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Abstract—In this work, a new efficient simplification method
is proposed for crosstalk prediction of multicoaxial cable bundles
(MCCB). The purpose of the new simplification method is to reduce
the simulation time by reducing the complexity of the complete cable
bundle model. A modified five-step procedure is established to define
the electrical and geometrical characteristics of the reduced cable
bundle by making the outer and inner conductor of the coaxial cable
participate in the equivalence procedure respectively. After a short
presentation of the MCCB coupling problem, the theory fundamentals
of the new simplification method and numerical simulations performed
on a simple MCCB are presented to demonstrate the efficiency and the
advantages of the new simplification method.

1. INTRODUCTION

In high data rate and high security systems, signal transmissions are
often performed on shielded cables or coaxial cables (CCs). And also
in modern avionic control systems, many control signals for adjusting
the flight attitude through rotating the flap are transmitted through
CCs. The CCs in such systems are often grouped together with other
high intensity power lines into closely coupled cable bundles due to
limited installation space. Crosstalk can take place and threaten the
flight safety. So it is imperative to study the crosstalk mechanism that
could happens. The coaxial cable can be divided into two transmission
line systems; one is the inner conductor (IC) system, and the other
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is the external shield system [1]. Electromagnetic (EM) interference
produced by external interference sources can propagate along the
shield, and if the shield is not perfectly grounded and the EM field
will penetrate the shield, and cause some unnecessary interference
responses along the internal conductor and neighboring cables. The
degree of coupling depends on the internal and external loading
conditions, shield structure, and spacing between the cables and the
presence of any other conducting materials [2]. Thus, determination of
the terminal crosstalk [3-5] response of these cable bundles is becoming
increasingly important.

Parallel coaxial cable bundle can be considered as uniform
multiconductor transmission line network (MTLN) system. There are
several articles focusing on the applications of different nonuniform
transmission lines for power divider design [6-8] and impedance
measurements [9]. The coupling between two CCs was directly solved
by transmission line equations [1]. For more than two cables, however,
the coupling model is complicated by the mutual couplings between
the receptor circuits. Other efficient numerical techniques exist for
crosstalk prediction of multicoaxial cable bundle (MCCB) systems [2]
by using the transfer impedance [10], modal decomposition [11]
and eigenvalue method [12]. However, these methods all have the
disadvantage of high memory requirements and long simulation time.

In recent years, an effective numerical modeling technique called
the “Equivalent Cable Bundle Method” (ECBM) based on a main
assumption that the common-mode response is more critical than
the differential-mode response proposed in the model reduction and
prediction of EM immunity [13], emissions [14] and crosstalk [15] of
complex cable bundles over a large frequency range. Although the
ECBM can give satisfactory results for cable bundles composed of
single wire cables or twisted pair cables [16], little attention has been
paid to the model simplification of the MCCB. So, in this work, we

Cable 1
.

Figure 1. Illustration of A MCCB model.
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will focus on the EM crosstalk prediction of the MCCB as shown
in Figure 1, and a new efficient simplification method is proposed,
which is based on a modified five-step procedure to define the electrical
and geometrical characteristics of the reduced cable bundle (RCB) by
making the shield and the IC of the CCs participate in the equivalence
procedure, respectively.

The organization of this paper is as follows. In Section 2, the
theory fundamentals and a modified five-step equivalent process are
presented. In Section 3, simulation results are given on EM crosstalk
prediction to validate the proposed method, and Section 4 draws some
concluding remarks.

2. PRESENTATION OF THE SIMPLIFICATION
METHOD

In this section, after some presentation of general conditions of
the new simplification method, a modified five-step procedure will
be established to define the electrical and geometrical characteristic
parameters of the RCB in the following paragraphs.

2.1. General Conditions

For the coupling problem of the MCCB, solid cylindrical shields
consisting of perfect electric conductor (PEC) provide complete
isolation theoretically, but for braided shields there exists coupling to
the interior wire via the holes in the braid. Also, imperfect conductor
shields provide for an additional coupling mechanism via diffusion
through the shield wall [1]. In this paper only braided CCs are
considered.

A braided coaxial cable consists of an IC surrounded by a circular
shield composed of strands of wires interwoven helically around a
common axis to provide flexibility [2]. If the shield is connected to the
ground plane at either end and electrically short, the shield voltage will
be essentially zero at all points along the shield so that the electric field
coupling to the receptor wire from the generator wire is eliminated [1].
If the shield is connected to the ground plane at both ends, a current
will generate a counteracting magnetic flux that in turn will tend to
cancel the magnetic field generated by the generator circuit current
coupled to the receptor circuit [1]. In this work, in order to simplify the
modeling process, the second kind of grounding condition is considered.

Exposed sections of wire at the ends of the shield referred to as
“pigtails” allow the fields to directly couple to the receptor wire and
can significantly degrade the effectiveness of the shield in reducing
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Table 1. Grouping criterion for the new simplification method.

Near End Far End

Group 1 | |ZN| > Z5, | |ZF| > Z§,,
Group 2 | |Zn| > Z§, | |ZF| < Z§,
Group 3 | |Zn| < Z¢, | |ZF| > Z§,
Group 4 | |Zn| < ZS, | |ZF| < ZS,,

the crosstalk [17]. In this paper, we assume that the influence of the
pigtail sections can be neglected considering that the pigtail sections all
exist in the complete and reduced model. A braid will allow a certain
amount of signal from the inside of the cable to leak through the surface
transfer impedance [12]; however, little influence is on the simplified
modeling for the reduced CCs and ignored in this work. Meanwhile,
the following assumptions are made i) all conductors except the shield
are considered as PEC, and the medium surrounding the culprit cable,
victim cable, and the shield is assumed to be lossless, ii) the shield is
uniform along the lines, which implies that the coupling mechanisms
are independent of position along the line, and iii) only transverse
electromagnetic (TEM) mode is propagated inside and outside the
CCs.

2.2. Presentation of the Simplification Method

Step I: Grouping of Conductors

In this step, we will sort all the conductors of the complete
cable bundle into different groups according to the grouping criterion
shown in Table 1, in which, [Zy )| connected at both ends of the
IC represents the near (far) end load impedance. Z¢,, represents the
common-mode (CM) characteristic impedance of the MCCB (denoted
as superscript ¢) as Eq. (2). If the modulus of a load is very close to
Z&.., the conductor can be placed arbitrarily in one group or the other
because this conductor will have insignificant influence on the group
CM current due to the energy absorption in the load [13].

The determination of Z¢,, requires the use of the modal theory [14]
in order to obtain the characteristic of all the modes propagating along
the cable. The diagonalization of the product of the per-unit-length
(p-u.l.) matrices of the MTL provides the modal basis. For a single
coaxial cable, when the shield is connected to the ground plane at
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both ends, the characteristic impedance can be calculated as [1]

where I, [* represent the p.u.l. inductance produced by IC (denoted as
superscript ¢) and shield (denoted as superscript s), and r*, r® represent
radii of the IC and shield. ¢** represents the p.u.l. mutual capacitance
between the IC and shield.

According to the modal analysis [14], the CM characteristic
impedance of the MCCB can be written as follows, in which L7 = L7}

NgE
™=

(L — L)

(2

||M: 1§

1j

(2)

cm

1
ZC — E n
PIPIRL:

Step 1I: Reduced Cable Bundle Matrices

1) General MTLN System of MCCB

According to the MTLN theory [1], for an N-CCs, the MTLN
equations can be written in the following form:

o [vi . I
& |:VS:|N = - [R"i']wL]QNXQN' |:Is:|Nu (3)

|1 “Clavsay- 7
— |7s| = —[G+ jwC] . [ s] , (4)
oz |1 N 2Nx2N |V N

where V%, I', V¢ and I° represent the voltage and current flowing on
the IC and shield, and R, L, G and C represent the p.u.l. parameters
resistance, inductance, conductance and capacitance matrices of the
IC and shield, respectively. R* =0 and G = 0 according to the above
assumptions.

2) Determination of the p.u.l. Parameter Matrices of the RCB

This step is to determine the p.u.l. parameter matrices of the RCB
model. Some approximations are made. For each group of conductors,
we define a group-current I;(CS) and a group voltage V;c(s), respectively,
and assume that the currents flow along each IC and shield belonging
to the same group are identical. For example, the above assumptions
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of a group ¢ containing m CCs can be written as

Y =0+ 5® o), (5)

Vo = Vi = = =i, (6)
o _ Iot

L = 2 (7)

In order to clearly show the derivation of the p.u.l. matrices of the
RCB, we prefer to changing the index of the conductors belonging to
the same group [14] as 1) the N; conductors of the first group have
the index 1 to «, 2) the N conductors of the second group have the
index o + 1 to 3, 3) the N3 conductors of the third group have the
index § 4 1 to v and 4) the Ny conductors of the fourth group have
the index v+ 1 to V.

In the MTL formalism, the inductance matrix links the currents

and voltages on each conductor on an infinitesimal segment of length
dz,

Vi LG LiY o LYy L3 - LY, LE ] [1ed ]
Vi L35 .. L$% L33 ... L% LS Ic
9 | Vi . piLLoLiopis I}
— | k] = —jw kk o Pen Hen ko (8)
0z | v¢ L5 .. L§ L3, Ieg,
Ve Lin ﬁnn ﬁn
_Vyf u - nn= =" "1
H 1
Z1 I:H ":It '{:’1' ":I‘ 88 !:.lt ffu il "fu. !:I» ::+6t'
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Figure 2. Decomposition of the CM and DM currents on a MCCB
containing n CCs.
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where the voltage sz(s) represents the inductive coupling voltage
inducted by the kth IC (shield). The determination of the inductance
matrix of the RCB requires two additional assumptions. To present
and clearly justify these new assumptions, the currents flowing along
the IC and shield of the n CCs are decomposed in Figure 2 into
CM currents Ict, Icff and differential mode (DM) currents Id%, Id%

217 177 15
dls and [ dff, where ¢ and j represent conductor number. Thus, the
currents Ii, Il and I}, on IC and I{, I} and I on shield of the 1, k,

and n CCs can be expressed as follows:

I=Id + Z (Idi) + ) (1d5), (9)
=1

n
SS+Z(I T — Idfy + ) (1d5), (10)
1=2 1=2

k—1 n k—1 n
f=Id, - S (di) + 3 (1) - S (dg) + Y (1dg), (1)
=2 i=k+1 =2 i=k+1

k—1 n k—1 . n )
R=Ich - S0 + 3 (1) - SoUd) + > (dg), (12)
=2 i=k+1 =2 i=k+1

. - n—1 - n—1 ‘

n=Icy, = (Idiy) =Y (Idy) + Idis,, (13)
i=1 i=1
n—1 n '

n=re, - S 1d) - S (1. (14)
i=1 i=1

Taking Eqgs. (9), (11), (13) into (8), the p.u.l. voltage of the kth
IC can be written in the following form:

oV L L
b= —jwLig OALS I +. . + LIy + L I+ .+ L I LS IS)

0z
iy [z< B4 (L)

=1 =1

; (15)

where

ZL,W ZL c) (Zld +Zld>
. L (Zld -+ Z 1ds, Zld +Zld>

i=k+1 i=k+1
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n—1

Ly . (Z Id%, Zld“ + Ids )] : (16)
=1
k—1
(zf SN
(ZI +ZI ZI —i—ZI )
i=k+1 i=k+1

+.. 4L (Z Id¥, — Z Idis, + Id;’fn>] : (17)
=1 1=2

Consequently, the % on an infinitesimal segment of length dz

n n

DLk =) Li(Iey) +

i=1 i=1

equals the sum of a term depending on the CM currents I cZ, Ic;? and
a term depending on DM currents [ dn, I dff between conductor k: and
all the other conductors. The assumption made in the new equivalence
technique also considers that the CM response is more critical than
the DM response [13-15]. This assumption can be generalized with

the following equation
8V]§ N - i SS ]
Sk =—jw [Z} wIck) +Z Bresf) | . (18)
Similarly, for the shield system, the % can be obtained as follows:

B = [Z wlei) +Z Ligtein)) - 19)

i=1 J

The matrix linking the voltages on each conductor V; and V;* to
the CM current on each conductor can be written in the following form:

BRVL] s : ) : i S _ L

Wi Ly LY - LY Ly - LE, Lf, Ici

Ve L§3 ... L%t L$s .. L§ L§S Ic3s
8 < e . . . . s
A 7 p— Life - o L Lo | [ 16 | (20)
Oz | V¢ Lgs ... L§t Lgs Iegs,

A Liopis || Iei,

Vs L Lz 1 Llcgy |

| V2 ]

So, the p.u.l. voltage of the IC and shield of the kth coaxial cable
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can be rewritten as:

8V]§ = IZ 1 = ’ 1 7 2
- W _gc¢ s gc X QC
9. ¥ Z; N T ( ki Aﬁ>+:§: kN,
Jj=1 Jj=1 Jj=a+1
gc2 i i3 I;c3 i ; ‘[503
18 1 18
o3 (i By s (B s ()
Jj=otl Jj=B+1 Jj=p+1
N 7 N S
(2 gC4 18 gc4
+¢§;1< & AM>-+j2;1< & AQ) ’ 1)
B i
8sz . st !Z]d . ss Igd st IQC2
5, = v _1< RN +§_:1 KN f_Z kN,
J= J= Jj=a+1

B s 5 Y Tt 3 Y IS 3
C. ) C. C.
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St gc Ss gc
e () X ()| @)
J=y+1 J=y+1

Then, through modal analysis [14], we can obtain the [L,eqyced]
matrix of the RCB, and the transmission line equation of the RCB can
be rewritten in the following form:

8 Vgscz = —Jw [Lreduced]SXS . |:I%CZ:| . (23)
“ aei] ga geilgxi

Similarly, we can also obtain the [Ryeguced] and [Creduceq] matrix of

the RCB in the following form, in which V(®) represents the coupling
voltage caused by p.u.l. resistance of the IC (shield).

o Vi Il
a ‘/gSCZ = _[RreduCEd]SXS : |:I%CZ:| 5 (24)
< gci] g1 gcrl8x1
o [I Vi
gct — _5 C X gct ) 25
82 |: gcz:| ot Jw [ reduced]8><8 |:‘/;]S(;z:|8><1 ( )

Step I1I: Reduced Cable Bundle Cross-section Geometry

This step is to build the RCB model cross-section geometry.
The operation is realized thanks to the knowledge of the [L;equced]
and [Cyeduced) matrices. An optimization procedure made of six phases
is necessary.
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1) Phase 1: Calculate the height hz(s) above the ground reference

of each RCB. The height hz(s) of each RCB corresponds to the average
height of all the IC and shield of the CCs belonging to the ith group,
and it should be noticed hf = h{ in a coaxial cable that we only need

to calculate h! or hs.
2) Phase 2: Calculate the radius 7* of the shield of each RCB
according to the analytical formula as follows [1]

B 2. h
<27T ’ Lfi_reduced> '
exp| ————m
Ho

3) Phase 3: Calculate the radius % of the IC of each equivalent
coaxial cable according to the analytical formula as follows [1]

2 h;

2 - L;i_reduced
AT

4) Phase 4: Calculate the distances d;; between all RCB according
to the following formula. Considering that Léj =Lj = sz here, we

,rS

(26)

Ti:

(27)

arbitrarily take ng into the formula [1].

4h;h;

exp A - sz_reduced _1
Ho

5) Phase 5: Determine the thickness of the dielectric coating Tpg
surrounding the IC and Tpyc surrounding the shield of each RCB
while avoiding dielectric coating overlapping.

6) Phase 6: Adjust h;, 7', r°, d;; determined by the above
procedures using a dichotomic optimization [13] realized with exact
electrostatic calculations in error range. Calculate the relative
permittivity e, of each RCB dielectric coating according to the
[Creduced) matrix using an electrostatic calculation.

Figure 3 illustrates the six-phase procedure used to build the cross-
section geometry of a RCB made of three groups.

Step IV: Reduced Cable Bundle Fquivalent Termination Loads

This step is the same as in [13,14] and omitted here without
affecting the integrity of this paper.

Step V: Application of the MTLN Methods to EM Crosstalk of the
Cable Bundle Model

Once the RCB model is obtained, we can apply the MTLN method
in the prediction of EM crosstalk problems.

dij =

(28)
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Figure 3. Six-phase procedure for building the cross-section geometry
of a RCB containing three equivalent CCs.

3. VALIDATIONS OF THE SIMPLIFICATION METHOD
FOR CROSSTALK PREDICTION THROUGH
NUMERICAL SIMULATIONS

As a numerical validation of the simplification method, a 9-conductor
point-to-point connected cable bundle, 0.5 m long, set above an infinite
PEC ground plane shown in Figure 4(a) is investigated, in which all
conductors are braided CCs of the RG58 model. The corresponding
parameters are listed in Table 3, and both ends of the shield except
Cable 1 are connected to the ground plane. The near end of the 1C
of Cable 1 (culprit cable) is excited with a periodic trapezoidal pulse
voltage source whose amplitude equals 100 volts, rising edge 7, = 2
nanosecond (ns), falling edge 74 = 2ns, pulse width 7 = 62ns and cycle
time T; = 200ns, and Cable 2 serves as the victim cable. The p.u.l.
inductance [L] (in nanohenry/meter) and capacitance [C| matrices
(in picoferad/meter) of Cables 3~9 in the cable bundle are listed in
(29) and (30), which can be used to calculate the CM characteristic
impedance Z,, that equals 41 (2.

Meanwhile, the near and far end loads of Cables 1~9 are listed in
Table 2. According to the grouping rule in Section 2, the conductors
of cable 3~9 can be sorted into three groups (Group 1: Cables 3~5,
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Cable 1--- Cable 2 - Cable 1--- Cable 2 —
Culprit Cable(CC) Victim Cable(VC)  Culprit Cable(CC) Victim Cable(VC)

@ (b)

Figure 4. Cross-section geometry. (a) The complete model. (b) The
reduced model.

Group 2: Cable 6, Group 3: Cables 7~9) shown in Figure 4(b).

866 637 478 478 397 397 352 352 339 339 352 352 397 397 7

637 478 478 397 397 325 352 339 339 352 352 397 397

860 631 464 464 381 381 344 344 338 338 360 360

631 464 464 381 381 344 344 338 338 360 360

840 611 444 444 368 368 339 339 342 342

611 444 444 368 368 339 339 342 342

[L] — 818 590 428 428 361 361 340 340 (29)
590 428 428 361 361 340 340 )

808 580 428 428 368 368

580 428 428 368 368

818 590 444 444

590 444 444
840 611
L 611 14x14
ri11.9 —111.9 0 0 0 0 0 0 0 0 0
1839 0 —-401 0 -27 0 -1.9 0 -20 0
111.9 —111.9 0 0 0 0 0 0 0
2007 0 -392 0 -18 0 -13 0
111.9 —111.9 0 0 0 0 0
2014 0 -390 0 —19 0
[C]= 111.9 —111.9 0 0 0
2011 0 -389 O
111.9 —111.9 0
201.8 0
111.9
0 0 0 7
—21 0 —194
0 0 0
-1.2 0 —22
0 0 0
-1.3 0 —20
0 0 0
-16 0 —1.8 . (30)
0 0 0
-389 0 —24
—111.9 0 0
201.1 0 —39.8
111.9 —111.9
184.1 J14x14

After some simple calculations, the p.u.l. inductance [L] (in
nanohenry/meter) and capacitance [C] (in picoferad/meter) of the



Progress In Electromagnetics Research, Vol. 135, 2013 293

Table 2. Termination loads of the 9-conductor complete cable bundle
(unit: Q).

Conductor | 1 2 31415 6 7 8 9
Near End | 50 | 100 | 20 | 15130 | 20 |5k |2k | 1k
Far End [ 50200 |10 |18 | 25|800 | 2k | 1k | 2.5k

0.004

T T T T
0.008 |- —— Complete Model |7

T T T
Complete Model i
0.006 |- } ------ Reduced Model ||

<--Reduced Model | 7

0.003 |- ]
0.002 ﬁ 0.004 |
]L“
~

0.002 |-

0.000 _3553‘;9??@”“ ”';! #Wm——

0.001 |-

i b o
o FWWW

-0.001 |- 4% l ¥

-0002 - ﬂ
1

-0.003 | 2

-0.002

-0.004 |-
-0.006 |-

-0.008 |- ‘l

Near end crosstalk voltage on cable 2 (V)
L L L
Far end crosstalk vo\Iage on cable 2 (V)

-0.010 |-

0,004 L L L . L L . . L . L L L L L . .
0 20 40 60 80 100 120 140 180 180 20 0 20 40 60 80 100 120 140 160 180 200
Time (ns) Time (ns)

@ (b)

Figure 5. Comparison of the crosstalk voltage in the time domain
on Cable 2 between the complete and reduced cable bundle models.
(a) Near end. (b) Far end.

RCB model are listed in (31) and (32).

© 583 506 392 392 353 353
gt
[Lyeduced] = 590 376 376 5 (31)
550 473
L 4731 6x6

r335.7 =335.7 0 0 0 0
4220 0 —427 0 =335

_ 111.9 —111.9 0 0
[Creduced] - 201.1 0 —422 (32)
335.7 —335.7
L 424.8 4 6x6

After applying the six-procedure described in Section 2, we
obtain the cross-section geometry of the RCB model composed of
five equivalent conductors shown in Figure 4(b). The equivalent
termination loads connected to each end of all IC and the corresponding
parameters of the RCB can be easily obtained and are listed in Table 3.

The near and far ends crosstalk voltage in the time domain and
frequency domain (0-500 MHz) on Cable 2 can finally be obtained
by applying the MTLN to the complete and reduced models shown
in Figure 5 and Figure 6, respectively. The good agreement of both
curves of Figures 5 and 6 validates the EM crosstalk problem for both
cable bundle models and this new simplification method.
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Figure 6. Comparison of the crosstalk voltage in the time domain
on Cable 2 between the complete and reduced cable bundle models.
(a) Near end. (b) Far end.

Table 3. Termination loads (unit: Q) and some parameters of the
RCB (unit: mm).

Conductor 1 2 3~5 6 7~9

Near End 50 100 6.7 20 | 588.3

Far End 50 200 5.1 800 | 526.3
Radius of I1C 0.47 | 0.47 3.7 0.85 3.4

Insulator Inside of PE 1.005 | 1.005 | 1.005 | 1.005 | 1.005
Radius of Braided Shield 1.8 1.8 5.4 2.7 4.9
Insulator Outside of PVC 0.5 0.5 0.5 0.5 0.5

4. CONCLUSIONS

This paper details the theoretical basis of the new simplification
method for modeling crosstalk of the MCCB. The analysis of the
voltages and currents in CCs allows us to create a RCB model
containing a limited number of equivalent conductors. When applied
to a cable harness case, a modified five-step procedure is established to
define the electrical and geometrical characteristics of the RCB model.
The good agreement of the numerical simulation results between the
complete and reduced cable bundle models validates the efficiency and
advantages of the proposed method.

The main purpose of the new simplification method is to reduce
the complexity and computation time, and the total computation
time is reduced by a factor of 3.9 (Complete model costs 39 seconds,
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Reduced model costs 10 seconds) after equivalence of the complete
model by using the method of MTLN, which have been performed on
a 2.3-GHz processor and a 2.0-GB RAM memory computer. All these
results fully demonstrate that the method can significantly reduce the
prediction time and memory requirement.
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