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Full-Wave Analysis of Shielded Cable Configurations
by the FDTD Method

Mauro Felizianj Senior Member, IEEBNd Francescaromana Maraddember, IEEE

Abstract—A numerical method is proposed to model transients developed by Holland [5]. This method is significantly im-
ina shielded qaple embedded .il’] a three-.dimensional field domain proved to ana|yze the performances of a |Ossy shielded cable
by using the finite-difference time-domain (FDTD) method. The - 5q5inst external fields. The frequency-dependent parameters
coaxial shielded cable is assumed to be a multiconductor trans- . . . .
mission line (MTL). The in cell voltage and the current on the ex- pro_duced by the .skm effectin the cable conductor;, 1€, |nter.nal
ternal shield surface are calculated by a full-wave method, while resistances and inductances, are modeled in the time domain by
the core current and the core-to-shield voltage are analyzed by convolution integrals that are recursively solved. The proposed

assuming the validity of the quasi-TEM propagation mode inside method is validated in simple test configurations.
the shield. The internal and external shield surfaces are coupled

by the transfer admittance and by the transfer impedance of the
cable shield. The solution is obtained by the FDTD method com- IIl. MATHEMATICAL MODEL

bining the MTL equations with the field equations. The proposed A Field Equations

time-domain method takes into account the frequency-dependent

parameters of the cable conductors by recursive convolution tech-  Time-varying electromagnetic fields in a 3-D domain are de-
nigues. The validation of the procedure is performed in simple test  scribed by Maxwell's curl equations

configurations. oH

Index Terms—Electromagnetic  compatibility/interference VxE= Har (1)

(EMC/EMYI), finite-difference time-domain (FDTD) method,
multiconductor transmission lines (MTL), shielded cables.

VXHZE%—]?—FJE—FJS (1b)
whereE = E(z, y, z,t) andH = H(z, y, z, t) are, respec-
tively, the electric and magnetic vector fields=J ;(z, vy, z, t)

HIELDED cables are widely used to connect electrical arttie source current densitythe permeabilitys the permittivity
lectronic apparatus in order to reduce possible electimds the conductivity of the medium. Equation (1) can be nu-
magnetic interference (EMI). Nevertheless, the cable shield aaerically solved by the FDTD method in the Yee grid, i.e., a
collect the electromagnetic disturbance produced by extersauctured grid composed by uniform cubic cellsy(= Ay =
fields generating EMI in the apparatus. It is therefore imporArz = A) [4]. According to theleap-frogscheme the time is
tant for electromagnetic compatibility (EMC) studies to develogliscretized into equal time intervalst, and the electric and the
software tools able to predict induced effects in shielded cableagnetic fields are calculated at different time instants n At
configurations. andt = (n + 1/2)At, respectively, wheré\t is the time step
Traditionally, the analysis of the induced effects in a shieldeghdr is the iteration number. By applying the finite-difference
cable excited by an external field is performed by the transmischeme, (1) becomes [4]
sion line (MTL) theory, which is valid assuming the quasi-TEM nt1/2  pyn—1/2 n
propagation mode [1]-[3]. For complex configurations of the H /2 =2 - (At/W)V x B (2a)
cable layout or in the high frequency range, the hypothesis of the nt1  €— 0AL/2

. INTRODUCTION

n

quasi-TEM approximation is not valid and a full-wave method T e+ oAt)2
is required. 2 . B
The finite-difference time-domain (FDTD) method is a very + et oAt)2 (V x H' 2 — J5+1/2) (2b)

popular full-wave technique to analyze transient fields in a . L _
three-dimensional (3-D) domain [4]. In the last years, a big rvv_here the apices +1/2 andn + 1 refer to the time instants—

search effort has been addressed to the developments of F ‘PIjL. 1/2)At and? - (n + 1)At, respectively. According to the
: . Sic FDTD notation, the rectangular components of the vector
models to analyze wire structures whose size are less than R

cell dimension [5]-{7]. Here, a prediction tool is proposed tderﬁsE andH are calculated at different points of the FDTD
) »anp brop Structured grid as shown in Fig. 1 [4]. Any field componént

combine the MTL theory with the full-wave FDTD procedurgunction of space and time is denoted(@s(i, j, k) — Ulx —
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E(i+1/2,j+1,k+1)

where [V (z,t)], [{(x,?)], [E(z,t)] are, respectively, the
voltage, current, and electric field vectors given by

puen v=[ie s w=[2ed] w=[al ]

Ey(i,j+1/2,k+/lé’

. Hyi+1/2,.k)
E.(i,j.k+1/2
4)
kk < TP whereV,(z, t) is the voltage of the core respect to the internal
ST Y shield,Vx(z, t) is the in cell voltage of the shield (x, t) and

Ir(z, t) are the internal and external mesh currents, respec-
tively, E.2(z, t) is the tangential component of the electric field
on the external shield surfacg.] is the2 x 2 per unit length
(p.u.l.) inductance matriX(] is the2 x 2 p.u.l. capacitance ma-
trix, [((¢)] is the2 x 2 p.u.l. transient matrix derived by the in-
verse Laplace transform of the frequency-dependent impedance
matrix [Z(s)], i.e.,[¢(t)] = L71[Z(s)/s], with s = jw, and

the symbol« represents the convolution operator. It should be
noted thafZ] and[C] are time-constant matrices, whil&(?)]

Fig. 1. Basic FDTD cubic cell of the 3-D discretization [4].

LX) Shield

(b) is a time-dependent matrix, since its coefficients are derived by
Fig. 2. Shielded cable representation of (a) a coaxial cable and (b) its crdbe frequency-dependent parameters of the shielded cable. The
section. p.u.l. inductance and capacitance matrices are given by [1], [2],
E,(i+1/2, j+1, k) [5]
m | A Ly, L Cn O
By (i+1/2,j+1k+1 L] = 11 12 Cl = 11 12 5
g L] [Lm 1422}7 €] [012 Ca2 ©®)
U]
[‘7,1 - [V:1 @Vu where
T Y yﬁ V“I Ly = (po/2m) In(rsi/re) (6a)
Yy $
Yo g // In(r/rs.) dy dz
Loo = @ AyAz, 1>75e (6b)
Fig. 3. FDTD cubic cell with a line section of a shielded cable running along 22 2
(a) thex axis and (b) the cross section of the considered FDTD cell. dydz
AYyAz, r>rg.
MTL approach, the cable is represented by two meshes: an Cu1 =2meoer/ n(rs;/re) (6c)
internal mesh composed by the core and the internal part of the Caa = pogo/ L2z (6d)

shield, and an external mesh composed by the shield and the ) _ _ _ )
reference plane as shown in Fig. 2. The internal and extermereme is the _extern_al radius of th? shield, IS the |nterr_1al
meshes are coupled by the transfer impedance and by 'Eﬂg'u,s Of the shield;. is _the core radius, ang. 'S. the relative
transfer admittance of the cable shield [1]-[3]. permittivity of t_he cable insulation. The mutue_ll mductgdr@

In the proposed approach, the quasi-TEM mode is assume(%g’e trz_';msfer |mpedar.10e.of the cable shield is asspmated to the
the dominant one in the region internal to the shield, while in tfg2gnetic flux leakage in air and depends on the shield topology.
region outside the shield a full-wave approachis used. Tocombiha® Mutual capacitancé’, of the transfer admittance has a
the fullwave and the MTL equations, the cable mustbe physica” nd analogous m’l?'_ For SO,I'd tubular shieldg,, = 0 e}nd
introduced in the FDTD field domain. The shielded cable is thert2 — 01 while for braped sh|eld;§12. andCy» can be derived
discretized in sections of length and any section is placed in-S function of the braid characteristics [1], [2].
side an electric field Yee cell as shown in Fig. 3. Inside the con- 1 "€ modified transient impedance matfix¢)] is given by a
sidered FDTD cell, a quasi-TEM approximation is assumed aﬁanstant part, i.e., direct current (dc) resistance, and a series of
the transversal dimension of the shielded cable is taken into 481€ dependent terms as

count by modifying suitably the thin wire formalism [5]. B S
The time-domain MTL equations describing the propagation [C(B)] = [Rac] + Z [G(D)] Q)
of the current and voltage waves in the shielded cable running_l_ - b=l ,
along thez axis inside the field domain can be written as he coefficients of[¢.(t)] have exponential form and are
therefore suitable for the recursive solution of the convolution
_ Vi, B)] [L]a[l(x, t)] integrals in (3a), as described in the Appendix.
dz ot oo, )] Introducing (7) in (3a), it yields
K
L aV(z, t Ol(x, t
dx ot
> All(x, t
Ol )] _ 0V, b a2 pe ) @
9r = (€] Em (3b) e~ ot
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® ® ® e—> plane wave field
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Fig. 4. One-dimensional FDTD discretization of a transmission line [2].

. Fig. 5. Configuration of the field-excited shielded cable.
Applying the leap-frog scheme to (8) and (3b), the voltage

[V] and the currenfl] vectors are calculated at different grid Ot e voltage [v]
points of the uniformly discretized line axis as shown in Fig. 4
[2]. The voltage vectoV;] is calculated at grid points = iAx,
while the current vectold;] is calculated at the grid points=

(¢ + (1/2))Ax. The updating expression for the current vector
[1;] at genericith grid point on the cable axis is given by

—1 R
L] | [Rad N~ [Gr(0)] \/ R
Ii n+1/2 — [_ 0.015 v ~————— proposed method
[ ] At + 2 + ; 2 0 10 20 30 40 50
Time [ns]
(L] [Rac] | < [G(0)] = [G(A)] —1/2 @
. 2 _ AL
< At 2 + ; 2 [ Z] vonage (V]

— (Viwa]" = Vi) A + (B
+ 3 (S lo(an] [L)=/2 - [Mm—l)) ©)
k=1

where(,(0) = Gu(t = 0), G(At) = Gt = At), [Mi]" " is

the matrix whose coefficients are given by the convolutions at .+ ’

the previous time instant, i.€.= (n — 1)At, as reported in the /

Appendix. 001 s 25 %0 0 %o
The voltage vectof¥;] at genericith point on the cable axis e el

is updated by ()

s we frequency domain method

proposed method

At Fig. 6._ Exte(nal shield-to-ground \_/oltage_s calculated at peint= 0;
[Vi]""H — [Vi]n _ A_x [C]—l ([Ii]""H/Q _ [Ii_l]"_l/Q) . (10) comparison with (a) frequency domain solution and (b) SPICE results.
001 Votitage [V]

C. FDTD Combined Solution . poA 3 f

By the FDTD method with the leap-frog scheme, the explicit ' Aow !\‘ !;*;\ |{\ lf‘h\‘g L)("g i
solution of the field equations (2a) and (2b) can be combined ° "‘l% !Qi \J \ﬁw’ \ ;; \ }
with the explicit solution of the MTL telegraphers’ equations -0.008} fa :; WAV z:; Voo
(9) and (10). Obviously appropriate boundary conditions and ‘é f’
load terminal conditions must be respectively appliedtothefield ~ “°'[  {// requsney deme meied
and MTL equations. The magnetic fieclll and the cable current 0015} v o proposed molhod -
vector[I] are explicitly updated at time= (n+ 1/2)At, while ° i 20 30 40 50

Time {ns]

the electric fieldE and the cable voltage vectdr] are explicitly
updated at time¢ = (n + 1)At. The main steps of the iterativeFig. 7. Internal shield-to-core voltage calculated at poirt 0.
procedure can be summarized as follows.
Time(n + 1/2)At: f) update[V;]*** by (10).
a) updatdd™*1/2 py standard FDTD expressions derived by It should be noted that the coupling of the field and MTL
(2a) in the 3-D field domain [4]; equations are given by points b) and d).
b) evaluate the tangential electric field vec{éi;]” on the
cable shield surface at arth point of the cable axis by [Il. A PPLICATIONS

interpolating the field valueE™ obtained by (2b) [5]; To validate the proposed method a simple configuration has

¢) update[L;]"**/* by (9); 172 _ been considered as shown in Fig. 5: a uniform TL excited by

d) evaluate the source current denslty” '~ (only in the g plane wave field has been examined since for this config-
FDTD cubic cells with embedded cable sections) by pariiyation analytical results are available in frequency and time
tioning the current value,]"+'/* obtained by (9) under gomains assuming the validity of the quasi-TEM propagation
the assumption that the current density in the cell is pagyoge [2], [3], [9]. The geometrical configuration of the braided
allel to the cable axis); = J,x) [5]. shielded cable above a PEC ground plane is: lehgthl m,

Time(n + 1)At: heighth = 0.15 m,r. = 0.451 mmy,; = 1.397 mmy,. =

e) updateE™*! by standard FDTD expressions derived by.524 mm, strand diameter of the braie= 0.127 mm, number
(2b) [4]; of strands per beltV’ = 9, number of belts3 = 12, weave
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anglep = 27.7 [1]-[3]. The copper inner core is matched to thelepending on the nonmagnetic cable shield characteristics (i.e.,
shield by a 502 resistance at both ends, the shield is openedtabular, braided,..) [1]-[3].

both ends to avoid the influence of the wire ground connection, The coefficients of the symmetricx2 matrix [(x(¢)] in (7)
which should be physically introduced in the full-wave methodre
producing reflection and reirradiation. The shielded cable is ex-

cited by a vertically polarized plane wave field with double ex- G, k() = Ce,n(8) + Cai, k(1)
ponential waveformf? = Eq(c=** — e~ #t) with Eg = 1 V/m, Cio,k(t) =2R12 go(—1)Fe !
a=4-10°s71, 8 = 5.10° s~1] impinging on the line axis Coz k(t) = 2R, goe™ !

with incidence elevation angl¢ = 30° and azimuthal angle Co () = 2R, goe— Okt

1 = 0. The proposed full-wave FDTD analysis is carried out _ et
in a computational domain of dimensiong 3x 2 m assuming Coi, k(1) = 2Ry, ace

A = 25 cm andAt = A/(2¢), wherec is the free space with ., = k272 /(jiooor?), can, = k272 (11505 (T5e — 75i)%).
velocity. Since the coefficient&;(¢)] have exponential behavior, the

The external shield-to-ground voltage at paint= 0 com- convolution in (8) can be recursively evaluated by
puted by the proposed method is reported in Fig. 6 and com-

d : . . Ol(x, t
pared with the exact solution obtained by the frequency domain [M;]" = [(i(2)] * %
method via the inverse Laplace transform [3] and with the exact : a1
SPICE time-domain solution for lossless TLs [9]. The internal = [Mk]"—l + / [Cu(t — T)]M dr

shield-to-core voltage calculated at point= 0 is shown in t—At or

Fig. 7. The comparisons show the accuracy of the proposeith

method, which is also very efficient since it presents an expliﬁij%/[ el

solution scheme. K]

12, k

—asp At n—1 —agp At n—1
e % M127k e 9 M227k

[e_ackAtMgzl_i_e—askAtM?i’_Ij e~ skt gyn—1
IV. CONCLUSION

: -1 -1 -1 -1 :

A full-wave FDTD model has been proposed to analy2ith M%7, M7, My; - and My, the convolutions of the
cable configurations embedded in a field domain. The meth8yPonential terms. x(t), Coi, k(t), Ciz, () and (a2 x(t), re-
proposed in [5] has been significantly improved to study los§pectively, computed at time= (n — 1)At.

MTLs excited by external fields. The proposed method is
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