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ABSTRACT

This study had two purposes: (1) to assess the relative importance
of magnetic and eleztric coupling parameters of braided shields in the
determination of terminal response of braided-shield cables to exter-
nal electromagnetic fields and (2) to compare a postulated coupling
model with those on which various experimental determinations of shield-
ing effectiveness have been based. In the first case, formulas for cer-
tain special conditions of wave incidence and sheath-~conductor termina-
tions are obtained, but their implications are not explored in detail.
These results are only preliminary. In the second case, certain dis-
crepancies among various published methods of measurement and between
the measurements and the postulated mcdel were studied.

This report also shows formally how the external-field coupling
parameters to each conductor of a multiconductor cable may be deter-
mined. A review of earlier work indicated that measurements made in
the past have been largely incomplete. In some cases, only the effect
of the inductance parameter was measured; in others, the composite ef~
fect of both inductive and capacitive coupling was measured, but at-
tributed to inductance only. In either category, this analysis shows
that the use of such a limited physical model will generally Jlead to
inaccurate predictions of cable terminal response.
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1. INTRODUCTION

When the exterior of a braided-sheath cable is subjected to an
electromagnetic field, some energy leaks into the cable and is propa-
gated to the terminations. The mechanisms of penetration are: (1) dif-
fusion of energy- through the sheath conductor, and (2) through the
small non-conducting gaps in the sheath braid.

Diffusion through a thin, solid, cylindrical conductor has been
investigated by Schelknuoff and Odarenko (ref 1) for matched termina-
tions and extended Ly Zorzy and Muehlberger (ref 2) and by Frankel
(ref 3) for arbitrary terminations. Only the magnetic component of

" the external field can vield a significant response in the interior of

a solid shield, because tangential electric field components are large-
ly cancelled by scattering, and the normal electric field component is
almost entirely terminated in surface charges. The effect of the pene-
trated magnetic field can be expressed in terms of a surface-coupling
impedance that behaves essentially like an inductive reactance. Com-
bined with the current flowing on the sheath exterior, this reactance
may, with the help of the compensation theorem, be treated as an equi-
valent generator in series with the cable-sheath interior. In the case
of the so0lid sheath, this single inductive parameter is sufficient to
quantitatively describe the ability of the external field to penetrate
the shield and propagate to the terminations.

Penetration of the external field by way of the braid-air gaps is
far more difficult to describe quantitatively, although the basic phys-
ical phenomenon has been understood for a long time. Thus Bethe (ref 4)
and, more recently, Kaden {(ref 5) have calculated the effects of a field
penetrating a small circular hole in a plane conducting surface. These
studies have been extended to include penetration through small ellip-
tical holes (ref 6) and applied, among other devices, to coupling be-
tween coaxial guides (ref 7). Corresponding to penetration by both
electric and magnetic fields, an equivalent circuit has been derived

Schelkunoff, S.A. and Odarenko, T.M., "Cross-Talk between Coaxial
Lines,"” Bell System Technical Journal Vol. 16, No. 2, April 1937,

pp. 144-164.

2 z2orzy, J. and Muehlberger, R.F., "RF Leakage Characteristics of
Popular Coaxial Cables and Connectors, 500 Mc to 7.5 Gc," Micro-
wave Journal, Vol. 4, No. 11, November 1961, pp. 80-86.

3 sidney Frankel & Associates, Menlo Park, California, "Penetration
of a Travelling Surface Wave intc a Coaxial Cable (First Interim
Report)," Sandia-Report SC-CR-67-2702, August 1967.

% Bethe, H.A., "Theory of Diffraction by Small Holes," Physical Re-
view, Second Series, Vol. 66, No. 7 and 8, October 1 and 15, 1944,
pPp. 163-182.

5 Kaden, H., Wirbelstrome und Schirmung in der Nachrichtentechnik,
Springer-Verlag, Berlin, 1959.

6 Montgomery, C.G., Dicke, R.H., and Purcell, E.M., Principles of
Microwave Circuits, MIT Radiation Laboratory Series, Vol. 8,
McGraw-Hill, New York, 1948.

7 Marcuvitz, N., Waveguide Handbook, MIT Radiation Laboratory Series,
Vol. 10, McGraw-Hill, New York, 1948.




for coupling between coaxial guides through a small elliptical hole, ex- €2§
hibiting both series-reactance coupling and shunt-susceptance coupling

(ref 7). Much of this information has been collected and discussed

by Vance and Chang (ref 8).

In the case of a braided-sheath cable, the holes are presumed to be
rhomboidal in shape and there are many of them (ref 8). Neither pene-
tration through rhomboidal apertures nor the interaction effects of é;)
many apertures in close proximity have been theoretically investigated.

Regardless of these considerations, the basic physical fact remains
that complete description of the coupling effects generally requires
two parameters for a conventional single-wire cable, or two sets of
parameters for a multi-wire cable. However, much of the literature
seems devoted to the determination of a single parameter: either
"shielding effectiveness," which measures a current or power ratio be-
tween exterior and interior of the shield; or a "transfer impedance,"”
which is the surface-coupling impedance previously mentioned in connec-
tion with solid-shield penetration (ref 2, 8-12).

The purpose of this report is to define a procedure for determining
(with the help of certain basic measurements) the terminal response of
an N-conductor, braided-sheath cable to an external field for arbitrary
terminations. The (2N) coupling parameters required to describe this -
behavior are not amenable to theoretical determination. Appropriate
experimental approaches are implied by the cable theory results ob-
tained. Information pertaining to a model of the coupling phenomena
for coaxial guides, taken mainly from Marcuvitz (ref 7) and Vance and
Chang (ref 8) is presented in section 2.6. The estimate given here
for the inductive-coupling parameter of a simple, coaxial, braided-
sheath cable is limited to the effect of aperture coupling only, and
therefore is not applicable to the lower frequencies where diffusion
coupling is likely to dominate.

2. ANALYSIS

The physical model under investigation is shown schematically in
figure 1. An N-conductor cable, 2 meters long, with sheath outer ra-
dius a, is cituated at a height h above a perfectly conducting ground.
Cable conductors and cable sheath are assumed lossless. The cable di-
electric is homogeneous and isotropic. Electric and magnetic fields

QV@nce, E.F. and Chang, H., "Shielding Effectiveness of Braided-
Wire Shields," Technical Memorandum No. 16, AFWL Contract F29601-
69-C-0127, November 1971.

3. Krugel, L., "Shielding Effectiveness of Outer Conductors of Flexi-
ble Coaxial Cable," (Abschirmwirkung von Aussenleitern Flexibler
Koaxialkable), Telefunken-Zeitung, Vol. 29, December 193e6,

PP. 256-266.

1°Osb9rn, D.C. and Petschek, A.G., "Computer Analysis of Coupling in
Braid-Shielded Cable," Systems, Science, and Software Report 3SR- 6{)
276~1, 8 June 1970, La Jolla, California.

lfMilie;, D.A. and Toulios, P.P., "Penetration of Coaxial Cables by
Tronsient Fields," IEEE EMC Symposium Record, 1968, pp. 414-423.

‘1 2grnowles, E.D. and Olson, L.W., "Braided Cable Shielding Effective-
ness Study,” Boeing Company REV LTR, Code Ident. No. 81205, Number
T2-3886~1, October 9, 1970.
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Figure 1. Cable above ground: (a) longitudinal view; (b) cross-section.

E%(x) and HS(x) respectively, are incident on the cable. E& and H$

are the fields that would be present if the cable were absent. A com-
ponent, E%, may also be incident on the cable, but its effect is as-
sumed to be cancelled by the wave reflected from the perfect ground

(ref 13). The field, distorted by the cable, is pictured in figure 1l(b).

At each hole in the braided sheath, the effects of the external
fields are as though electric and magnetic dipoles are present in the
plane of the hole (ref 4-6, 8). The fields of these dipoles induce
charges on the cable wires and potential differences on the wires with
respect to the sheath. Because the geometry is small compared to the
wavelength of the impressed field, these couplings may be treated as
quasi-static; i.e., magnetic couplings may be characterized as induc-
tances, while the electric couplings are treated as capacitances. As-
suming that the sheath has a large number of holes in a cable length
much smaller than a wavelength, and that the variance in dipole
strengths produced by variations in hole geometries is small enough,
we can treat these coupling parameters as continuous and constant along
the line. The differential equations describing this situation are
formally identical with those treated previously for multiconductor TEM
(transverse electromagnetic) lines (ref 14). Solution of the latter
problem was relatively simple, largely because of the assumption that
strict TEM behavior yields a single propagation mode. In more general

13 Harrison, C.W., "Bounds on the Load Current of Exposed One- and
Two-Conductor Transmission Lines Electromagnetically Coupled to a
Rocket," IEEE, Trans. on Electromagnetic Compatability, Vol. EMC-
14, No. 1, pp. 4-9, February 1972.

1% gidney Frankel & Associates, Menlo Park, California, Interim Report,
"Response of a Multiconductor Transmission Line to Excitation by an
Arbitrary Monochromatic Impressed Field along the Line,"” Sandia
Report SC-CR-71 5076, April 1971.
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situations, such as those involving mixed dielectrics or those involv-
ing an upset in the TEM balance between inductive and capacitive coup-
lings--as is generally the case with braided-sheath cables--multiple
propagation modes are involved, and consequently the solution tends to
be much more complicated.

Fortunately, in the present situation, coupling between inside and
outside of the cable sheath is so small that reaction of the inner con-
ductors on the outer region of the sheath may be ignored. 1In that case,

" a good approximate solution should result from studying the problem in
two parts:
1. Assuming the sheath to be a solid, round conductor,

find the current and charge on the cable exterior caused

by external field excitation. From a knowledge of these

quantities, determine the normal electric and tangential

magnetic intensities averaged around the outer periphery

of the sheath (sec. 2.2).

2. Assuming that coupling pérameters between sheath
surface fields and cable inner conductors are known, com-
pute the terminal responses of the cable conductors.

In this report, attention is confined primarily to finding the re-
sponse of a conventional coaxial cable (single inner conductor). Even
for this special case, a theoretical solution for the coupling param-
eters has not been found. Experimental determination of these param-
eters is discussed in section 2.4.

2.1 Current and Charge on Cable Exterior: Surface Electric and
Magnetic Intensities

We specialize earlier results (ref 14) to a single conductor (the
cable sheath exterior) above ground. Let

Zyg = characteristic impedance of cable exterior with respect to

ground ()
Yos = characteristic admittance = 2Zgs (¥)
Yy = cable sheath termination admittance at x = 0 (¥)
Y2 = cable sheath termination admittance at x = % (U)
Vg (x) = cable sheath exterior potential with respect to ground (V)
Ig(x) = cable sheath exterior current (A)
vi, Ié = cable sheath exterior potential and current,

respectively, at x = 0
Vg, IS = cable sheath exterior potential and current,
respectively, at x =2

Pl = vl/¥Yos = Zos¥i -
PQ = Y8/Yps = Z0osY8

Bg = cable sheath exterior phase constant (rad/m)

Define .

- i (o] . Opiye:

Ss = (PS + Ps)cos 852 + j(1 + PSPS)SIn le
= - vy°

Ks(l) = Zos[ws(l) YSUS(R)]

U (2) = Iz{Eg(E)cos[Ss(l—E)] - JZOSH2(5>sin[e§(z-g>]}dg

X e .
W (x) = YOSIO{ZOSHi(E)cos[BS(x-E)] - JE_(E)sin[B_(x-E)]}dE J
10 0 £ x £2

T T e e e e e e e

o

O



where F§(x) and HE(x) are distributed equivalent series-voltage and
shunt-current sources along the line resulting from the external mag-
netic and electric fields, respectively.

Then at the sheath terminéls_(TEM propagation assumed throughout),

v = 5Tk ' ]
V2 = (cos B2 + JPlsin B_)SIMK (L) + U, ()

] . . (2)
I = =Ylvg } h
19 = YVo J

At any point x along the sheath (ref 14)
= - i el -1
Is(x) Yos(Pscos Bsx + jsin Bsx)SS Ks(l) + ws(x) (3)

The various quantities used here are defined and discussed more
fully in earlier work (ref 14, 15). For present purposes, the series-
voltage and shunt-current sources are defined as

e _ ..e.e
Es(x) = JwLSHz(x)
o e o (4)
Hs(x) = JwCSEy(x)

where L§ and C§ are the external magnetic- and electric-field coupling

parameters, respectively (ref 14-16). The electric~field coupling
parameter C§ in eq 4 is defined as -C§ in a previous report (ref 14).

The coupling parameters L§ and C§ have been determined for a solid
sheath cable at arbitrary height above ground (ref 17). Using the
same result for the braided sheath, we get

/5221
e _ ¥p -1
T e P (5)
®=-ch¥il
s s P

where p = h/a, Cs is the cable sheath capacitance to ground per meter
of line and po is the magnetic permeability of free space

Mo = 47 X 1077 H/m

In all cases involving a cable above ground, we will concern our-
selves with external fields that behave according to

1sPrankel, S., "TEM Response of a Multiwire Transmission Line (Cable)
tg an Externa}ly-lmpressed Electromagnetic Field: Recipe for Analy-
sis," Harry Diamond Laboratories, Washington, D.C.

1¢Frankel, S., "Externally-Excited Transmission Line: Definition of

Procedures for Determining Coupling Parameters," Harry Diamond Labo-
ratories HDL-TM-72-11, April 1972.

17Frankel, S., "Field Coupling Parameters for a Single Round Wire Close
to a Ground Plane or Two Large Round Wires.in Free Space," Harry
biamond Laboratories HDL-TM-72-14, April 1972.
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e _ e .
Hz(x) = HZ(O)exp( JBeX)
(6)
'Es(x) = E$<o>exp<-jsex)
where w
0<8,<B; =7

and vy is the free space velo¢ity of propagation.

In that case, eq 4 becomes
Eg(x)

e .
ES(O)exp(-JBex)

(7
e,
He ()

e X
Hs(O)exp(-Jﬂex)
and the third and fourth of eq 1 become
- . e
U (%) ES(O)¢S'£ JZOSHS(O)wS,R

(8)
_ € o e
Ws(x) = Hs(0)¢s,x JYOSES(O)wS‘X

where for By # Be (for Bg = B, see eg 20),
o, - f:exp(-JBeE)cos[Bs(x—€)]d£ )
= (ss2 - Bez)"[jsecos Bx + B.sin Box - JBgexp(=jB x)]
N : (9)
Ve, = joexp(—jeeg)sin[ss<x—g)jdg
= (Bsz - Bez)‘l[jsesin Bsx - Bscos Bsx + Bsexp(-jBex)] )

for 0 £ x £ %.

In practice, the cable is situated parallel to the ground at a
height varying from zero to that of overhead telephone cables and
grounded at one or both ends. The external fields Hg (x) and E?(x) in-
duce travelling waves of current and voltage in both directions on the
exterior of the cable, and these in turn are associated with a tangen-
tial magnetic intensity H¢(x) and a normal electric intensity E, (x)
at the exterior surface. These surface fields then couple energy into
the interior of the cable  through the openings in the braid, as outlined
in the introduction. Since there has been some question in the past

‘as to whether the cable sheath should be grounded at one or both ends,

both cases are treated here.

2,1.1 Cable Sheath Grounded at One End

With the sheath grounded at x = 0 and open-circuited at x = %, the
following expressions for the average magnetic and electric intensities
H¢(x) and E,(x) are derived in appendix A:

12
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sec Bsz )
H¢(x) = " Ty G(p){J[E (0) - vnoH (0)]sln[B (x-2)]

+ [vEs(O)'- non(O)][exp(-JBex)cos le - exp(-jBel)cos Bsx]}

sec B L ' 4 (10)

Er(x) = —T—-———- G(p){tE 0 - vnoH (O)JCOS[B (x=2)]

- [vEy(O) - noHZ(O)][vexp(—JBex)cos B2 + Jexp(—jﬁez)sin Bsx]}

L

0<sxsk; 0sv<l

where ny is the free-space wave impedance

no = Ylg/gg (1)
€o is the free-space dielectric permittivity
0—9
€ = 35 F/m
v=8/8;0sv<l (12)
and Vpe-1
G(p) =m; p = h/a (13)

Eq 10 are unsuitable for analy51s under certain conditions of in-~
terest. For instance, when 8,2 is an odd multiple of 7/2, eq 10 be-
comes infinite. 1In actual fact the peak values are limited by sheath,
ground, and small radiation losses. These are adequately taken into
account by replacing jBg with

Y, = o + JBg (14)

where og is the exterlor line attenuation constant in nepers/meter.

In that case, the singular factor sec Bgi is replaced by sech yg&
which at

le = (2m + 1) ; m = Infeger

(V]

becomes m
sech ysl + (-1)" jesch oL (15)

Another instance cf difficulty occurs when v = 1. This case is treated
later in this section. :

G(p), defined in eq 13, is the only factor in eq 10 representing
their behavior as a function of p, and is common to both Hy and E
in such a way that their relative values are independent of p. G(p)
is plotted in fiqure 2. As p =+ 1, G + 1, while for large p, the
asymptotic behavior of G is

G*F?m as p + » (16)

13
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Figure 2. G(p) versus p.

2.1.2 Results for Special Directions of Wave Incidence and
Polarization }

We consider two cases of special interest: (1) horizontally polar-
ized wave, plane of incidence coincident with cable's transverse plane;

and (2) vertically polarized travelling wave, direction parallel to

cable axis. For the first case, we have E§ = (0, H%~¥ constant, and
furthermore, Be = 0, Hence, v = 0, anéd eq 10 reduces *o
3 = e -
H¢(x) G(p)HZ[l (sec SSR)(cos Bsx)]
= H G 1 e .
Er(X) Jnoe (p)HZ(sec BSZ)(Sln Bsx)

) In the second case, we have the incident wave travelling in the
positive direction, so that 8, = Bg (v = 1), and furthermore

e
E (x)
L=,
Ho(x)

r4 .

As a consequence of eq 18, eq A-13 of appendix A yields

e ) -
--HS(P)-+ YOsEsFO) =0

14

(17

(18)

(19)

R
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Substitution of these conditions in eq 10 leads to indeterminate re-

sults for H¢

and E

by apply L-Hospital's rule to eq 9 and A-8. We get

sln,BSx + (Bsx)exp(-stx)

Hm ¢ x 28
Be?ﬁs s
lfm v ) j[:sin Bsx - (Bsx)exp(~stx)J
s,x 28
Be"es s

d¢
Iim (a§545>= %-[Zcos Bx - Jsin B_x - J (B x)exp(-JB x)]
8785

dy
llg <E§§Lg>= % [sin Bx + (Bsx)exp(-JBsx)]
B Bs

1

J

}.

¢+ However, these indeterminacies may be resolved

(20)

Then, using these in eq 8 and A-7, and then in eq A-6, there replacing
YosEE(0) through eq 19 and finally replacing HE(0) through A-12 yields

Alternatively

2.1.3

We have

Eq 3 becomes

and we get

M)
(X0 = -J6(p) —;lﬁ-—{wec B 2)sin[B (x-2)]
E_0x) = G(pIE (0)[sec B 2lcos[B (x-2)]
, these may be written, from eq 18 as
INE —JG(p)Hj(O)[sec B 4Js1n[B (x-2)]
E 0 = G(p)nohg(m[sec B LJcos[B_ (x-2)]

Cable Sheath Grounded at Both Ends

P;=PZ+°°

o2
Sg = JP P sin B2 (eq 1)

(o)
KS(R) g -PSUs(z) (eq 1)

Is(x) = Ws(x) - jYOsUs(i)(csc 852)(cos Bsx)

dls dw

_ s
T = Tt IBSYpsUg (£ (esc B R (sin B ox)

21)

(22)

(23)

(24)

15



‘ For the exterior sheath surface fields we get from eq A-3 and A-4 of
appendix A

csc esz
) 00 = —m——[ws(x)sm BL - J¥, U, ($)cos Bsx:l
. csc BSR dws (25)
Er(xS = - E?ESEFG'5§_ sin Bsz + JBSYOSUs(l)sIn Bsx

Following the same procedures as in the previous case, we get

céc ssz
. H¢(X) o n, ¢ - vi)
+ [vEs(O) - nng(O)]exp(-jBex)sin esz}

€ e
G(p){J[Ey(O) - vnon(O)][cos B (x-£) - exp(-jB L)cos Ssx]

cse B r (26)

E.(x) = - T—_—v'i— G(p){EEj(O) - \moH‘:(O)][sln B (x~2) + exp(-jB L)sin B_x]

e e .
» + v[vEy(O) - noHZ(O)]exp(-Jssx)sin BSQ}
for 0 S xS 2; 05 v < 1.
In eqg 26, infinite resonance effects are exhibited for Bgf = mmw,

m integer, as in section 2.1.1, the remedy is to replace jgg with Yg
(eq 14). In that case, csc Bzl is replaced by jcsch y & which at

' Bsz = mm
becomes m
Jesch Y& > (-1 jesch o L (27)

2.1.4 Results for Special Directions of Wave Incidence and
Polarization

Again, we consider two special cases. First, in the case of a
horizontally polarized wave for which the plane of incidence is coin-
cident with the cable's transverse plane, E§ = 0, Hg = ¢onstant, and
Be = 0; hence, v = 0 and eq 26 beccmes

A (3 =—G(p)H'z3
(28)
E(xX) =0

In this particular case, coupling into the cable depends only on the
current flowing on the sheath exterior.

Second, in the case of a vertically polarized travelling wave
where the direction of propagation is parallel to the cable axis,
Be = Bg, v = 1, and eq 18 holds. Eq 26 are indeterminate. Proceed-
ing as in the corresponding situation with the cable grounded at one
end, we get £2(0)

’ Y -
H¢(x) G(p) e exp( Jﬁsx)

. Er(x)
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2.2 Coupling from Outer Sheath to Inner Conductors

In section 2.1, we derived expressions for the electric and magnetic
intensities at the outer surface of a braided shield above perfect
ground (by treating it as a solid cylindrical conductor) for various
cable terminations and impressed fields.

As explained in the introduction, the existence of many small open-
ings in the braided shield permits penetration of fractions of both
electric and magnetic intensities to the interior of the cable. A semi-
quantitative discussion of the physical nature of these couplings will
be discussed in section 2.6. In this section, we treat the problem
formally, assuming that the parameters linking external surface field
strengths to cable response are known.

Because of the penetration described above, the conductors in the
interior of the cable are excited by transverse electric and magnetic
fields. The situation is similar to that analyzed previously (ref 14)
with certain exceptions that will now be explained. The applied fields
are not uniform at any cross-section as previously assumed; first, they
are not impressed continuously, but rather at discrete points. However,
these are closely spaced compared to an increment of length which is
small compared to any wavelength of interest. 1In other words, there are
many discrete sources in.a length increment small enough to be treated
as a differential element. Mathematically, this is equivalent to a con-
tinuous, constant-density source, provided the variance in the geometry
and linear density of the holes is small. Second, the discrete source
strengths are unequal at any cable cross-section, because the exterior
surface field strengths generally vary around the periphery of the
sheath. However, we again assume that a sufficient number of discrete
sources are distributed around the periphery in any differential ele-
ment, and especially that the bundle of cable conductors is constructed
with a sufficiently high rate of twist so that the summation of the
effects of such sources in any differential element is as though they
were uniform around the periphery and therefore proportional to the
average peripheral fields derived in section 2.1. If the bundle twist
does not exist, then coupling parameters must be determined in terms
of the point-by-point distribution of the peripheral fields at any
cross-section and the orientation of the cable conductors with regard
to the external field.

With these provisos, the matrix differential equations and the con-
sequent matrix solutions for the terminal currents apply formally in
the preserft instance.. We do not know--and there is little likelihood
that we can determine analytically~-the impressed fields experienced di-
rectly by the cable conductors. However, the coupling parameters be-
tween the exterior surface fields and the irner configuration can, in
principle, be measured (sec. 2.4),and this should be adequate, along
with formal line theory, for predicting the terminal cable response.

Accordingly, we take the external app11e1 fields to be the average
intensities, H {X) and Ef(x) derived in sect'.cn 2.1. The results to be
stated are a generallzatlon of eg 2 to a system of N conductors within
the sheath.

Take the interior of the cable sheath to be the voltage-reference
conductor. Let (ref 14-16)

17
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2 = cable characteristic impedance matrix (Q)
= [214), i, j = 1,...,N
Y = cable characteristic_admittance matrix (3)

[Yij]' i, 3=1,...,N
Z-—l

Xi = cable termination matrix at x = 0 (¥)

[Y%,ij]! i, 3, = 1,...,N (index range applied to

subscripts i and j only)
cable termination matrix at x = & (U)

1=
0o
]

= [Yg’ij]r il j = 1,--.,N

vi, 1i = cable interior potential and current column
-¢ €  vectors respectively, at x = 0 (V), (A)

tvi oy, o 1, i=1,..0,80

VO, I9 = cable interior potential and current column
¢ ¢ vectors respectively, at x = & (V), (B)
= (o] o] -
[Vc’i], [Ic,i]’ i l1,...,N
Ei = normalized load admittance matrix at x = 0
= 2¥,
gg = normalized load admittance matrix at x = £
= 2YQ

B. = cable interior phase constant (rad/m)
I =N x N unit matrix

- I, g0 . o, 1
§c = (P A Ec)cos Bcl + J( + ECEC)sIn R
K () =2zw( - P2 u ()
al® = -c -Cc ~C
2 -] _ _ e _
U () = jo{gc(g)costsc<z £ - jz H (E)sinlp_(£-£)]}dE
W (%) =Y jo {Z H (E)cos[B_(2-8)] - JE (E)sin[B_(L-E)]}dE

Y

where Eg(x) and H¢(x) are distributed equivalent series-voltage and
shunt~current column vector sources along the cable resulting from the

average exterior surface magnetic and electric intensities,
tively (see eq 32 below). Then, at the cable terminals

Yo = 7K

¥2 =(Icos B_L + JPlsin B_ISZIK (£) + U_(R)
IR A IS

e Yo v

VR ' o
YCPlcos B2 + JIsin B 2IST*K (L) + W_(2)
18
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~ conditions considered in sections 2.1.

Furthermore (ref 14)

e - e
Ec(x) = Jul, H¢(x)

(32)
e A8
Hc(x) = jwC, Er(x)

where H¢(x) and Er(x) are the average intensities at the sheath outer
surface computed as in section 2.1. The field coupling-parameter
column vectors

. ] (33)

C,N J

must be determined experimentally, perhaps by methods suggested by the
theory in section 2.4. Determination of the elements of the cable
characteristic impedance/admittance matrix is discussed by Uchida

(ref 18).

2.3 values of U.(2) and W, (L) for Special Termination and
Excitation Conditions

The third and fourth of eq 30 have been evaluated for the special
The results are recorded here
for future reference.

Case 1: Cable sheath grounded at one end

a. Horizontally polarized wave, plane of incidence coincident
with cable's transverse plane.

1%ychida, Hidenari, Fundamentals of Coupled Lines and Multi-Wire
Antennasg, Sasaki Publishing Co., Sendai, Japan, 1567.
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o sin B_% é sec B _ o
U_(2) = juG(pIH,(0) ——EZ—-—-LC + Ezr—:—ggi'[(BsSIn B.L - B_sin Bcz?kc
. " e
+ no(B_sin B2 - Bsin B RIZC ]} (34a)
) 1-cos B8 2
= e C e
W () = wG(p)HZ(O){ 5y YLo
sec le e e
- Bc—z_—B_s—z— (cos B,L - cos BCQ,) (nOBs(_:C + Bc‘_(L.C) (34b)

b. Vertically polarized wave, direction of travel parallel to
cable axis.

wG(p)Hj(O)sec B L ' _ .
gc(l) = Bcz - 852 {[Bs(l - cos B% cos B - B.sin B % sin BCEJL

+ nglB (1 = cos B& cos B.L) - B.sin B2 sin B2JZCT}  (352)

—ij(p)HZ(O)sec le _ o
W.(2) = 57 <. {(B_sin B_% cos B & - Bcos B.L sin B RIYLL

+ My(Bsin BR cos B L - B cos B sin B.)CS} (35b)

Case 2: Cable sheath grounded at both ends

a. Horizontally polarized wave, plane of incidence coincident
with cable's transverse plane.

e sh1Bcl e
gc(z) = —ij(p)HZ(O) —B Lc (36a)
c
o 1 - cos BCZ e
yc(l) = -wG(p)HZ(O) — g ZLC (36b)
c

b. Vertically polarized wave, direction of travel parallel to
cable axis. )

wG(pPIH (0) o
gc(l) = _E;TfT7i;fGBS[exp(-JBSQ) - cos Bclj + JBCSIn BCE}LC
: i et e
+ no{Bc[exp(-Jle) - cos Bclj + JBSJIn BCI}ZQC) (37a)
wG(pIHS(0) .
W) = —EZI—:—E;?({BCEeXp(-JBSI) - cos B 2] + jBsin BAIYLL
R ; - e :
. + no{Bs[exp(-Jle) - cos BCR.:] + jB_sin BCZ}C_:C) (37b)
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2.4 Determination of Coupling Parameters: Shielding Effectiveness

Measurement of the penetration of an external electromagnetic field
in a braided sheath has usually been based on some variant of a basic
tri-~axial arrangement as shown in figure 3. In that figure, the outer
larger cylinder is the outer conductor of one coaxial line; the axial
line segment represents the N inner conductors of the cable, and the
central conductor, shown in the form of wiggly lines, represents the
braided sheath, its outer surface being the inner conductor of the
outer coax, while its inner surface is the outer conductor of the inner
cable. Four boxes are shown as unspecified terminations to allow for
the necessary flexibility in discussion.

In the various experiments discussed in section 2.5 of this report,
N = 1. 1In all experiments, one coaxial is the driven line, the other,
the receiver. Workers have sometimes reported generator and detector
to be at the same end of the configuration, and sometimes at opposite
ends. Sometimes the outer line is the driven line, sometimes the
inner. Values of passive terminations are also mixed, from open cir=-
cuits to matched impedances to shorts. Whenever possible, the length
of the configuration is kept electrically short to simplify analysis.

Here, we are concerned with two guestions:

1. What sort of measurements can be made, at least in principle,
to determine the coupling parameters Le and Ce (eq 33) of a
multiwire cable?

2. How do the coupling parameters developed here enter into
measurements previously reported in the literature?

‘ ]

SE ¢ Pt Tl s TS U e LT L R T T A £ X T -.—-r«::-.—;ﬁ\....—-ml .g
- 5

i}

AN NSNS NSNS NN

e

— Figure 3. Basic coaxially-coupled (tri-axial) arrangement for shielding-
’ effectiveness measurements.
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2.4.1 Determination of the Coupling Parameters of a Multi-

Conductor Cable

In figure 3, we assume that the outer coax is excited by a source,
either of constant voltage V,, or of constant current I,. The cable
) under test consists of N conguctors embedded in a unifofm dielectric

surrounded by a sheath of outer radius a.

We consider three cases:

1. All passive terminals
2. All passive terminals
circuits.
3. All passive terminals
circuite.
In the second and third cases, we shall assume at the outset that the
system is electrically short (& << A., where A, is the wavelength in
the cable) A, £ Ay and Ay is the free-space wavelength. In the first
case, we derive the results for arbitrary 2, and then specialize to
small £&.
2.4.2 Match Terminations: Solutions for Inductive- and Capacitive

Coupling Parameters

in both regions are match-terminated.
in both regions are terminated in short-

in both regions are terminated in open

Figure 4 is a schematic representation of figure 3 with appropriate

terminations. In the outer region, we have, at any point x along the

system,

s

-
It

s Vgexp(-stx) _ )
: . (38)
lgexp(—stx) = YOSVgexp(-jBSx)

The sheath surface fields are constant around the periphery of a fixed
cross—section, so we have

-1 Yosvgexp(-jﬁsx)

|
- - S - - = -
ﬁ;T;T = Hyx) = o= = 75% exp(~jB.x) = - - 5
- ) . ' (39)
E00 = £.(x) = NoH, () = %%%—YOSVgexp(—stx)
X '——'D|
- — — 5
Ig Is=Ig e "INgX
) (?b ——JD__é N
i
Y2 Ve
1 | GROUND _

777 0 777
®

Figure 4. Schematic repfesentation of coaxially-excited matched cable.
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For eq 30-32, we have

Ec =’ I
§c = 2exp(JBc£)
Juwl
e - | s e
E) " weae expl( JBXILC
June !
e ] s ~E
H (XD e oxp( JBXIC
jw! |
o (e = - abeun o 0 g’e,t jeeo
-Cc 2na =c 2na ==c
wno ! wl
M (L) = - i__g_ﬂff;&.zce - __SEEL& 18
=-c 2ma ==c! 2ma =c
gc(z) = zwc(z) - yc(z)
Jul
=9 ¢° - e CIde -
Zma (L n°ch)(¢c,R +'ch,2)
. - stcos Bcl + ﬂbsin BC2 - szexp(—sti)
= TR TZ 7
c, % B - Bg
jBssin B.2 - B.cos B2+ Bcexp(-Jle)
Ve, =

Bc2 - 85-2

by analogy with eq 9. From eq 41,

.2

C,

exp(jecl) - exp(-jssz)

*be g T B F

so the last of eq 40 becomes

K (2)

wl

exp(jBCL) - exp(—jssl)

Bg)

2Ta Bc + ﬁs

Using these results in eg 31,

wl

27a

exp(

= 3K

:

w
47

w

|
2

1- exp[-J(BC +'Ss)2]
B &g

(
) i

BRI + U (8)

2) + U (2)

|
a

exp(-jBCE) - exp(-stl)

e e
(LE - nozed)

e e
LS - nezed

. e e
(¢c,2 - ch,l)(kc * MoZC.)

4712

Be — Bs

e e
-(Ec + “°ch)_

b 40)

“n

(42)

(43)

(44a)

(44b)
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.Eq 44 may be solved simultaneously for gz and §2:

i (© = 2ma B. - B W 4 B+ By vl
) =c wlg[exp(~j6c2) - exp(—sti) < 1- exp[—J(B + B, )Z]'-c
) : (45)
c® = 213 B__f_______ 1© 4 oo B + B i
=c nomlg exp (- JB )y - exp(-JB L) ¢ 1~ expL—J(B + Bs PER] -c
where i i
| = -YV
(46)
0 _ o
12 =10
For % << A., eq 46 becomes
e _ 2ma i _ 0
¢ jwl 2 (!c yc)
) : (47)
e _ Ta o
¢ Jungf £ (lc Ic)

Eq 47 suggests a procedure on which determination of L€ and Ce
can be based. Current and voltage phase angles must be watéhad cafe-
fully (note also, eq 46), although it is clear that, for & << i,, phase
' angles can differ only by zero or m. .

2.4.3 Short-Circuit Terminations: Solutions for Inductive-Coupling
Parameters

The schematic is shown in figure 5. We start with the assumption

that £ << A_., so that we can take

H constant = -2

¢ 2ma (48)
E =0
r
Then, from eq 32
e leg e
Ec " -7 Lo
. {49)
e=0
=-C

Short-circuit terminations imply that Ré, ng*w. To assure that
they do so independently, we take

pl = 'p
(50)
o _ 0
P2 = kP
‘ where ki and k© are arbitrary scalar constants different from zero and

P + «. We have
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Schematic representation of coaxially-excited open-circuited cable.

Figure 5.
2 sin B % ]
_ e - - C e
U (2 = gcf cos[B_(2-£)]dE —— E¢
0 [}
of
Zd (%) = —JECIO sin[B_(2-§) JdE r (51)
_ j(1 - cos Bcl) g
Bc -c )
(1 - cos B )T - (jk®sin B _LIP
- c = c =&
K(8) = -] . B Ec (52)
s_ = k" + K)Pcos B2 + (I + Kk'P?)sin B2 (53)
Then,
vi= 5Tk )
-¢  -c -c

1 -0 o : . O in2y.s -1 _ _ 1% e
T5o Clk’ + K')Pcos B & + J(I + K k P*)sin BAJTIL(1 = cos B VL - jk'Psin B LJE

For small £ this is approximately
vi= 1
e -JEC

Lokt + ke + Jaz + kO 'p218 07 0B 222/2)1 - KO8 2PTES

Now, keeping £ fixed and small, but different from zero, let P + » such
that

I 1 .0l 2q~1r_. 0O e
Ve * g LKk B 2R 1 [-jk"B PJEC
p-1gS

- _=¢c
JK'Bg

+*0as P+
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Consequently,

and, thus,

~c ~c-c —-c-c
= -k'ypv!
~=<c
. PTES
= 'kl!_P - = i—c
Jk Be
YES
==¢
JBc
wl - e
=" 2maB . I~l-'c
vcl e
el
e 2mBL 4 om i
8=~ 71! = -2y
il w! -~c v I =-c
g cg

where v. is the velocity of propagation in the cable .
The foregoing analysis suggests a procedure for measuring the

column vector L§ alone.
It requires a little extra care to show that IZ > I

as P + = (see app B).

i

(54)

(54a)

(55)

for small &,

2.4.4 Open-Circuit Terminations: Solutions for Capacitive-Coupling

Parameters

The appropriate schematic is shown in figure 6.

assumption that 2 << X

Ho

3
-

c’
=0 }
v
= constant = - 5131%737 . (fig. 3) y
_ meYesVy Gy
27a Z2mag, )

so that we can take

where C, is the capacitance per meter of the outer coax.

Then, from eq 32,

have

26

Open-circuit terminations imply that gi, gg +~ 0.

E2 =0

-C

He - - J(‘”CSV e
-c 2mag, -¢

e

- _ J=c
U () = -

(1 - cos BCZ)
c

Furthermore,

We start with the

(56)

(57)

we

(58)
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' e
rAll (£)==Zﬂc'—7r—s— (59)
c

i sin B 2 | - cos B 2
. K = Zig B I+ kg B
e .
e for £ << 2
{5
A3 € = Z(-_{z[p,l + J-Ezmczz/z)j (60)

o i Oyr_n 02 . o i
S, = (P, + B(-B2L /2) + (I + PPIBI

For fixed &, and Pi, PO » O,
bt -cC

gc(z) >0
K () ~ 2%
~c =-c
s, + JB Al
Therefore, 7H®
i O . -1 e = --C
-YC > \_/C - (JBC,Q,_Z_) (zﬁcﬁ) ———-J.Bc (6ta)
|l wC_V wnaYA V
e .59 & . _ _20sg ;e (61b)
2naeoBC ==c ZﬂaBC ==c
which leads to
27ae,B . 2maf . .
_Cez—_,.___%—-gzvl=-———Y—-c—r\_(y'=-——-—2—?ra——'v—'\_(Yé (62)
=c wCs g -Cc wnyYos g c APUTAN g
Assuming media permeabilities to be equal, we can write
VAo = Cos ) MG /e0) M2 = (e ceg) T2
- 2 .
>
. A O
K v <>
£ g
) T
i o
!c !c
| GROUND |
f/7 , . o
t Figure 6. Schematic representation of a coaxially~excited open—circuited cable.
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so that, finally, 2mave €, i
G = " v Yo (63)
Os'g

Eq 63 and figure 6 suggests a procedure for measuring the column
vector CZ alone.

2.4.5 Discussion

This analysis presumes that the external field coupling parameters
are of two kinds--electric and magnetic--and that both must be known
before the cable response can be determined. The analysis also indi-
cates that the relative importance of the two kinds of parameters de-
pends on the nature of the cable terminations and on the relative mag-
nitudes of the coupling parameters themselves. As to the latter, ade-
quate evidence exists to suggest that, under line-match conditions,
their effects may be expected to be of the same order of magnitude (see

sec, 2.6, fig. 10).

In view of these facts, it is somewhat mystifying to discover that
the literature (ref 19 and 20, among others) is pre-occupied with
the effiect of the sheath surface current, which is a direct measure
of the average sheath tangential magnetic intensity, and ignores the
applied potential difference, which is related to the sheath normal
electric intensity. For the case in which the cable under study
is a simple coaxial cable (N = 1), methods of experimental imple-
mentation have enjoyed a considerable number of closely related
variations (ref 2, 8-12).

2.5 Review of Published Procedures for Coupling Measurement:

Relatlon to Present Analysis

All of the methods to be discussed use the basic coaxially-coupled
arrangement of section 2.4, with N = 1. All of the methods define
shielding effectivoness or transfer impedance in terms of a single
coupling parameter, whereas the foregoing development suggests that
two are required to determine the cable terminal response.

Table I compares the definitions and experimental arrangements of
five sets of experimenters. Among these, three basically different re-
sults are obtained. The method of Knowles and Olson {(ref 12) yields
a result which essentially depends on the sum of the inductive-reac-
tance and capacitive-susceptance coupling through the braid. On the
other hand, the method of Zorzay and Muehlberger (ref 2) and one of
Krigel's {ref 9) depends on the difference of these guantities. The
third basic method--that of Vance and Chang (ref 8), Miller and Toulios
(ref 11), and the other of Kriigel's arrangements--measure the inductive
coupling effect alone. Combining the first two of these (i.e., classes
I and IXI of the table) could yield the complete information reguired,
as suggested by the analysis of section 2.4.2. Alternatively, the
method of section 2.4.5, combined with class II of table I, could yield
an equivalent result.

1%9Tatham, R.W., "An Approach to Certain Cable Shielding Calcula-
tions,” Note 90, Air Force Weapons Lab EMP Interaction Notes,
January 1972, Kirtland AFB, New Mexico.

20Vance, E.F., "Comparison of Electric and Magnetic Coupling through
Braided-Wire Shields," Technical Memorandum No. 18, AFWL Contract
F29601-69-C-0127, February 1972, Kirtland AFB, New Mexico.
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Ignoring the capacitance parameter can only be justified if its
effect on cable terminations can be shown to be insignificant compared
to that of the inductive parameter. These effects depend not only on
the relative magnitudes of the coupling admittances, but on the nature
of shield ground, the nature of cable terminations, the length of
the cable, and the orientation and polarization of the external im-
pressed fields. All of these factors, with the exception of the rela-
tive magnitudes of the coupling parameters, have been discussed to some
extent in the preceding sections. The next section briefly reviews
the work of Vance and Chang (ref 8) and of Vance (ref 20), covering
this final aspect of the problem.

2.6 Coupling of Coaxial Guides through Small Apertures

We will use the concepts and results set forth in the work of Mar-
cuvitz (ref 7) and Vance and Chang (ref 8). For higher frequencies,
where diffusion directly through the shield conductor is negligible,
coupling is conceived as occurring by leakage of the exterior fields
through rhomboidal-shaped apertures formed by openings between criss-
crossed wires of the braid carriers (ref 8). In view of the difficul-
ties involved in analytically assessing the effects of apertures of
this shape, the fact that solutions for elliptical apertures are avail-
able (ref 6, 7) and the results of some experiments suggesting that the
gross coupling effects are not highly sensitive to details of aperture
shape (ref 21), Vance and Chang elect to replace the rhomboidal shape
with an ellipse whose axes are of the same length as the diagonals of
the rhomboid as displayed in figure 8. If o is the weave angle of the
braid carriers with the axis of the cable, and % and wy are the semi-
major and semi-minor axes of the ellipse, respectively, then the ec-
centricity of the ellipse is

h (64)

wi\2[ /2
e=11- (If- = (1 - tan? a)l/z; 0 <acsg /4
(1 -~ cot? )¥2; 1/4 < o € 1/2

Thus the braided shield is replaced by a solid conductor perforated
by a large number of elliptical holes which are assumed so small com-
pared to their spacings that their effects do not interact. Vance and
Chang calculate the number of these holes per meter of shield {uylto be

IQ L — g

'.'"“"O o A R - G

0} | -

/7 224 ' 777

Figure 7. Schematic diagram for definition and measurement of shielding effectiveness.
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TaBLE I. Various DeriniTiONS AND MeTHoDS oF MeASUREMENT: SHIELDING EFFECTIVENESS AND TRANSFER IMPEDANCE

. . . Shielding Effective-
Class | Author(s) Figure 3 Terminations Schematic : ness or Transfer
1 2 3 4 Impedance Definition
. lq
I Knowles source match match match Figure 4 (N = 1) S.E. = 20 log - @
& Olsonl? termination detector | termination I
II Vance & source short- short- open- Figure 7 ve
Chang® circult clircuit circuit 2= - ﬁ ®
Mitler & detector 9
Toullos!!?

I1I Zorzy & match match source match Figure 4 (N = [), | 2Z0
Muehiberger? | termination detector termination | except roles of A= 9 -c ©
Krige!® irner and outer (l::)zzOS

g lines interchanged
IV Kriige!® short- open- source shortr Figure 7, except V:
circuit clrcuit circult roles of inner ZT =TT @
detector and outer llines 9
interchanged

® S.f. = shielding effectiveness

® ZT = transfer impedance

@ A = lezkage power ratio; ZOc = characteristic impedance of cable

© Vg = outer line output voltage

- 2g
1
- 2f S
Figure 8, Rhomboeid with diagonals 2f and 2g replaced by ellipse
with semi-axes £ and g, respectively.
4masin o cos o '
o = a F2 _ (65)
h d

where a is the radius of the perforated shield, d.is the diameter of
an individual conductor in the braid carrier. F is the relative cov-
erage of one carrier of the braid

21Cohn, S.B., "Determination of Aperture Parameters by Electro-
lytic-Tank Measurements,
1951, pp. 1416-1421.
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Formulas B Comments
S.E. = 20 log 4ma g << A 1. Measures sum of magnetic and eleciric coﬁpling effects,
sEe 7 ~e, e ’ c . e . e
w(LcYOc - Ccno)l since Lc 2 0, while Cc < 0.
2. Shielding effectiveness formula follcws from eq 44a & 46,
L .

ZT SRR ] £ << AC i. Measures LC alone.

2. Formuta for transfer impedance derived in appendix C.
4na(65 - Bc) }2 ZOc I. Measures difference of magnetic and electric coupling
A= - 2. - . e

e . . - . e . e
w(LzYos N Cin )[exp(-stl) - exp(-j2 9] LOs effects, since LC 2 0, while Cc < 0.
¢ < 2. Leakage power ratio follows from eq 44b & 46, with

2 not necessarily small appropriate permuting of subscripfs.

Same as II with appropriate permuting of symbols. Same as II with appropriate permuting of subscripts.

F = pnd csc a (66)

where n is the number of wires in each braid carrier, and p (the picks)
is the number of carrier crossings per meter of cable. If C is the total
number of carriers, or belts of wires,

' C

p = m— tan o (67)

Marcuvitz (ref 7) shows an equivalent circuit for coupling between
coaxial guides with air dielectric, when coupling is through a small
elliptical aperture in their common, zero-thickness wall. For our pur-
poses, this can be represented by figure 9. We have, if the dielectric
is air throughout,

- _NoM
wh, = 2TA¢a?
(68)
o - oosToe
W 2k at
where Ypg and Yp. are the characteristic admittances of cuter and
inner coaxial lines respectively, and (ref 6-8)
mh’  e2(1 - e?) ]
M= 2 ; 0 < m/4
28 E(e) - (1< eDK(e) sa s/
ﬂlha e2 i /
= M < <
28 Kie) = E(a) ° /4 £ a < w2 T (69)
’
_mh°Y | - e?
P == )
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Figure 9. Coaxial guides coupled through a small hole in their common wall;
(a) longitudinal-section; (b? equivalent circuit.

where K(e) and E(e) are the complete elliptic integrals of the £first
and second kinds, respectively

™
K(e) = f7 (1 - e2sin? ¢)~1/24¢
0
(70)
T
E(e) = fz (1 - e?sin? $)Y/%4¢
0

When the dielectric of the outer coax 1is air and that of the inner
coax has a relative dielectric constant g, -different from one, the
coupling inductance Ly is independent of €,, and the result calculated
from the first of eq 68 remains correct.

With regard to C,, however, we are not yet in a position to cor-
rectly estimate the effect of increasing the dielectric constant of the
inner coax alone. If the dielectric constant were changed throughout
by €, then Cp should change by the same factor. In the right member
of the second of eg 68, both Ygs and Yg. would change by vYe_, so that
the second of eq 68 yields the correct value of C, for any uniform
value of £, in both lines. When only the inner coax has a relative
dielectric constant e, different from one, the right member of the
second of eq 68 is increased by only ve,. On the other hand, the
normal flux through the aperture will probably increase only siightly,
and part of the increase is likely tc return to the inner surface of
the common wall. Altogether, we can only guess that the formula for
C, needs a correction factor k(e.), where k is expected to be in the

vicinity of 1/ve,.

If we have v holes per meter of line, with axial hole distance
sinall compared to a wavelength, then we can treat vylLy and v,Cy, as con-
tinuous coupling parameters for the line. For the cable (inner cocax),

we have
-
av Q))

c - _ &
a;—-+ JwLCIC = quhLmIs Ec(x)
(71)
'dlc o
Ve + JchVc = JthCmVS = Hc(x)-
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i! where L, and C. are the inductance and capacitance per meter of inner
: coax, respectively. By eq 32,
b [
il ) e i CTTTTT o 1 ® S
‘- Ec(x) JmLCH¢(x) Jch >na
- c v _ . (72)
i ¢ : e - er—rv - _:,.® S5 S
@ . Hc(x) JchEr(x) Jch Ze,a

where Cg is the capacitance per meter of the outer coax. Comparing eq

71 and 72, we get e . \

Lc = ZnaUhLm
| . 2w, | N
: N O I _m ) . .
. [ Y J
| no Os

? Then, substitution from eg 68 and the use of other standard substitu-
j tion yields _ \

i Le = ——-—UhHOM
[+ 2Ta
i (74)
v, PY
' e _ _ h’ 0Oc
Cc = k(e ) “2mav,

where v, is the free-space propagation velocity (3 x 10° m/s), and the
factor k(er) has been added to_ the second equation to indicate the
' . vagueness in our information regarding this parameter when the coupled
: lines have different dielectrics. Our best guess is that k is in the
vicinity of 1/Ve,.

Vance (ref 20) has calculated vhL, for various braid parameter,
values in order to compare his theory with measurements made by Krugel
f Agreement was generally within a factor of two: a very satisfactory re-
sult considering the approximate nature of the physical model, and con-
sidering the possibility that some of the experimental data were de-
rived from Krigel's Class III (table I) measurements.

It is interesting to compare the relative effects of external elec-
tric and magnetic intensities under some form of standard conditions.
Perhaps a reasonable set of such conditions is that leading to eq 44:
i.e., coupling through a braid acting as the common wall of a matched
triaxial system (N = 1). 1In that case, eg 44 contains the composite
coupling factors

- Lg inozoCCé

" and the relative effects of the two types of couplzna may be measured by
- the relative values of the magnitudes of the two coupling terms;that
is, e
L

: :9 oo . R = C
P . :
i ~

Using eq 73 (whlch assumes equal dielectric properties in both 11nes)
in eq 75

. : R;Lgﬁ_ﬂ:. - L2 (76)
’ " o

(75)

ZOcCc
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Then, eq 68 in eg 76 yields _
an
R= wC, Yos oc *

where M and P are given by eq 69.

an

o=

Eg 77 has been computed and plotted by Vance (ref 20). Figure 10 of
this report is essentially figure 3 given by Vance, modified for changes
in notation. For typical weave angles in the region of 30° to 45°,
the ratio runs from about 1.5 to about 2. At a weave angle of 30°, this
implies a ratio of 5:1 in V} and V2 (eqg 44), or about 14 dB. Thus, in
attributing the whole coupling effect to a surface transfer impedance,
the method of Knowles and Olson (ref 12 and table I) under the condi-
tions stated above, exaggerate the role of the inductive parameter by
5/3, or 4.4 dB, while that of Zorzy and Muehlberger {ref 2 and table I)
understates it by a factor of 1/3, or 9.6 dB. The ratio of outputs at
the two matched terminals is plotted as a function of weave angle in
figure 11.

Note that in the limiting case when & = 0, we have R = 1 and the
ratio of outputs is infinite (VE = 0). In fact, we have the condition
for perfect directivity, as in the case of the TEM distributed coupler
(ref 18, 22).
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Figure 10, Ratio of magnetic to electric polarizability as a function of
’ braid weave angle.

1.0

22Matthaei, G.L., Young, L., and Jones, E.M.T., Microwave Filters,
Impedance-Matching Networks, and Coupling Structures, McGraw-Hill,
New York, 1964.
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DISCUSSION OF RESULTS

This study has had two purposes:

L0
©
-4
P21+ - e el e e : i
Ve
Ndb= Z20LOG —
20}— Ve —
(F1G.4 ,N=1)
ie _— e
16— —
ol N
12— —
8r— : —
el . -
GH1— —
2 L
o | - - . - 7 et o P kg UMY
o 20 30 40 50 60
WEAVE ANGLE , o (DEGREELS)
Ratio of outputs at matched terminals as a function of weave angle.

(1) to assess the relative impor-

tance of magnetic and electric coupling parameters of braided shields
in determining the terminal response of braided cables to external

F’ have been based.

electromagnetic fields, and (2) to investigate and exhibit any dis-
crepancies between the coupling model postulated here and thcse on
which various experimental determinations of shielding effectiveness

35
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In the first instance, the study was specialized to two practical
cases of interest: i.e., those in which the shield is grounded either
at one or at both ends of the cable. Results were given for fairly
general external field conditions and were also specialized to two
situations of interest: (1) a horizontally polarized wave incident in
the transverse plane of the cable, and (2) a vertically polarized wave
travelling alongs the cable axis. In only one of these cases was the
3 effect of the electric charge induced on the cable exterior clearly
] shown to be negligible: the case of transverse incidence on a cable
: grounded at both ends.

However, in the other cases, no effort has been made to determine
the relative importance of surface current and surface charge in each
instance, or the relative total strength of coupling to the termina-
tions for the various examples chosen. Also, this whole study has
been in the frequency domain; in the final analysis, transient time-
domain information is required. In view of the limited data obtained
so far, the results of this aspect of the study must be considered as
only preliminary, even though they now appear adequate for further de-
tailed analysis.

In the second instance, that of shielding-effectiveness measure-

1 ments, it seems clear that the study has focused on a number of dis-
crepancies, not only among the various methods of measurement, but
between the measurements and the postulated model as well. Even if
further analysis shows the electric coupling parameter to be unimpor-
tant in practical situations, the methods of Knowles and Olson (ref
12) and of Zorzy and Muehlberger (ref 2) appear to disagree with each
other, and each disagrees with the model in assessing the value of

. the inductive parameter.

The study has also yielded results which show, at least formally,
how the coupling parameters to each conductor of a multi-conductor
cable may be determined.

Finally, we wish to suggest a small modification in the defini-
tion of series-transfer impedance and to join it with a companion de-
finition of shunt-transfer susceptance, as expressed by the follow-
ing equations:

o Lo R VLI JNP MR SNPTRNE PN, |

E® 2maE e
Series-transfer impedance: ZT == _S-= Jwb
- Hg IS c
He (78)
Shunt-transfer admittance: Y, _C - ZMacoMc . juc®
Er s

- _ where g, is the surface charge on the sheath exterior in coulombs/meter

(C/m) .

4, CONCLUSIONS : : : ggx

In general, the inner conductors of a braided-sheath cable sub-
jected to an external electromagnetic field receive energy leaked
through the sheath by both inductive-impedance and capacitive-suscep-
tance transfer mechanisms. Formal results expressing the terminal re-
' sponses in terms of the cable parameters and terminations, and the @

36

RicEr A Y T T P T g T T T S T TR T I s 2 e & - -



orientation of the external fields, have been obtained in general,

and also for certain special cases. However, the implications of these
results have not been explored in detail. From a practical standpoint,
the external coupling parameters are best determined by measurement,
although an interesting approximate model suggested by others is
available.

On the basis of results obtained in this study, we must conclude
that measurements of shielding effectiveness made in the past have been
largely incomplete. These measurements were either sufficient to de-
termine only the inductance parameter, or they represented a composite
result of inductive and capacitive coupling that was attributed to in-
ductive coupling alone. In either case, such measurements are insuf-
ficient for characterizing a cable response to an external electro-
magnetic field.
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SYMBOL INDEX
Defined or Mentioned Dafined or Mentioned
Symbol Initially on Page _ Syrhol Initislly on Page
' 22
a 8 lg
c 31 Ig(x) .10
c 33
(] i o
Ig ,xs 10
3, €e,i 19 ' 1 18
& 3y K(e) 32
Ec(),) 18
Cg 33
K_(2) 10
e -5
C 11
* k(ep) 32
d 31
c 3. ki, x° 24
E(e) 32 L, 33
E.(x) 12 -
¥ O A 19
<’ “c,i
e [
ES(x), E 9
MORS > . 3a
E® b 18
—C( ) p¢ 11
-
Ec(x) 11 ] 8
. 30
F 31 L,
G 13
(r) . M 31
H: (x) 9 N 8
H, (x) 12 n 31
P 44
# (x) 12
LD P 18
R i o
pop
H3(x) 11 =’ = 10
b Lo Pl po 18
i i .
Lo 18
P 31
o [ -]
‘!'C' Ic,i 18 Qg 36
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Symbol
R

»n ln
]

e

TEM

v )
U, (2)
i i
Yo Vis

-’ e,i

W (x)

“h

ad
-

ij

vi, vl
~’ ‘e,ij

o .0
-’ Yc,ij
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Defined or Mentioned
Initially on Page

33
18’
10
44
9
18

10

18

18
22

10

10
26

12

18

10
30

18

18

18

10
36
31
31
18
36

Defined or Mentioned

Symbol Initially on Page
Zos 10
« 34 -
rt 13
Be 18
Be 12
Bg 10
Y 13
€o 13
€y 32
ng 13
Ao 22
2o 22
u, 11
v 13
Yh 30
P 11
¢c,f 23
¢s,1 23
¢s,x 23
wc,, 23
V5,8 23
Vs, x 24
w 31
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Appendix A
Cable Sheath Grounded at One End: Derivation of Eq 10

Assume the sheath grounded at the input end, open-circuited at the
output. Then, {

(o]
Pq+°°;P5+0

The first of egq 1 yields {
Ss -+ Pscos BSZ

From the second of eq 1,
K (L) = Z, W (L)

e also have the well-known formula

=1 = SPR N iy -1
2OS = v = 60 cosh P 5 o cosh p
Os
_ No -1, - _1 -
= o cosh p Ve (A-1)

where Cg5 is the capacitance of the sheath with respect to ground, per
meter of cable. Thus eg 3 becomes

. ZOSWS(Z)
- I_(x) + =Y,_(Plcos B_x)| —————] + W_(x}
s O0s'' s s P'cos 8 g ]
s s
i.e., cos Bsx
Is(x) = Ws(x) - HS(Z)<EO—S—B_S—2, (A-2)
Define

H¢(x) = tangential magnetic intensity at outer surface of sheath (A/m)
Er(x) = normal electric intensity at outer surface of sheath (V/m)

By Ampere's theorem, the average value of the magnetic intensity around
the conductor periphery is

Hptx) = 7Efok%

By Gauss' theorcm, the average value of the electric intensity is

where gy (x) is the total charge induced on the sheath per meter of line,
and €, is the dielectric permittivity of the air in farads per meter
(F/m) : s
_ 10
€ = Zg7

The law of current continuity requires

dls
dx + Juag = 0
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whence 1 dlS

B0 =~ TZmac,m o

From eq A-2 the value of the current derivative is

dl dW sin Ssx

S—
ax 3§ +BMH W) s B2

Therefore, by eq A-3 and A-4,

(A-4)

(A-3)

(A-6)

(A-7)

sec 6 A
H¢(x) = ——Tﬁ*_- [W {x)cos B 9 - W (2)cos B x]
sec B 2 dwS
Er(x) = 3755573 % cos 6 2+ B w (R)sin B x
0sgxs 8
W, (x) is given by the second of eq 8. Differentiate that eguation to
obtain
dw dé dy
s _ e S,X _ e S,%
e HS(O) d JYOSES(O) =

The indicated derivatives are evalvated from eq 9:

d¢s % ~JB B sin B x + B 2cos B X - Bezexp(-jBex)
dx oo 3 77 5

dws N JB B cos B x + B ’sin 8 X - jBSBeexp(—jSex)
dx B S 38

Bs # Be

Making the appropriate substitutions and reducing,

sec BSZ o
Ha = H7(0) + E 0 - o3y
¢ T Tra8aT - B {EB (0) + B Y ES(0)sinlB (x - )]
- J[B H 0y + 8 YOs 5(0)][exp(—J8 x)cos B L - exp(- JB L)cos B x]}
I sec le
E = - = He -
B x Jorac,w(BE = Bl {B CB H_(0) + 8 YOSES(O)]COSEB (x = 0]

- [BeH:(O) + BSYOSEE(O)][Beexp(-jBex)cos 652 + jBSexp(—jBel)sin Bsx]}

0% xg8% B, #8

In eq A-9, write

w| ™
oo

; 0sv<l

a2

s

(A-8)

(A-9)

(A-10)




oo

Also use eq 4,5 and A-1l to get

e (]
Hoo) ey O
ZmaB, ' cosh T p M,

e
YOSES(O) LTI

e
ZmaB_ = J Cosh-T p HZ(O)
and
HE(0) e%c0)
s - - _Y
e . e
YosEc(0) noHo(0)
Finally, write
"

Glp) = cosh-1 p

Substituting these results in eq A-9,
sec BSZ e e
H¢(x) = ISV G(p){J[Ey(O) - vngHZ(O)]S|n[SS(x -]

+ [ij(O) -~ noHi(O)][exp(—jBex)cos B - exp(—jeel)cos Ssx]}

sec B_% fe o _
E (k) = —i_:—GT-G(p)l[Ey(O) - vnoHZ(O)Jcos[Bs(x -]
e e . . . .
- [vEy(O) - nOHZ(O)][vexp(—Jeex)cos B+ Jexp(-jB_)sin Bsx]}
0<x<g8; 0gsv<l

which are eq 10 of the main text.

(A-11)

(A-12)

(A-13)

(A-14)

43



3 Appendix B
i Short Circuit Terminations: Proof that 12 » I% for 2 << Xc
F SHOTE HITLHIL JErminations: rroe gt.l¢
I N From the second of eq 31, for small £
Ef o 1 v -1 -
| Vo = (1 + JRIBRISTIK (R) + U_(R) (8-1)
; where, by eg 30, i o o1
3 Sc = (Bo + B + J(I + RPIBL
_; From eqg 51 U (L) = oF®
X =-c =c
' i 2 -e
3 24,(8) = -j(B_22/2)ES
4 Therefore,
p o - 2 e _ 0pr® . _pOgp®
‘;. K02 = =J(BR*/2)E] - PORES = -POSES (8-2)
g .
; Using eg 50 . i
(I + JPB.A) = (I+ JKPBR) =T, (B-3)
5
i say: | .
. _ S. = (k' + kP + (I + k°k'52)scz
K (2) = ~k°PRES
-C - C
i Then, we have
' VO = [1571(~kP) + I9E°
i e —>c - ~~7=c
: = (T - LOTe-1 e
i = (I~ KIS PIRE
." P"‘l
=l T 5 b- 7 57 1k%prE® (8-4)
O Tel = te T
k| but
p-1 -1 1 i
: Eos - T= ST e @+ g+ kOkYpip a0 - (1 + kP8 2)
K = - K - - - ¢ - -c
' I -1 i
_k P K
-'|:61+J © B~ kol
for £ << A..
Therefore, . k' o . p-1g® @;
. - o e - =
VC*EE(JRKEZ)IB—EK_QEC= —— >0as P +o {B-5)
c jk'B
C
H
Sreven 12 = yo\° = |Oyp EE = YE ' 5 0.e.0 (B-6)
¢ =c-c -~ 0 B =c t Yt ”
jkB, e @g

44

TUTTIOTITIS TSI e U N L Mt e R T T e ST g, TR s R TR MR N gl e T e IR eI S o I T



9

—t

v

Der

ef

For Class II we have

Appendix C

ivation of Formula for Transfer Impedance_for Class II and Class
1t1ons ‘and Measurements

and, therefore,

Furthermore,

such that:

and

and

For

|
H, = constant = - —2

¢ 27a
E =0
r
Jwl
e _ _ e
Ec =T e
e _
HC:O

c c
sin B 2
. c
Ug = B Ee
c
« = J(1 - cos BCR) e
c B c

c
- pl . o i, .
SC Pccos Bq£_+ Jj + PCPC)SIH BC2
_ ol .50 - .
= Pc(cos Bcl + JPCSIH Sck) + jsin BCR

- ol -
Pccos scz + jsin Bcl

cos 8 L+ JP sin B % sin B %
< 5 (1 - cos B_RIES + ——gSn EC
P cos B £ + jsin 8 2

B c
Jjsin 8 sin B %
- Gg (1-cosBl)[ +— < E°

“cos B L B c
tan B 2 sin B 2 e
= — S (1 - cos B 5L)E + S E
Be Be c

the lagst result becomes

2 B L
~ S 292 © + _C g®
= Be I:(BC 2 /Z)EC + Be EC
_ e 202 e 9
= RESL(B_222/2) + 1] » 4EQ = - = g
o) . e
2= - VL. = Jch
T | Z7ma

A formula for transfer impedance for Class IV definition follows
by appropriate permutation of symbols.
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