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Abstract — In this article, an efficient domain decom-
position method finite element method (DDM-FEM)
algorithm is presented for the lossy twisted pair cable.
In harsh environment and anti-interface ability, cables
need high toughness, noise immunity, and extraordi-
nary strength. We, in this paper, simulate a physical
model of twisted pair cable and apply a hybrid solver of
DDM-FEM to analyze these problems by compression
and approximation of matrix-vector product. The DDM-
FEM solver along with matrix compression is used to
compute the RLCG, propagation constant in the twisted
pair cable, and to reduce the computational time and
memory size. Therefore, in the proposed algorithm, the
complexities of the system become linear. The study
compares the calculated results with the existing stan-
dard to verify the effectiveness of the proposed algo-
rithm.

Index Terms — Domain decomposition method (DDM),
finite element method (FEM), hybrid solver, propagation
constant, RLCG parameter, twisted pair cable.

L. INTRODUCTION

With the advancement of technology, means of data
and information transfer is improving day by day. To
ensure maximum and reliable data, communication sig-
nals need a secure way to transfer data with minimum
interface. This can be achieved through twisted pair
cable, coaxial cable, and optical fiber cable, which are
developed to bear higher frequency signal with minimum
interface.

Twisted pair cable has been used for a long time due
to its high toughness, good noise immunity, and high
strength. Twisted pair cables are usually used in harsh
environment due to robustness and anti-interface abil-
ity to conduct noise. Over the years, twisted pair cables
have been used with different frequencies ranging from
16 MHz to 1.8 GHz [IH3]]. Our focus in this paper is
to further increase the frequency to 5 GHz in shielded
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category of twisted pair cables, which will reduce prop-
agation loss. To evaluate the performance, we analyze
the primary (electrical) and secondary parameters in this
paper. Resistance (R), inductance (L), capacitance (C),
and conductance (G) matrices give the electrical param-
eters. Similarly, secondary parameters are propagation
constant (6), attenuation constant (&), phase constant
(B), characteristic impedance (zg), scattering parame-
ter (s) and permeability constant of free space Epsilon
(€0) [4-7].

To compute the electrical and secondary parame-
ter of twisted pair cable, different numerical techniques
are used such as method moment [8]], frequency domain
and time domain (FDTD) techniques [9] [10]], advanced
modeling (AM) techniques [11l], domain decomposi-
tion method (DDM) [12], and traditional finite element
method (FEM) approach [13].

Among the above-mentioned techniques, the DDM
decomposes the domain into subdomains and then cre-
ate a mesh to solve each of these subdomains separately.
On the other hand, FEM uses triangular mesh method
to solve inhomogeneous structure effectively and effi-
ciently. We thus combine the two methods (FEM and
DDM) to first divide given structure subdomains and
then apply FEM method to solve for each subdomain.
This way, we exploit the advantages of both the methods
to reduce the propagation loss.

Parallel computing system requires a much smaller
amount of computation memory than the conventional
FEM for structure, which is bent or twisted. DDM rep-
resents a large potential for parallelization of the FEMs.
It also serves as a basis for distributed, parallel com-
putations with high performance (over 90%) which is
achieved even in a large-scale finite element calculation
with irregular domain decomposition [14} [15]].

This article is structured as follows. In Section II,
the mathematical equations of twisted pair cable per-
formance parameters are described. In Sections III
and IV, DDM and FEM implementation are described,
respectively. In Section V, numerical simulation using
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proposed algorithm and validation result are presented.
Finally, Section VI concludes the work.

II. SHIELDED TWISTED PAIR CABLE

Shielded twisted pair (STP) cable is a type of
guided transmission medium, which consists of indi-
vidual pair of wires, each having two conductor wires
twisted together in a regular spiral pattern. Individual
pair or collection of pair are shielded with foil or braided
wire to reduce the electromagnetic (EM) interference.
The shield further connects to ground reference, which
protects the induced current to wire and attenuates the
EM wave for external shielding. The propagation matrix
() for the STP cable is given as

y=a+jB, (H
where « is the attenuation constant and f3 is the phase
constant and both are in matrix form. We can also write
it as

RG J

where K1 = 2w and R, L, C, and G are the electrical
parameter of twisted pair (STP) cable and are given as

R=K _RiD (3)
‘aVD =&
D
L:KgUrcosh_l(g) , “4)
D
G=noysech™! <d> , (5)
C=Kye,sech™! <§) , (6)

where D is the distance between the center of two con-
ductor cables for multi-twist, d is the diameter of each
conductor, and R; is the surface resistance of conductor
and is given as (R|=Ryf 3 ), where Ry, is constant and its
value is 2.16 x 107, Here, o is the conductivity of the
conductor material, and 6 is skin depth. The conduc-
tivity of the dielectric can be given as (c;=we= 27 f€).
The other constants are: K> =2/7, K3 =2 X 1077, and K4
=7 x 8.85 x 10712,

Comparing eqn (T)) and () of propagation constant,
we can find the attenuation and phase constant, where the
real part is attenuation and the imaginary part is phase
constant described as

RG
a=K ———LC|. 7
Ad o
If ¢ is the thickness of the dielectric, then the ratio of
%:%—i—l and the attenuation constant in dB is given as

o =221 26.13xesech ' (T +1) |
dv/D? —d? , (8)

2mf{\/5.56 x 10~ Bu,e}
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where
4.16x10 "esech—1 (2 +1
o= 8.686 (G ), )
dvVD2—d2
and

0= 8.6861/5.56x 10" 8y,¢, . (10)

Eqn (8) will become
A=2nfiay—2nfan. (11)
From the imaginary part of eqn (2), phase constant
of the cable can be found as
J

—~ (RC+LG). (12)

B=K1f Kif

Let us assume

ﬁl:f72 d\/m y (13)

Br=1/6.28x10""u,€. (14)

Hence, eqn will become
_1 —
B=1 B+ f'B. (15)

A. Propagation constant of STP cable

STP cable propagation constant can be found by
putting the value of eqn (T1)) and (T3)) in eqn (), resulting
in the propagation constant as

y=2xfian+jf 2B —2mfon+jf Bo.  (16)

III. DOMAIN DECOMPOSITION METHOD

DDM is applied to solve, which solves the bound-
ary value problem (BVP) by decomposing the domain to
subdomain. The domain contains the information about
the proposed model. Each domain has different con-
figuration of material as well as geometry. The subdo-
mains are further divided which make the partitions even
smaller. These subdomains are easily solvable by the
DDM. The domain contains the information locally; so
it is convenient to solve the performance parameters. As
they accelerate the solution to convergence point. Due to
the locally connected domain, the performance parame-
ters are calculated speedily. It also decreases the memory
size and CPU time.

If we consider decomposition on the domain of S
belong to R3 (SC R3), S is decomposed into two sub-
domains (S, and S>). The subdomains (S, and S>) have
different material properties than domain S. Excitation of
the problem may be discreet or fast or both of them.

In this manuscript, the grid-based approach for
matching algorithms of DDM. The grid-based approach
is used for defining the subdomain. A domain is
divided into subdomains and artificial boundaries known
as “interface”. It means that each subdomain is inde-
pendently solved. To get proper solution, the appropri-
ate boundary condition must be given on the interface of

1\/15Ds,sech‘(§;+1)

and
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Fig. 1. Domain S with boundary value problem.

subdomains. The DDM based on natural boundary con-
ditions reduces the approximation under the matching
condition. We use the grid-based approach for matching
purpose. To obtain the accuracy of the solution, it is nec-
essary to use high refinements of the finite element grids
near the concave vertices. So the solution is improved by
using the grid approach near the concave vertex. There-
fore, the solution offers good approximation by using the
grid matching approach.

As shown in Figure[I] the domain S is divided into
subdomains (S, and S,). The shape of subdomain S; has
the same geometrical shape as that of domain S, but the
shape of subdomain S, has a different geometrical shape
from domain S, having no geometrical information.

The same material as % is meshed in subdomains
S1 and S, separately. The surface subdomain, ini-
tially decomposed BVPs are without connection between
them. Moreover, for subdomain S is given as follows:

1
Tt X (U V X Ey) — jk—m (E)) =

x1

1 . 1 .
Tt x (—V X Ei“c) —jkn—n, (E}“c) , on dSj.

Hx1 x1
(7
For S,
1 .
Vx —V x Ey —k*enEy = — jknj5™", in Sy
Hx2
E(Ez) = O, on FPEC (18)
1
H— X Ezﬂ = — jkn j*°, on Tpor
Hx2 X

Intrinsic impedance 7 for free space, &; and L,; are
the relative permittivity and permeability of material in

Si, Nxi = 1/ i/ € express the relative wave impedance,
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ie{1,2}. Moreover, the tangential element trace oper-
ator 7, (.) and twist tangential trace operator 7 (.) are
adopted in our analysis, defined as

Ti(1) = p X X p, (19)
(1) = p* > u, (20)

where pT and p~ are the unit outward and inward normal
to domain S; and subdomain (S, and S;), respectively.
[[u]] , refers to the field jump across a surface

(1] := () + 7 (1) @n

In eqn (I8), I'prc expresses the collection of PEC

surface where the tangential component of electric field

finishes. I'po;; expresses the surface of internal port on

which a specific current density P exists. If (curl; S;)

is the proper space E;, the normal curl conforming func-
tion space is

2 3
H (curl; §;) = {w x ug (L? (S,-))3} . (2)

Contribute to the progress of the volume

and surface time product as (u,v)¢=[qu.vdV and
(u,v) 5=/ ysut-vdA, respectively.

The information sent and received are between the
subdomains S| and S». It includes transfer of information
or data in two directions, i.e., from S; to S and from S,
to Sy.

A. Coupling from S to S>
As dS; is the field continuity between subdomains
S1 and Sy, it will be observed and applied through the
Robin transmission condition on 955 as
ki~ 2, (Eé")) =7 (iv x El(")) -
) Ny Hx1 (23)
i—km (El(”)) .
Nx
Here, the 7, = \/(#xl + W2)/ (€1 + €x2).
As the j, expresses the auxiliary variable, the sur-
face electric current on ds;, so

1 1
; +
2 =—-T —VXE2>.
J P <.ux2

AsvreH -3 (curly; ds7) and obtained below as

m .1 n
<n2 () k" — ot )>>a _
X )

1 n 1 n
<7rt (), 7t <—V x E! )) — jk=m,(E} ’> .
IJ'XI Tlx asz
(24)

B. Coupling from S, to S,

Transmission of information from S, to S| requires
polarization of subdomain S, which will also depict the
material difference, and the use of surface domain cur-
rent to justify surface subdomain. This embedded sub-
domain contains the data of material properties.



C. Material difference
As for the solution of BVP surface subdomain S,
E, and H; are the electric and magnetic fields. We apply
jo(& — &) and  jo(u, — ) H, into the Maxwell
equation of surface subdomain S; as
VXE]Z—j(D[.L] Hl— ja)([JQ—[J,])HZ, (25)

VxH, = —jog E1+ jo(e—&)E,+ji" . (26)
The above two equations (23) and (26) are the elec-
tric and magnetic polarizations due to change of material
properties from €&, Ly tO Ex2, ly2. Moreover, subdo-
main surface S and vector wave equation are improved
by combining eqn (23)) and (26) as
ViV X EW e B =  jkn jime
M1 27
L‘(}nfl)_‘_M‘Enfl)'
L, and M, are two volume sources as

LY = 12 (g — &) BV, (28)

_ 1 1

M"Y — v ( - ) VxE®™D (29
Hx1 Hx2

Eqn (27) with vieH (curl; Sy);s0

1
(Vxvi,—V xE ") —k(Vl,quEl(")) +
Hx1 N N

K(m () ,1'5")>as1 = —Jkn (V"jgimp))sfL

(1) 4 (nGe )
S5 S5

(30)

Therefore, at the (n—1)th iteration, we make Lﬁn_l)

and Gsnfl) based on the simulation result of surface sub-

domain S,. This will be applied on subdivided surface

subdomain S for the local FEM simulation at the nth
iteration.

IV. FINITE ELEMENT METHOD
IMPLEMENTATION
As discussed in Section II1.B.1, full discrete embed-
ded system DDM will make matrix equation by applying
Galerkin testings as

(Bl —D12> xi") _ b(ln) 31
-Dy1 B x; bg’) '

Here, x; is the solution vector coefficient of the basic
functions in Sj, and b; is the excitation vector. Bj and
B, are the block matrices that stand for the FEM matri-
ces of subdivided surfaces’ area S| and S;. Dy, and Dy,
are off-diagonal matrices used as coupling between sub-
divided surface areas S| and 5.

Here, we will use to mesh triangular/tetrahedral the
subdivided surface area S5.

However, the Gaussian quadrature integration is
used to solve discrete system in eqn (31). Gaussian Sei-
del matrix symmetric block is used for preconditioner
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system as
P 'Bx" = p~1p), (32)

P:( B 0)(311 (31><Bl —D12>. (33)
—Dy By 0 B, 0 B

Preconditioner needs inversion of subdivided matri-
ces By and B,. By using the multifrontal solution process
[16,[17], we can factorize the subdomain matrices.

Moreover, embedded DDM has many advantages; it
can discretize one domain into subdomains. Therefore,
we can make embedded mesh of complicated geometries
by dividing them into too many small subdomains, from
which we get good quality of mesh. The small sub-
domain meshes and matrix assembly are independent.
Therefore, if we want to move subdivided area S, with
respect to Sp, only the matrices D1, and D;; in eqn (]3:1'[)
need to be re-calculated. As DDM subdomain needs
to be recomputed by modifying or adding other subdo-
mains. This will help us in EM modeling, designing, and
in solving practical problems.

V. NUMERICAL SIMULATION USING
PROPOSED ALGORITHM

In this section, we discuss numerical simulations of
shield twisted pair cable to evaluate the electrical param-
eter (RLCG) and secondary parameter (propagation con-
stant). Therefore, the shield multi-twisted pair cable(s)
are chosen for research work. The shield twisted pair
conductors are composed of seven pairs cable model as
shown in Figure[2}

In overlapping DDMs, the subdomains overlap by
more than one interface. Overlapping DDMs include
the Schwarz alternating method and the additive Schwarz
method.

The simulation frequency is 5 GHz, and the step size
is 451. The convergence criteria of maximum delta are
0.02, and the number of passes for the convergence of
solution is 10.

A. RLCG constant based on DDM-FEM algorithm
In this section, comparison among different methods
regarding efficiency and strength of proposed algorithm

0 45 9 (mam)

Fig. 2. Study model of twisted pair cables.
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Fig. 4. Conductance of twisted pair.

is checked. Here, all simulation results are taken from
ANSYS EM environment and MATLAB. The suggested
method is used to determine the twisted cable effect in
the test example. All the conductors are discretized into
triangular and tetrahedral structure with refined mesh.
The matrix is reduced up to 1:29%, by the DDM-FEM.
The minimum residuals for the tolerance are 1 %.

Using the proposed algorithm, the twisted pair level
effect and multi-layer effect are estimated. The DDM-
FEM algorithm is suitable for calculating the RLCG
parameter using different iterations. Based on the
result, mutual capacitance and mutual inductance are
calculated by the DDM-FEM approach. The mutual
capacitance and inductance (impedance) are shown in
Figures[5]and|[6]

Initially, the resistance is zero at 1—2.5 GHz, but as
the frequency increases from 2.5 GHz, the resistance also
increases. It shoots up to 1000 Q/m and becomes 0 /m
again at 2.7 GHz. Moreover, as it is shown in Figure 3|
that further increase in the frequency up to 5 GHz is not
showing any deviation in the resistance. In addition, this
is same for conductance as well as shown in Figure 4]

As shown in Figures [|and[6] the shape of the graph
is almost same for inductance and capacitance. Initially,
at zero frequency, we have some residual inductance and
capacitance, but as the frequency increases up to 2.3
GHz, its values gradually increase and reach its peak
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Fig. 5. Capacitance of twisted pair.
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Fig. 6. Inductance of twisted pair cable.

of inductance and capacitance value and then abruptly
decrease the inductance to —3 H/m and capacitance —2.9
F/m at frequency of 2.6 GHz. As the frequency increases
more, the inductance and capacitance also increase and
reach up to inductance and capacitance of —1.5 H/m and
—1.5 F/m.

At 3 GHz up to 5 GHz, the inductance and capaci-
tance are at steady state.

B. Propagation constant based on hybrid algorithm

In this subsection, the propagation matrix and atten-
uation matrix of the twisted pair cable are estimated.
The characteristic parameters of twisted pair model are
shown in Table[ll

Table [I] describes the model of twisted pair cable.
The number of adaptive passes and significant value of
delta can be adjusted for the convergence of solution.

Table 1: Characteristics of twisted pair

Radius 0.28

No of twisted (under test) 1

Total number of twisted pair |7
Material Copper
Dielectric Polyester
No of adaptive passes 10
Frequency 5 GHz




Table 2: Computational memory of twisted pair cable

No of Memory No of adaptive
unknown |(MBs) passes

349,722 30.103 1

428,992 32.337 2

428,992 31.200 3

545,330 42.343 4

Table 3: Computational time of twisted pair cable

No of CPU time (matrix |No. of
unknown |assembly) adaptive
passes
349,722 00:00:06 1
428,992 00:00:08 2
428,992 00:00:08 3
545,330 00:00:10 4

Table [2] and [3| describe the memory and time computa-
tion of twisted pair cable. This information gives the real
and imaginary values to analyze the propagation con-
stant and attenuation constant using FEM-DDM. To ver-
ify the algorithm result, comparison takes place with the
numerical analysis techniques using FEM [18]. ANSYS
environment models and compared the result. Figure
shows the comparison of propagation loss. The X-axis
represents the propagation loss and Y-axis represents

Froposed
(FEM )Reference 18 =

280 260 27 280 290 300
Frequency [GHz]

Fig. 7. Attenuation constant of twisted pair cable.

DIM-FEM(PhI)
DIALFEM{FLE
(FEM)Fe£rence 15

1 1 1 1 1 1
a2 a4 a6 EH] 4 42
Freqency [GHi]

u
—
(=]

)

Fig. 8. Phase constant of twisted pair cable.
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the frequency in GHz and normalized values. Figure [§]
shows the simulation of phase constant. Here, FEM-
DDM results are adequate with respect to FEM results
as shown in Figures 7] and 8]

VI. CONCLUSION

In this article, the DDM-FEM algorithm calculates
the RLCG parameters and propagation loss of STP cable.
The versatile nature of FEM with integral equation solver
gives good approximation of RLCG matrix and propa-
gation matrix. The computing efficiency parameter of
the STP cable is estimated through the DDM-FEM algo-
rithm and offers less computational time and memory
than the traditional method. The approximation is 1:85%
than matrix transmission line theory.
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