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Abstract— The shielding effectiveness of metal braids of cds is
governed by the geometry and the materials of theraid. The
shielding effectiveness can be characterised by theansfer
impedance of the metal braid. Analytical models foithe transfer
impedance contain in general two components, onepeesenting
diffusion of electromagnetic energy through the metl braid, and
a second part representing leakage of magnetic fad through the
braid. The second part is a local phenomenon, whichgain has
two parts: hole inductance and braid inductance. Thepaper will
improved the analytical modelling of leakage of maggetic fields
through the braid. Results of simulations are compad with

measurements of several metal braids having differ¢
geometries.
Keywords-component;  shielding  effectivieness,  transfer
impedance, metal braid, inductance
I INTRODUCTION)

The shielding effectiveness of metal braids of esbis
governed by the geometry and the materials of tiagdbA
close-up of a typical metal braid is shown in Fegur. The
shielding effectiveness can be characterized by tthesfer
impedance of the metal braid. The transfer impeglaan be
calculated for a range of frequencies by appropréatalytical
models or advanced numerical finite element mode&lse
objective of this paper is to improve the analyticalculation
of the transfer impedance of braided cable shieRtarting
points are the analytical models of [1] and [2] dhd semi-
empirical models of [3]. The transfer impedancesed in the
HIRF certification process to determine the comnmade
voltage in the cable due to the current flowingotigh the
shield.

Figure 1 Close-up of metal braid
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II. DESCRIPION OF METAL BRAIDS

A metal braid is completely described by 6 paransefece
Figure 2 and Figure 3). These parameters are:

 Diameter D of braid (real number, dimension meters)

« Number of carriers C (i.e. belts of wires) in thraid
(integer number)

* Number of wires N in a carrier (integer number)

» Diameter d of a single wire (real number, dimension
meters)

» Conductivity 0 of the wires (real number, dimension
S/m)

* Weave angler of the braid (real number, degrees)

Figure 2 Metal braid for cable (diameter of braidi
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Figure 3 Characteristics of metal braid
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Ill. AVAILABLE ANALYTICAL MODELS Here, the braid inductance and skin inductancenargected
Analytical models for calculation of the transfergedance M, =M, =0.
contain in general two components, one pdi} { representing The main improvement of the analytical models ohsa
diffusion of electromagnetic energy through the ahdtraid, (see [1] and [2]) and the semi-empirical formuldKtey [3]

and a second partj(uM ) representing leakage of magnetic are discussed below. The detailed electromagnatitysis of
fields through the braid the formulas of Vance will provide a more correaidel for

. the hole inductance teriV . . The semi-empirical formulas of
Z,=Z,+ jowuM 1) | y

Kley are discussed with respect to analytical apphes as
. ) .. . presented by Tyni [4]. The semi-empirical formutzsKle
with U the number of holes per unit length . The diffasio \F/)vere derivez fgr a[ <]:Iass of optimizped single-brdi(tfab)I/e
componentZ, of the metal braid is governed by the DC shields by adjusting the parameters to measuredafat batch
resistance of the metal braid and diffusion of veatveough the Of samples. The formulas are approximations of ihsic
wall of the cylindrical braid. Following Ref [1] ¢hdiffusion ~ models of Tyni [4].

can be computed by

IV. IMPROVEMENT OF HOLE INDUCTANCE

_p_ W _ .
Z,= )
¢« =R sinhyd In Ref [1] the hole inductance is calculated by
—_HM_ (5)
where d is the thickness of the wires in the metal braidi " 27°D?

is the Comp|ex propagation constant of the Wn‘eéNlth m the magnetic polarlzablllty of one rhombic holéisT

( y=(@+j)/3 , with O the skin depth of the wire, model has been adapted by Kley [3], where the tiisk and
the curvature of the braid are considered. Theeefor Ref [3]

d=+[2/auo). The resistancd, is computed per unit length. the hole inductance is calculated by
The DC resistanc®, is governed by the conductivity and

the averaged cross section of the braid. With eefee to [1] M, :O.SY%e‘T (6)
the resistance per unit length reads 2D,
The factor 0.875 in equation (6) takes into accotirg
R, = 5 C4 o) 3) curvature of the braid. The outer diamelrof the braid is
NCo cos

approximated byD_= D +2d . The effect of the wall thickness

magnetic fields through the apertures in the id. The o_f the braid is_taken into acco.unt by multiplyirng tright-hand
inductance is a local phenomenon. Expressions Far tSlde of (5) with an attenuation fact@xp(-7)due the so-

inductance can be derived by considering the imhwet called “chimney” effect. Referring to [3] the fact® in the
through a single aperture and then superimposing thexponent of (6) reads

contributions of all apertures. Hence, the intéoacof induced
magnetic fields through neighboring apertures isialkg
neglected. In general, the inductance has two :pdutée
inductance and braid inductance. The hole induetdvig, is

caused by penetration of magnetic fields throughrttombic

The second term of (1) is governed by the induetawic

r=9.6FyF2(2-F ¥d /D, @)

where F is the fill of the braid

apertures in the metal braid (see Figure 3), wihke braid NCd
inductanceM arises from the woven nature of the braid. In Ferre—— ®)
. Iy . _ 2mrD,, cos
the semi-empirical models as described by [3] adthi
inductance term is introduced, the skin inductaMeg, which For several typical metal braids the attenuatiootora

exp(r7)has been calculated to be between 0.08 and 0.21.

Hence, the so-called “chimney” effect reduces tragmitude
of the hole inductance considerably.

is due to eddy current in the walls of the rhondgertures. In

summary, the inductanceM in equation (1) is the

superposition of the hole inductandd, , braid inductance

As follows from equations (5) and (6) the hole
inductance increases linearly by the value of thegmetic

polarizability m of the rhombic hole. For small apertures in
zero-thickness walls the magnetic polarizabilitys hbeen
In the analytical model of Ref [1] only the holadictance ~ discussed in Ref [7] and [8]. In these papers & slaown that
through the rhombic apertures of a thin braid issibered. the symmetric magnetic polarizability dyadic can be written

as

M, and skin inductancé/l _,

M=M,+M_ +M_ (4)



= _ Qa2 o o As a consequence, the hole inductance formulasaoic®
= + )
m=S (meuxu ViU uy) ©) by equation (5) and Kley by equation (6) shoulddauced by
where Sthe surface of the aperture, amg, and V, are a factorl’ = 0.507¢. Thus, the improved formula for the hole

. . . . o inductance becomes
dimensionless normalized magnetic polarizabili@sng the

pr|nC|.paI“axes: of th_e dyadic. .Notlce that the maigne M, =0.87 ,umzl_e_r (17)
polarizability m dyadic has typical length scale cubed. 2°D?

Furthermore, it was shown in Ref [8] that the disienless
magnetic polarizabilities of elliptical and rhomlzipertures are
almost equal. For elliptical apertures the dimemsies
magnetic polarizabilities are given by V. BRAID INDUCTANCE

The modeling of the braid inductance has been digtliin

5 | \¥2 o references [4], [5] and [6]. The braid inductansecaused by
v = _(_j S — (10) magnetic flux linkage between the inner and outaidblayers
"~ 3\/7_1 w K(e) - E(e) due to the woven structure of the braid. The ppiecof this

flux linkage is shown in Figure 4. These figureowhthe
representation of the flux area between the spindlethe

L2 ( I j( 1-€e*)e’ j 1) braid.
" afr\w) \E@-@-€)K(e)

In the above formula® is the eccentricity of the ellipse, —
e=+/1- (w/I)* (with | major axis andwthe minor axis), ’\<>\' '>\\<' >\<‘

and K(e) and E(e) are the complete elliptical integrals of the
first and second kind.

and

Figure 4 Representation of flux area in Tyni's niode
The magnetic polarizabilities of the rhombic apertuof
the metal braids follow now from equations (9) 1d); For
weave anglegr larger than 45 degrees the magnetic fields du?o"
to a current along the axis are parallel to xkexis. For this

The area in Figure 4 was considered by [4] to @ethe
owing formula for the braid inductance per uieibgth,

case, the magnetic polarizability reads d h
oo M, =-u———(@1-ta a) (18)
m =SV, (12) 4D _d
with § the surface of the rhombic aperture, The average heigkﬁ in formula (18) plays a crucial role in

determining the values of the braid inductamtg. It appears

S =lw/2 13 ~
' (13) . to be rather difficult to determine correct valdes h. With
For weave anglesr smaller than 45 degrees the magnetic

fields due to a current along the axis are parédlghey-axis.  reference to [4Jh=d for dense braids. In loose braids, the

For this case, the magnetic polarizability reads layers can be close to each other and the valteisfsmaller.
— Q32
m, = Viy (14) Kley [3]applies the following approximate formula
However, in Ref [1] and [3] the magnetic polariziieis of
rhombic apertures are approximated by magnetic d 2
polarizabilities of equivalent elliptical aperturégore exactly, M, =-u—————cos(Xa) (19)
in Ref [1] and [3] the surface of an elliptical balith area 4D F cosa
S =rnw/4 (15) where

is applied in equation (9). As a consequence, tees of the 2 /e

magnetic polarizabilities are overestimated in Réfand [3]. k =/ 4{— F cosa +—}

The surfaces of the rhombic apertures should bel use 2 10

equations (12) and (14), and not the surface aofathe

elliptical holes. Hence, with reference to equatigh?) and The main difference between the braid inductancg3pf

(14) the overestimate factor amounts and [4] is the dependence on the weave angldy equation
(18) Tyni [4] supposes that the braid inductancerekeses by

r=(S /Se)s’2 =(2/m)%¥*=0.507¢ (16)

m’ =(h/d) 1-tarfa) (20)



for increasing weave angles, while Kley assumeeaedse VI. COMPUTATIONAL TOOLS

by a factor (seeoeg;ation (19)) The transfer impedance will be calculated by thiéterent
«__0. cos(Xa ) (21) tools. These tools are:
F cosa

1. Vance’s model, defined by equations (1), (2) and (5

The values ofm. and m  are displayed in Figure 5 for 2. Kley's model, defined by equations (1), (2), (6)dan

h = d and for fill factorF=0.8. Inspection of this figure reveals (19)

tha’g K-ley'S model (see equation (19)) r_e;duces tfexeof 'ghe 3. Our improved model, defined by equations (1), (2),
braid inductance much more than Tyni's model (sgpeaton (17), (18) and (19). This model will be referred as
(18)) for weave angles less than 45 degrees. Wigeassume Beatrics in the following sections.

h=d/4, then the values o have to be reduced by a

factor 0.25. Then, a much closer correlation isioietd for the VIl RESULTS

factorsmﬁ’ and mﬁ’ : The braid inductances according to formulas (18) @®9)

have been computed for 19 different braid samflks.results
are displayed in Figure 6, indicated by BTiny anHles,
— Kiey respectively. Figure 6 contains also the valuesthef hole
T inductances by Vance (5), Kley (6) and the improestby
! (17), which are indicated by MVance, MKley and MBea
:L,,,, respectively in Figure 6. This figure shows thataithr

inductance dominates over hole inductance for raastples,
== and that braid inductance according to Tyni ((18) 422))
yields a significant larger contribution than Klsymodel
******** (equation (19)).

Normalised braid inductance
S
a
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*

Figure 5 Calculation ofn: and m,‘j for weave angles between

30 and 60 degrees (fill factor F=0.é,= d)
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It can be concluded that the average helyhin formula
(18) is an important parameter that strongly deitees the
magnitude of the braid inductance. Tyni proposesidiowing e e e - T
formula for the average height,

o ¥ ¥ ¥ |_ _

[ I
=
o
.
N
-
&

h= 2 (22) T —

: 1‘6 1‘8 20
1+ b/d Sample nr
Wlth b/d= N(l_ F ) /'F . For dense_ braids is ab(?Ut 0.8 and Figure 6 Values of hole inductances by Vance (¥yK6), Bea (17) and
typical values for the number of wires per caraee N=5 to braid inductances by Tyni (18) and Kley (19).

N=8. With these valueb/d is between 1.25 and 2. It follows Inspection of Figure 6 reveals that the contritniiid hole

that the average height in formula (22) ranges from 0.670  nductance is small (in comparison to braid indoce for
0.89. Notice that these values are much larger tidnwhich  samples 2, 8 and 11. The calculated absolute valugansfer
was required to achieve a close resemblance betw#®n jmpedances of sample 8 are displayed in Figure nd a

factorsm and M . As a consequence, the proposition is thacompared with the outcome of measurements. The efeioal

the braid inductance according to Tyni (as desdriliy data of sample 8Iare. D=6 mm, d_z_oz Hm. N_7’ Camd a
equations (18) and (22)) will yield higher valuésnt Kley's 0=38.6 degrees. Figure 7 reveals a fair comparisbmeen the
model (given by equations (19)). outcome of the Beatrics tool and the measuremBlatiice the
Beatrics tool uses the braid inductance accordingyni (18)
Notice that for weave angles < 45’ the hole inductance and with the average height defined by (22). Hencettie sample
braid inductance oppose each other. Furthermorease the the average height by (22) is appropriate. FurtbeemFigure
braid inductance is dominant over the hole induman 7 shows that the tools of Vance and Kley underedtnthe
then(M, +M,) <0, which will result in polarity change of transfer impedance due to short of braid inductarides
the transfer impedance p_hases of. the_ calculated transfer impedances oplsagnare
' displayed in Figure 8.



nr.8 a (mm):3, d (um):160, N :7, C:24, alpha (deg):38.6, K:0.99
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Figure 7 Transfer impedance of sample 8; Compai$édance,
Beatrics and Kley tools with measurements
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Figure 8 Phase of transfer impedances of sample 8

Observe from Figure 8 that the phase behaviorfisrdnt for
the outcome of Vance’s tool and the other ones.ce¢antool
only contains a contribution from hole inductanedich is
positive for all frequencies. In the other toolse thraid
inductance is dominant over the hole inductance &gure

6). For this sample(M, + M) <0, which results in a
polarity change of the transfer impedance.

Inspection of Figure 6 shows that samples 8 andha2
similar values of braid inductance, while the valud hole
inductance are different. For sample 12 the coutioh of hole
inductance is more substantial, at least of Vantad. The
geometrical data of sample 12 are: D=8 mm, d=202 N#5,

it can be concluded that an average height of @.2%ould
have been appropriate for this sample, becausehifgher
frequencies the measured data is contained betiieeturves
of 0.2d and 0.8l

Beatrics
Kley

Measurements
e g g

Zt (ohm/m)

Frequency (Hz)

Figure 9 Transfer impedance of sample 8; Compaiédance,
Beatrics and Kley tools with measurements
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Figure 10 Transfer impedance of sample 8 as caézlilay Beatrics tool,

where the average height is varied between Gdiand 1.@l.

The main difference between sample 8 and samplis 12
optical coverage. For sample 8 the optical coveiiage.99,
while for sample 12 it is 0.95. It could be thatids with
lower optical coverage are more loose, so thasghiedles of
the braid are more close, which will result in svéo average
height between the spindles. More knowledge of the
manufacturing process of metal braids could alsuridaute to
explaining differences in heights between spindfdsraids.

C=32 anda=35 degrees. The calculated and measured transfer

impedances of sample 12 are displayed in Figur@ierve
from the measured data that braid inductance ssdigmificant
for this sample. It is obvious that the contribatiof braid
inductance of the Beatrics tool is too high. Noticat the braid

inductance increases linearly by the average helighty

equation (18). Formula (22) predicts an averagghteif 0.73d
for sample 12, which is too large. Figure 10 the average
height has been varied betweenddahd 1.@. From this figure

VIIl. CONCLUSIONS

In this paper analytical models for the calculatioh
transfer impedance for metal braids have been deresi.

These models contain two components, one pad, ()

representing diffusion of electromagnetic energyptigh the
metal braid, and a second patd¢M ) representing leakage



of magnetic fields through the braid. The diffusmymponent
Z, of the metal braid is governed by the DC resistafcthe
metal braid and diffusion of waves through the wéflithe
cylindrical braid. The inductanc®! in equation (1) is the
superposition of the hole inductandd, , braid inductance

M, and skin inductancé .. The diffusion component; is

dominant at low frequencies; the hole inductance braid
inductance dominate at high frequencies. The skdudtance
only yields a small contribution in the central iceg(between
low and high frequencies).

The analytical models of Vance (see ref [1]and &id
Kley [3] have been applied to a set of 19 sampéadst The

diffusion componentZ, is calculated carefully by the models

of Vance and Kley. However, the effects of inductaare not
predicted accurately enough by these models. Téesftr
impedance of most samples is dominated by effefctsrad

inductance M, . The model

inductance at all. The braid inductance model ofyK(see
equation (19)) contains semi-empirical parametdriglwhave
been adjusted by Kley to measured data of a septirhized

braids. The application of this model to the set@tamples as

considered in this paper does not provide a fairetation

between simulations and NLR’s measurements. A more

detailed modeling of braid inductance and detalidedwledge
of cross sections of metal braids are requireeésolve the real
contribution of braid inductance.

of Vance neglects braid
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