer aided
design, there are many kinds of commercial software based on
the FEM, such as the commonly used commercial software HESS.

After the full-wave electromagnetic analysis of the high-speed
interconnection system, the network parameters are usually
extracted for frequency domain or time domain analysis [14,
15]. The traditional finite element method uses wave port
excitation to obtain modal transmission characteristic
parameters [16]. The transmission characteristics of each mode
are coupled together and cannot be extracted individually. In
addition, because most interconnection structures are of the open
type, when the traditional FEM is used to deal with the truncation
of the unbounded region, the artificial boundary is often
approximated by the absorbing boundary condition [17], which
is generally the approximation of the precise radiation boundary
condition, so the accuracy and application range are limited.

The transfinite element method (TFEM) has the following
advantages. Firstly, the processing of the truncation surface is
based on the expansion of the mode function, which reduces the
number of unknowns at the truncation surface and saves the
storage space for the matrix. Secondly, the mode function
expansion process for higher-order modes is simplified, so that
the field distribution of the truncation port can be described more
accurately. Finally, the modal characteristic parameters can be
directly obtained from the final calculation results, so that the
terminal characteristic parameters can be obtained by
transformation. Therefore, the TFEM is adopted to obtain the
terminal characteristic parameters accurately and conveniently.

In this paper, the combination of the TFEM and the terminal
theory is proposed for the first time, and a three-dimension
terminal simulation tool based on the transfinite element method
for the analysis of electromagnetic effects in high-speed
interconnection systems is developed. We first introduce the
architecture of the terminal simulation tool. Then we introduce
related theories and formulas, including the derivation of finite
element formulas, transfinite element method and terminal
theory. Finally, some numerical examples are presented to
demonstrate the accuracy and efficiency of the terminal
simulation tool.
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Architecture of the terminal
simulation tool

The architecture of the terminal simulation tool shown in
Figure 1 refers to [13]. The model contains not only CAD
geometry information, but also CAE feature information such as
materials, boundary conditions, and excitation sources. Fully
automatic unstructured meshing based on geometry can be
achieved. The generated mesh information is passed to the
terminal simulator, and then finite element analysis is performed
according to the solution settings such as unit and solution frequency,
and finally the obtained simulation result information is displayed.

Theory and formulation
Finite element formulation

As shown in Figure 2, we consider a general circuit structure.
Q denotes the volume of the computational domain, and is
bounded by two types of truncation surfaces, including the
ports T; (i = 1, 2, ..., p) and the side wall T,. In the
structure, Tc denotes the surface of a conductor and Td
denotes the interface between different dielectric materials. In
the computational domain, the electric field E in Q must satisfy
the vector wave equation

Vx 11,'Vx E - k2¢,E = —jkoZoJ; (1)

where kj and Z, are the wavenumber and the intrinsic impedance
of free space; and J; is an impressed current density as an
excitation source.

The boundary conditions applied in the electromagnetic
simulation include the perfect electric conductor (PEC) boundary,
the impedance boundary condition (IBC), the absorbing boundary
condition (ABC) and port boundary condition (PBC). Implementation
of these boundaries in the FEM is described in [12].

We adopt the Galerkin method, its scalar multiplication of
Eq. 1 by a weighting function w and integration over the
computational domain (), and obtain the weak form as follows

(Vx w,u' VX E), — jwp,{ix H, whao — kg (w, &.E),
= —jkozo (w, ]i)o (2)

where the surface integral of two complex-valued vector
functions will be shorted conveniently as

(u,vyp = JLu vdS 3)

and the volume integral of two complex-valued functions in a
domain Q is denoted by

(w,v)y = jjjﬂwvdV (4)
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FIGURE 1

Architecture of the terminal simulation tool.

I

FIGURE 2
Schematic diagram of general circuit structure.

Transfinite element method

After the finite element analysis of the high-speed
of the
interconnection structure are usually extracted; and the

interconnection system, the network parameters
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electromagnetic field analysis is converted into a circuit
analysis by applying the microwave network theory [18]. In
general, the characteristics of a network can be analytically

described by admittance parameters (Y-parameters),
impedance  parameters  (Z-parameters), or  scattering
parameters  (S-parameters) [19]. Among them, the

S-parameter has been widely used in microwave network and
microwave circuit analysis. Because its physical meaning is clear
and it can be transformed into other network parameters, it is
most suitable to describe the external characteristics of the
network.

In order to obtain the modal scattering matrix of the port
accurately, we use the TFEM. For the convenience of discussion
and without loss of generality, we adopt a two-port structure and
the first-order vector basis functions. The main idea of TFEM is
to combine the weak form of the Helmholtz equation with the
expansion of the mode function in the regular truncated region.
When the modal impedance and mode function have been
obtained, we analyze the mode function set, (Ej;, Hj) (i = 1 or
2;j=1,2,...,N,,) of the electric field and magnetic field of the
port. It is assumed that N,, is sufficient to provide an accurate
approximation of the electric field on the port boundaries T; and
T,, and their electric field mode functions are expressed as
follows [20].

N
E=) a;E;j,i=1lor2 (5)
j=1

According to the modal orthogonality relationship [21], the
transverse electric and magnetic fields are normalized to obtain a
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set of normalized mode functions (e,-]-, h,-j) (i=lor2;j=12,...,
N,,,). If the computational domain uses tetrahedral meshes for the
region discretization, there are triangular elements on the
boundaries. Then the total electric and magnetic field of the
entire computational domain can be divided into the following
form:

Ne=Nope

Z ‘W,E + Zallell + Za21e21 + e
= Z“uhu + zlxzihzi = hy
i=1 i=1

where N, is the number of edges in the mesh excluding those on the

(6)

PEC surfaces, N, is the number of edges on the ports, and a;; and
a; are the coefficients of the i-th mode. e;; denotes the excitation on
T, for the problem, which is the k-th mode with amplitude 1. The
negative sign in front of hy; is due to the propagation of the
excitation wave into the computational domain, and our
definition of the propagation directions of the normalized modal
electric and magnetic fields is based on the outgoing unit normal
along the waveguide axis on the port boundary.

A simplified alternative form of Eq. 6 is obtained by
absorbing the incident electric field mode into the modal sum,
and the two modified expansions become

Ne-Npe
Z wiE; + Z(xhel, + Zaz,ez,
™
= Zalihli + Z“zihzi = 2hy;
i=1 i=1
Without considering an impressed current density,

substitution of Eq. 7 into Eq. 2, then imposing the first-order
ABC on T, and applying the Galerkin process yields the
» Ne = Npe:

Ne-Npe
(Vx W), 4, Vx ( Z wiE; + Zal,eh + Zaz,ez,>>
0

joou o
+=E0 (X i, ix
Zy

Z WIE + zallelt + ZIX21821 >>To

following finite element equation for j =1, 2, ...

i=1 i=1

Ny N
—jw, {nix <Z‘xlihli + Zix21h2i - 2h1k>, Wj)'r1+'r2
Ne—Nope
_wZAuOsO <wj’ £f< z th + Zaltell + Z“z;%)) = 0
0

®)

The surface integral on T; and T, is zero, because edge
elements on T} and T, have been excluded from the expansion
of the electric field vector, and thus 71 x w; = 0 on T} and T.
Combining the above N.—N,, equations in matrix form, we
have

(S+ jwZ — @’ T)xg + PiX1q + PyXxoe = 0 9)
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where

S,‘)j = (VX W,',‘H;IVX WJ)_(2

Ho , -
Zij = ZT)(”>< Wi, nX Wj>T0

(10)
Tij= yoso(w,-, .srwj)Q

and the vector xp contains the expansion coefficients for
the N.-N,. edge elements; x;, and x;, are the vector
containing the expansion coefficients of the modal field
representation of the tangential electric field on the port
boundaries T; and T,. The elements of the matrix P, and
P, are given by

Jjwp,
Zy

Pyj = (Vx Wi, U, 1vx e,J) + {Ax wy, i e,

I=1or2 (11)

2
—w MOSO(Wh srelj)ﬂx

In a similar manner, multiplying the mode functions e;;
(I=lor2j=1,2,...,
function and integrating over the computational domain

N,,) on ports as the weighting

yields.

Ne—Npe Np, Ny,
-1
Vx e, p, Vx Z w;E; + erl,-el,- + Z(xz,-ez,-
0

i=1 i=1 i=1

) Ne=Npe
JOl /. -
+ Zoo(nx ey, fix < Z wiE; + Zahel, + Zaz,em))To
N Ny
—jw, (A Z‘thu + Z‘XzihZi = 2hy ), elj>T1+T2

i=1 i=1

Ne-Npe
—w (elj,s,< Z wiE; + Z(xl,el, + Z(xz,ez,)> =0
9]
(12)

Considering the surface integral over T} and making use of
the orthogonality of modes, only the term associated with hy; is
nonzero. In matrix form, Eq. 12 become

Plxg + (R + jopyD)x, = f

1
Plxg+ (Ry + jopgI)xy =0 (13)

where I is an identity matrix, and the elements of R; and R, are
given by

on )
Ry = (Vx ey, 14 Vx el]) + JZfO (Ax e, 11X e ),

- wzluoeo(e,,v, s,elj)a, I=1or2 (14)
Regarding the excitation vector f, all elements are zero except
the element in the row associated with the excitation mode Kk,
which has the value f; = 2jwp,.
Finally, the finite element matrix statement of the problem is

obtained by combining Eqs 9, 13,
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S+ jwZ - w*T p, p, XE 0
Pi Ry + jwu,l 0 xie [=|f] (15
P, 0 R; + jouyI || x2q 0

Next extending the tangential part of the modal electric fields
according to the Nj,; and N, edge elements on the port
boundaries T; and T,, we have

Ne=Npex
ei= Y whb"i=12--N,
H=No-N pet1
e (16)
e = Z wub{?,i=1,2,-,N,,

n=Ne¢—Npea+1

where b{!) and b{*) are the expansion coefficients in the edge-
element expansion of the i-th modal field on T, and T,
respectively. Since the transverse modal electric fields are
known, these coefficients are easily calculated. Considering
all N,, modes, the matrix form expressions of the above
equation are

[ena e, " ele] = [WNfNPﬁl: A WNfNPEz] [b”: b, -, ble]
B,
[e21> €y, esz] = [WNfNPmlx A WNE] [b21> b*, "‘,bZNm]
By
(17)

where the vector b'' and b* contain the expansion coefficients in
the edge-element expansion of the i-th mode.

Thus the space W of all edge elements used in the finite
element approximation is decomposed into three subsets as
follows:

W =W1€BWp1®Wp2

W, = [Wb '“>wNe—NPel—Npgz]

Wpi=|w LW (18)
P1= [WN-NpetDb " WN-Npo,

Wpy= [wNe—NPez-%-l) WA,

where W; denotes the subset of the edge elements excluding
those on PEC surfaces and ports, and Wp; and Wp, denote the
subset of the edge elements on T; and T,. We define the
notation W, qe€{l, Py, P}, as the row vector containing the
elements of subset, and

WELW) =S(WHLW,) + jwz(Whw,) - T(WE,W,)
(19)

Thus the expressions for the matrices Py, P,, Ry and R, are
given by
Py = (W], Wp)B,
P, ={(W[,Wp,)B,
R, = B’lr<W1T>1,WP1>Bl
R, = B§<W1T>2» WP2>B2

(20)

For the case of truncating the wave ports using the
TFEM, we obtain the following form of the finite element
matrix
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(W, W) (W, Wp)B (WI,Wp)B,
B?(ng,w» BIAWT,, Wp1)B; + jou,I Lo 0
BIXWE, Wy 0 BI(WT,,Wp)B, + jwu,l

XE 0

|:xla} = |:f:| (21
Xaa 0

The solution of the above matrix equation can directly obtain
the electric field solution inside the electromagnetic device
according to xz and the modal S-parameters of the modal
field. The i-th elements of vector x;, and x,, are equal to the
i-th  mode.
According to Eq. 7, the reflection coefficient of the excited

reflection and transmission coefficient of the

mode is obtained by subtracting 1 from the k-th element of x;,.

Terminal theory

A multiconductor port is composed of coupled signal
conductors, and a terminal is assigned on a conductor in
contact with the port. The number of modes for a port is
determined by the number of terminals that touch the port. If
N + 1 different conductors touch the port, there are N terminals
and one reference conductor commonly called ground.

When the multiconductor port is used for an excitation, a
modal scattering matrix can be directly obtained by exciting
each port with a number of modes equal to the number of
terminals. Then the modal scattering matrix can be converted to
a terminal impedance (admittance) matrix and a terminal
scattering matrix referenced to either the actual line
characteristic impedance matrix or a normalized impedance
(for example, 50 Q).

The modal port representations of the tangential electric and
magnetic fields [22] are

M=

E; = (an + bn)em

3
I
—

(22)

Ht = (an - bn)htn

M=z

3
I
—

where a and b are the complex modal coefficient vectors of the
ingoing and outgoing modal fields, respectively, and a is related
to b by the modal scattering matrix as

b=S.a (23)

where S, denotes the modal scattering matrix.
According to the definition of voltage and Ampere’s law, the
terminal voltages and currents in matrix notation are given by

v=M,(a+b)andi= M;(a-Db) (24)

where M, and M; are the modal voltage and current matrices.
Combining Eqs 23, 24 yields the following relationship

i=Y,w (25)

where the terminal admittance matrix Y, is given by
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FIGURE 3

Schematic diagram of differential transmission lines.

Y, =M;(I-S,)(I+S,)"' M’ (26)

and I is identity matrix.

In order to obtain the terminal scattering matrix S,, we
assume that & and f are ingoing and outgoing nodal waves,
respectively. « is related to B by the terminal scattering
matrix as

B =S« (27)

Using the following definitions

V =+Z (a+p)andI = /Z; (a+p) (28)
and substituting Eq. 25 into Eq. 28, we obtain
B=\Z(Z - Z)(Zi+ Z) '\ Za (29)

where Z, = Y, is an impedance matrix and Z, is the reference
impedance matrix.
The terminal scattering matrix S, is given by

Se =22 - Z)Ze+ Z,) V7, (30)

Thus the modal S-parameters are converted into the terminal
S-parameters, and other characteristic parameters, such as the
terminal Y-parameters and the terminal Z-parameters, can also
be obtained.

In theory, the combination of two single-ended
conducting traces is a differential pair. The differential pair
is an effective way to remove noise from a signal. As shown in
Figure 3, a differential signal is transmitted through the
differential pair, and the voltages v; and v, on the two
traces are equal and opposite. The differential and common
voltages v, and v, are defined by

va=vi—vandv. = (v, +1,)/2 (31)

According to the law of conservation of energy, the
differential and common currents i; and i, are defined by

Frontiers in Physics

FIGURE 4
Geometry of the coaxial cable.

ig= (11 - 12)/2 and i, =1 +1, (32)
Eqs 31, 32 can be represented as follows:
v=Qe and i=QTu (33)

where v = [v; v,]", e = [va v]", i = [i1 )", u = [iz i]", and

[z 1
Q‘[—l/z 1] (34)

Substituting Eq. 33 into Eq. 25 yields

u=Q"Y,Qe (35)

and the differential admittance matrix
Ydt = QTYtQ (36)

In a similar way, we can obtain the differential impedance matrix
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TABLE 1 Comparison of computational efficiency between FEM and
TFEM.

TetraCnt CPUTime (s) PeakMem (GB)
FEM 61,839 28 24
TFEM 61,839 23 22
Zay = QZtQT (37)
and the differential scattering matrix
Sir = \Z3} Zay = Zay) (Zas + Zay) "N Zay (38)

where Z;, is the differential reference impedance matrix.

Numerical examples

In order to demonstrate the accuracy and efficiency of the
terminal simulation tool, it uses the second-order vector basis
functions and the direct method to analyze the following
examples, and its results are compared with those of the
HESS 2020. All
performed on a Windows 10 64-bit system workstation
equipped with two 10-core Intel Xeon Gold 5,115 2.4-GHz
CPUs and 128-GB RAM.

commercial software examples are

Coaxial cable

The first example is a coaxial cable as shown in Figure 4
to demonstrate that the developed tool has basic terminal
network parameter analysis capabilities. The copper
conductor is surrounded by a homogeneous dielectric,
whose relative permittivity is 4.4. The radii of the copper

conductor and the dielectric are 1.5 mm and 3 mm. The

10.3389/fphy.2022.1082688

length of the coaxial cable is 10 mm. The operation
frequency is 7 GHz. The frequency scan starts at 6 GHz
and ends at 8 GHz.

The calculation results of the proposed method (TFEM)
and FEM are compared with HFSS. The result comparisons
of terminal network parameters diagram of the coaxial cable
are shown in Figure 5. From it we can see that the results
calculated by the TFEM and FEM are consistent with HESS,
thereby verifying the accuracy of the developed tool.

In addition, the computational performance of the TFEM
and FEM are investigated. As shown in Table 1, it can be seen
that the calculation time and peak memory of the TFEM are
less than those of the FEM, which proves the advantages of the
proposed method.

Differential microstrip line

The second example is a differential microstrip line as
shown in Figure 6A, which is used to demonstrate that the
developed tool has the basic terminal network parameter
analysis capability of differential pairs. The differential
microstrip line comprises of two copper traces and a
dielectric substrate enclosed in an air-box. The relative
permittivity of this substrate is 4.4. The thickness of the
trace is 0.7 mil, and the width of the model is 2 mil. The
remaining dimensions are indicated in Figure 6A in mils. The
finite conductivity boundary is assigned on the bottom face of
the model, and its parameters are the same as those of cooper.
The radiation boundary is assigned on the top, left and right
faces.

The two ports are assigned in the remaining faces and
deembedded with 499 mil outwards from the structure. There
are 4 terminals assigned as shown in Figure 6B, and their
renormalizing impedance is 50 Q. The terminals 1_a and 1_b
form a differential pair named D1, the terminals 2_a and 2_b
form another differential pair named D2. The differential mode

A B s C

0 - ——HFSS(1,1) _ 80T HFss(1,1)
8 8 251 ——HFSS(1,2) 8 —— HFSS(1,2)
g-1o 2 - - - FEM(1,1) 270l |[--FEM(1Y)
o € 15; |- - - FEM(1,2) g - - -FEM(1,2)
3-20 g | [ TFEM(1,1) 21 TFEM(1,1)
7 > sl [ TFEM(1,2), N 60F |.... TFEM(1,2)
£-30 £ £
E E E 50
£-40 g s &
g ) )

50 -15 40

-60 : : . 25 L ! ! 30

6.0 6.5 7.0 75 8.0 6.0 6.5 7.0 7.5 8.0 6.0 6.5 7.0 7.5 8.0
Freq (GHz) Freq (GHz) Freq (GHz)
FIGURE 5

Comparisons of terminal (A) S-parameters, (B) Y-parameters and (C) Z-parameters of the coaxial cable among HFSS, FEM and the developed

tool (TFEM).
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(A) Front view of a differential microstrip line (B) Schematic diagram of terminals.
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FIGURE 7
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Comparisons of terminal (A) S-parameters, (B) Y-parameters and (C) Z-parameters of differential pairs between HFSS and the developed tool

(TFEM).

impedance of the differential pairs is 100 Q. The operation
frequency is 3 GHz, and the frequency sweep is from 2 GHz
to 4 GHz.

The computational results of the terminal network
parameters of differential pairs are shown in Figure 7. It is
seen that when the operating frequency is 3.4 GHz, the return
loss of the differential signals is the lowest. It can be observed
that the results calculated by the developed tool show good
agreement with HFSS so that demonstrate the terminal
network parameter analysis capabilities of differential pairs
of the developed tool.

Stripline

In order to demonstrate the multi-mode terminal
network parameter analysis capability of the developed
tool, the third example is a set of seven copper striplines
as shown in Figure 8. The first, fourth and seventh stripline
from the left are ground conductors. The relative permittivity
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of this substrate is 4.4. The thickness of the trace is 0.7 mil,
and the width of the model is 2 mil. The remaining
dimensions are indicated in Figure 8 in mils. The finite
conductivity boundary, whose parameters are the same as
those of cooper, is assigned on the bottom and top faces of the
model.

We assign two ports on the front and back faces and
deembed them with 499 mil outwards from the structure.
There are eight terminals assigned as shown in Figure 9, and
their renormalizing impedance is 50 Q. The terminals form
four differential pairs, and their differential mode impedance
is 100 Q. The operation frequency is 3 GHz, and the frequency
sweep is from 2 GHz to 4 GHz.

As shown in Figure 10, when the operating frequency is
2.8 GHz, the return loss of the differential signals is the lowest.
It is observed that the results of the terminal network
parameters of differential pairs calculated by the developed
tool are in good agreement with HFSS, which can demonstrate
the correctness of the developed tool for multi-mode terminal

network parameter analysis.

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1082688

Yang et al.

10.3389/fphy.2022.1082688

12.65 I

26
18

ol

FIGURE 8
Front view of seven striplines.

FIGURE 9
Schematic diagram of terminals and differential pairs.

Via model

The above examples verify the accuracy of the developed
tool, then a model with more complex structure is used to
further verify the efficiency improvement of the developed
tool. The final example is a via model as shown in Figure 11,
which is widely used for signal connection between different
layers in multilayer PCBs. It has a pair of microstrip lines that
transition through the vias to a pair of striplines on a lower
layer. The width of the structure is 128 mil. The conductors
are copper and the relative permittivity of the dielectric is 4.4.
The thicknesses of the conductors and dielectric are 1.2 mil
and 5 mil, respectively. The remaining dimensions are
indicated in Figure 11 in mils. The radiation boundary is
applied to the air box.

The two ports are assigned as shown in Figure 11 and
deembedded with 48 mil outwards from the structure. The two
microstrip lines are each assigned a terminal in the coupled
microstrip port. The same goes for the two striplines at the
opposite end. Their renormalizing impedance is 200 Q. The
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operation frequency is 4 GHz, and the frequency sweep is
from 2 GHz to 6 GHz.

Figure 12 shows comparisons of the calculation results of
the terminal parameters calculated by the developed tool and
HFEFSS. It can be seen the results are consistent, which further
demonstrates the accuracy of the developed tool.

We further analyze the computational efficiency of the
via model. The comparisons of the developed tool and HFSS
are given in Table 2. The developed tool has advantages in
terms of CPU times and memory consumption with a
similar number of tetrahedron grids in the via model
thus the of the
developed tool.

simulation, proving efficiency

Conclusion

In this paper, the combination of the TFEM based on the finite
element method and the terminal theory is proposed for the first
time, and a three-dimension terminal simulation tool based on the
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(A) Geometry and (B) front view of the via model.

TABLE 2 Comparison of computational efficiency between HFSS and
the developed tool (TFEM).

TetraCnt CPUTime (s) PeakMem (GB)
HFSS 229,339 196 116
TFEM 232,584 177 9.6

transfinite element method is developed. Firstly, we introduce the
architecture of the terminal simulation tool. Then we introduce
related theories and formulas, including the derivation of finite
element formulas, transfinite element method and terminal theory.
In the final section, some numerical examples are presented to
demonstrate the accuracy and efficiency of the terminal simulation
tools by comparing the calculation results of this developed tool with
those of HFSS. Therefore, the terminal simulation tool is suitable for
the analysis of electromagnetic effects in high-speed interconnection
systems. In the future research, in order to improve the
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computational efficiency of the developed tool, the parallel
implementation is a significant direction under the condition of
ensuring the accuracy of the calculation results.
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