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ABSTRACT In the development of alternative test methods for pre-compliance radiated-susceptibility (RS)
investigations, it is proven that a special test setup, involving an additional wire placed in proximity of
the cable under test and fed by two radio-frequency generators, can reproduce through crosstalk (XT) the
same terminal voltages/currents induced in the standard RS test setup, on condition that those generators
are properly controlled in magnitude and phase. Such a test setup does not require expensive facilities
like anechoic chambers and powerful amplifiers to feed antennas, therefore it represents a fast and cheap
alternative to get feedback on radiated immunity in the early-design stage, before the formal RS assessment
carried out according to standards. While in past literature works the equivalence between XT and RS was
demonstrated for some simple cables like a single bare wire or a differential pair, this paper presents a
new XT-based test setup suitable for the practically relevant case of a complex bundle of dielectric-covered
wires. To this aim, two different formulations of feeding conditions are proposed, one more rigorous, based
on multiconductor-transmission-line modeling, and one approximate, based on bundle-reduction techniques.
The performance of both the equivalence schemes is assessed and discussed in the frequency range between
1 MHz and 1 GHz.

INDEX TERMS Crosstalk, electromagnetic compatibility, multiconductor transmission lines, radiated

susceptibility.

I. INTRODUCTION

Along the path of electromagnetic-compatibility certifica-
tions that any industrial equipment must follow to get market-
ready, proving compliance with radiated-susceptibility (RS)
requirements is a notorious obstacle, owing to high costs
of instrumentation, personnel and execution time [1]-[4].
Standard RS test procedures make use of high-power ampli-
fiers to feed antennas in anechoic chambers, so to generate
interfering electromagnetic fields impinging the equipment
in operation. Often, unveiled malfunctions force designers
to face challenging prototype reviews and iterative test-
ing, needing continuous access to appropriate experimen-
tal facilities which are generally owned by specialized
third-party labs. Therefore, the search for alternative test
procedures, using simple test-bench setups, for faster and
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cheaper pre-compliance RS internal investigations at the
early-design stage is of crucial interest for product designers.

In this respect, a number of possible testing strategies were
developed in past years, and all of them were based on the fun-
damental observation that, for equipment enclosed in well-
shielded cases, the dominant RS interference mechanism is
coupling of radiated fields to external wiring harness (com-
munications and/or power cables). In principle, equivalent
effects could be reproduced by using appropriate coupling
devices injecting radio-frequency (RF) currents directly into
such wiring harness, and exploited to design time and cost
effective pre-compliance test procedures.

Particularly, the theoretical and experimental comparisons
between the currents induced by RS and injection were firstly
provided in [5] and [6], respectively. The use of two bulk
current injection (BCI) probes clamped on the cable har-
ness interconnecting the units under test was investigated
in [7]. This technique was further applied to reproduce elec-
tromagnetic pulse (EMP) tests in [8] and [9]. Though BCI
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probes are effective coupling devices from the viewpoint of
RF energy transfer, they perturb the passive characteristics
of the test setup by inserting a lumped series impedance.
As a consequence, proper RF feeding conditions ensuring
equivalence with RS show complex frequency responses,
which are dependent on many setup parameters, including
the aforementioned series impedance and, even worse, the
common-mode (CM) impedance of the equipment under test,
which is normally unknown to operators. Only renouncing
the deterministic reproduction of RS effects in favor of a
relaxed statistical approach (that is, correlation of BCI and
RS induced currents) can solve these problems.

Infinite ground plane

FIGURE 1. Principle drawing of the XT test setup used to reproduce
FC-induced effects in the terminations of the cable harness.

Another promising alternative is to resort to crosstalk (XT)
among wires as coupling mechanism [10], [11]. A principle
drawing of the corresponding test setup is shown in Fig. 1,
where interference is induced in the harness under test by
placing in its close proximity an additional wire fed by two
RF generators connected at the terminals. Unlike for BCI,
the required feeding conditions do not depend on the terminal
equipment (i.e., on the terminal impedances), thus assuring
equivalence with the noise induced by RS even in the pres-
ence of non-linear loads. Such a solution, investigated so far
for basic wiring structures only, [10], [11], is here investi-
gated in the practical case of wiring harnesses composed of
several coated wires, leading to two different approaches to
enforce equivalence between the currents induced by RS and
crosstalk.

The paper is organized as follows. Basic principles of
the crosstalk-based RS tests are introduced in Section II.
In Section III, exact conditions for equivalence are formulated
by exploiting MTL models of the RS and XT test setup
under analysis. Approximate conditions for equivalence are
formulated in Section IV based on bundle reduction. Accu-
racy of the aforesaid exact and approximate conditions for
equivalence is investigated by simulation in Section IV and
Section V. Finally, conclusions are drawn in Section VI.

Il. CROSSTALK-BASED RS TESTS

As schematically shown in Fig. 1, the crosstalk-based RS
test setup involves an additional wire running parallel and
in close proximity to the harness under test, which is driven
by two RF sources connected at the terminations. Voltages
and currents in such a gemnerator wire induce interference
through capacitive and inductive coupling into the cable
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under test. It is proven in [10] and [11] that appropriate
feeding conditions (i.e., magnitude and phase of the two
generators) can reproduce the same frequency response of
currents/voltages induced in the equipment under test by a
plane-wave electromagnetic field with arbitrary incidence
and polarization. In these works, only canonical wiring struc-
tures, i.e., single-ended interconnections [10] and twisted
wire pairs [11], were considered as harnesses under test, since
the objective was to elaborate the basic principles of the test
procedure. Conversely, in this work, enforcing equivalence
between XT and RS is reformulated in order to tackle more
realistic test setups, involving possibly complex wire bundles.
As a result, two possible approaches, leading to correspond-
ing sets of feeding conditions for the generator circuit, are
developed.

In the first proposed method, rigorous equivalence between
RS and XT is analyzed by modeling the wire bundle as a
multiconductor-transmission line (MTL). It will be shown
that RS effect (both the CM current of the bundle and indi-
vidual currents of each wire) can be satisfactorily reproduced
in the XT test setup, provided that two practical conditions
called “weak coupling” and “‘filament-bundle” are satisfied.
The expression of feeding conditions is obtained in closed
form. It will be shown that, although equivalence is enforced
for the CM only, the proposed scheme has also the potential to
effectively reproduce the noise currents induced in individual
wires in the bundle. The second, more approximate approach
is based on bundle-reduction techniques [12]-[14] used to
substitute the original MTL model with a CM-equivalent
single-wire model, thus allowing reuse of the simple feeding
conditions developed in [10].

Ill. EXACT CONDITIONS OF EQUIVALENCE

In this Section, a general scheme enforcing equivalence
between XT and RS in terms of equal CM currents induced
at the harness terminals is presented. The derivation makes
use of MTL theory and to port-reduction in order to obtain
an equivalent representation of the involved FC and XT test
setups.

FIGURE 2. Principle drawing of the RS test setup under analysis.

A. FIELD-TO-WIRE COUPLING (FC) CIRCUIT MODEL

The cable harness shown in Fig. 2 is considered as the circuit
subject to radiated interference. The harness is composed of
n coated wires of length /, running at average height &, above
an ideal ground plane. As shown in the left panel of Fig. 2,
positioning and characteristics of the i-th (i=1,2,...n)
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wire in the bundle are assigned by the following param-
eters: height above ground #4;, transversal displacement y;,
conductor radius r;, dielectric thickness rg, and dielectric
permittivity &;. The radius of the overall bundle cross-section
is denoted by rp.

The interfering electromagnetic (EM) field, generated by
an antenna in an anechoic environment, is approximated by
a uniform plane wave characterized by elevation angle ¥,
azimuth angle v, polarization angle n, and electric-field
strength Eq [11]. Without loss of generality, since the objec-
tive here is to mimic typical incidence conditions foreseen
by aerospace and automotive Standards, the azimuth angle
is hereinafter set to the value ¥ = 90° (broadside inci-
dence), and the polarization angle to the values n = 0° and
n = 90° for vertical (VP) and horizontal (HP) polarization
of the generating antenna, respectively. Moreover, based on
the suggested distance and height of the phase center of the
antenna with respect to the device under test in the standard,
the elevation angle is set to the value ¢ = 73° [11], and a
unitary electric-field strength £y = 1 V/m is considered as
reference quantity. In order to predict induced quantities at
the terminals of the cable structure under test, the general
idea proposed in the literature [15], [16] is to use induced
equivalent voltage or circuit sources to model the impact
of FC.

1,(0) VEcio Vicu 0
: ° + ()

AOM
A

VEicno FC Vicn
§ [® ](271.2)1) $

7,0 =

+ Vil
1,(0) L(0) @
! ! ! L
z=0 z=l

FIGURE 3. Equivalent circuit representation at the output ports of the RS
test setup in Fig. 2.

Based on [14], an equivalent circuit representation (valid
at the wire terminals) of the test setup in Fig. 2 is
shown in Fig. 3, where the voltage-source vector Vpcop =

[Vecio, -+, Vrcio, -+ VranolT . Ve, = [Vecu, -+
Vecit, -+ » Vecu]T account for the effects at the left (z = 0)
and right (z = [) terminals due to the interfering EM

field, respectively. For this 2n-port network, the relationships
between voltages and currents at the terminal ports are cast in
matrix form as

V@ = VicL | _ grc | V(©O) = Vico | o

L) 1(0)

where V(0), V(I) and I(0), I(/) are nx 1 vectors collect-
ing voltages and currents on individual wires at the left
(i.e.,z=0) and right (i.e., z = [) terminals, whereas
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®FC denotes the 21 x 2n chain parameter matrix associated

with the cable bundle.

B. CROSSTALK (XT) CIRCUIT MODEL

In order for the noise induced by FC to be reproduced, a
single-ended generator circuit (referred to as generator, G)
is placed in close proximity and parallel to the cable axis,
as shown in Fig. 1. Characteristics of the generator wire are
the following: wire radius r,, thickness and permittivity of
dielectric jacket f, and &g, respectively, distance from the
cable axis d, height above ground /. According to the anal-
ysis in [10], the generator circuit is driven by two non-ideal
voltage sources connected at both wire terminals, and char-
acterized by open circuit voltages Vo, Vs, and internal resis-
tances Rso, Ry, respectively.

1,(0) L)
e e EEE— ——>—e
LION . . 1 7100)
[ ] [ ]

XT
[(D ](2n+2,2n+2)

z=0

FIGURE 4. Principle drawing of the XT test setup in Fig. 1.

Resorting to MTL theory, the wiring structure involving
the n wires in the bundle and the generator wire are modeled
as a 2(n + 1)-port network (see Fig. 4), whose voltages and
currents at the terminations are related by

\AU) V(0)
Ve | _ gxt | Ve (0)
o [=% | 1o @
I, (D) 1, (0)
where: ®XT is the 2(n+1) x 2(n+ 1) chain parameter matrix

associated with the n 4 1 wires in Fig. 1; V(0), V(I) and I(0),
I(/) are n x 1 vectors collecting voltages and currents at the
terminations of individual wires in the bundle as in (1); V,(0),
V(1) and I4(0), I,(1) are voltages and currents at the left and
right terminations of the generator wire, respectively.

Enforcing the port constraints V, (0) = Vgo — Rsolg (0)
and V, (I) = Vs —Rsi g (1) at the left and right terminations,
respectively, of the generator wire, the passive 2(n + 1)-port
in Fig. 4 is converted (after some algebra here omitted for
brevity) into the active 2n-port shown in Fig. 5, whose chain-
parameter representation:

VO —=VxL | _ oxt | V() — Vxr0
[ 1) }‘¢W' L) ®
resembles the one cast for FC in (1).
141397
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FIGURE 5. Equivalent representation at the output ports of the victim
harness in Fig. 3, including active and passive effects due to the presence
of the generator circuit.

The 2n-port network in Fig. 5 provides an equivalent rep-
resentation of the original harness subject to XT coupling
with the generator wire, and is valid for predicting voltages
and currents induced by XT at the cable ends in spite of the
specific terminal loads. Inclusion of the generator wire in
the equivalent representation of the victim harness involves
a twofold effect. Namely, the active part of the model,
i.e., source vectors Vxto = [Vx710, - - - » VxTi0, - - » Vxrnol¥
and Vxrr, = [Vxr1s, -+, Vxzi, -+, Vxrw]! 5 represent the
RF energy transfer from the generator wire to each wire in
the victim harness. The passive part of the model, i.e., the
2n x 2n chain-parameter matrix <I>§]T, accounts for propaga-
tion effects along the cable harness, in the presence of a fur-
ther wire (i.e., the generator wire) in close proximity. Hence,
the entries of <I>z(qT are expected to be generally different
from those associated with the original bundle, i.e., entries
of matrix ®FC in (1), due to the effect of perturbation of the
original per-unit-length (p.u.l.) owing to the presence of the
generator wire.

C. PREREQUISITES FOR EQUIVALENCE

By comparing the systems of equations in (1) and (3), two
prerequisites to assure equivalence between FC and XT are
identified as:

FC o #XT
o' ~ oX’ 4)

Veco &~ Vxrto, VErcL ~ VXTL. (5)

As previously stressed, the former condition in (4) requires
the effect of perturbation introduced by the presence of the
generator wire on the p.u.l. parameters of the victim har-
ness to be negligible. As proven in [10] for a single-ended
structure, such a condition is met as long as the generator
wire and the wiring harness under test are weakly coupled,
that is if a sufficient separation between them is assured.
Since, a rigorous reformulation of the weak-coupling con-
dition for complex wiring harnesses involving coated wires
is not straightforward, in the remainder of this work the
simplified condition d > r;, will be exploited to ensure weak
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coupling, and the differences between the two matrices in (4)
will be neglected as long as (rule of thumb) d > 107p.

The latter condition, (5), requires the voltage sources
induced by FC and XT to be the same for every single wire in
the bundle. However, the inherent difference between FC and
XT coupling-mechanisms suggests that exact equivalence
between all the corresponding induced sources is definitely
hard to achieve. Hence, in order for the condition in (5) to be
approximately satisfied, also the so-called ““filament bundle”
approximation (i.e., & 3> rp) [17] is introduced, which allows
neglecting spatial differences between the wires in the bundle,
ie., hi = h.,y; = 0fori = 1,2,---,n. For FC, the fil-
ament bundle approximation, which assumes equal induced
voltages on all the line wires, leads to equal FC-induced
sources, i.e., Vrcio & Vrco, Vrcii = VecVi, (for bare-wire
harnesses, a proof for filament bundle approximation can be
found in [17]). A similar result, i.e., Vx7io =~ Vxro0,, Vxmii &
Vxri, Vi, is obtained also for XT, on condition the filament
bundle approximation (i.e., & >> rp) is combined with the
assumption of weak coupling (i.e., d > rp). For bare-wire
structures, this property can be readily proven by recalling
the analytical expressions of the mutual p.u.l. inductances and
capacitances between the generator wire and the i-th wire in
the bundle, i.e.,

4h,h; 4h,h;
Lgi:@1n< gl), Cgi:4rr£0/ln< gl) (6)
4 s2. s2.
8t gi

where (g, &9 denote free-space permeability and permittivity,
respectively. By recognizing that: a) h; = h, Vi, if h >
rp (filament bundle approximation), and b) so; ~ d Vi,
if d > r, (weak coupling), the expressions in (6) show
that inductive and capacitive coupling (proportional to Lyg;
and Cg;, respectively) between each wire in the bundle and
the generator wire approximately take the same value, thus
leading to nearly-equal XT-induced sources.

D. FEEDING CONDITIONS
To assure equivalence between the FC- and XT-induced
sources as required by (5), the frequency response of the
open-end voltage sources Vo, Vs, connected at the termina-
tions of the generator circuit shall be evaluated. This task can
be accomplished analytically for canonical wiring structures
in free space [10]. Conversely, in the presence of inhomoge-
neous media, numerical evaluation is required.

To this end, the submatrices @, k,j = 1,...,4 and
®,!,, m,n = 1,2 are preliminary introduced, by partition-

ing the chain parameter matrices ®XT <I>§qT, respectively, as:
([ @11 luxn [®12]ux1 [®13]uxn [P1alnxi
&XT _ [P21]ixn P22 [®23lixn D24 7

[®31]nxn [®P32]ix1 [P33]nxn [P34]nx1
| [®a1lixn Pa2 [Pazlin Pua

eq
[‘pé%]nxn:| (8)

<I’XT _ [‘piz]nxn
[‘1)22]n><n

“ [q>21]nxn
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As a result, the entries of matrix <I>§qT are expressed as

function of the entries of matrix ®XT as
@] = @ — (@15 — Rso®12) (P21 — Rsy ®41) D!
@1 = ®13 — (@14 — Rso®12) (P23 — Rs; ®43) D!
®5] = @31 — (@34 — Rso®32) (®21 — Rsy ®41) D

®3) = @33 — (P34 — Rso®3) (P23 — Rz ®43) D™' (9)

where: D = ®y4 — Rg; P44 — Rso P2y + RsoRsr P4o. Hence,
XT-induced sources are cast as:

-1
Vxro = — (®51) Ixr (10)
-1
VxrL = —@{1 (®51) Ixt + Vxr (1)

where vectors Vxr, IxT take the expressions:

Vxr = [dnz + (Rso®12 — ®14) (P22 — Rsy Bag) D*‘] Vso

+ (®14 — Rso®12) D~ 'V (12)
Ixr = [<I>32 + (Rso®32 — ®34) (P22 — Rs. Pa) D_l] Vso
+ (@34 — Rgo®32) D' Vr (13)

Eventually, if the XT-induced sources in (10), (11) are
expressed as function of Vgq, Vs as

Vxrto = YoVso +yLVsL (14)
VxT1L = 80Vs0 + 8L Vs (15)

where Yo, vL, 80, 0L are n x 1 vectors of coefficients satisfying
the identifies yy = 8 = y,y; = 8o = & due to the
symmetry of the XT setup, the unknown open-end voltage
sources assuring equivalence between FC and XT are cast as

- el =
Vso Yy 6 VEco
=% — 16
<VSL> [5 Y VEcL (1)
where y, 5, VFCO, VFCL denote the mean value of the
n entries of the corresponding vectors y, 8, Veco, VrcL,
respectively.

It is worth noticing here that enforcing equivalence

between FC and XT by the feeding conditions in (16) is
equivalent to enforce equal CM currents

1 n
;;jli (0),

in the terminal loads of every wire in the bundle. How-
ever, as long as the assumptions introduced in the previous
Section are satisfied, the proposed feeding conditions have
the potential to assure satisfactory correlation also in terms
of currents/voltages induced in the terminations of individual
wires in the bundle. Based on this observation, an alternative
(simplified) approach exploiting an equivalent representation
of the victim harness is proposed in the following Section,
which allows enforcing equivalence between FC and XT
directly in terms of CM noise induced at the cable ends.

1 n
Tem(0) = lew) =~ 1) (17)
i=1
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IV. APPROXIMATE CONDITIONS FOR EQUIVALENCE

In this Section, the so-called Equivalent Cable Bundle (ECB)
method [12]-[14] is applied with the objective to derive a
simplified equivalence scheme, assuring approximate equiv-
alence between the CM noise induced by FC and XT in the
terminations of the bundle under test.

(@ (©)

FIGURE 6. Equivalent representation of the XT setup, according to the
ECB method: a) Original cross-section, and b) Equivalent cross-section
involving the ECB.

A. GEOMETRICAL PARAMETERS OF
THE EQUIVALENT BUNDLE
As exemplified in Fig. 6, the basic idea of the ECB
method [12], [13] is to substitute the original wiring harness,
Fig. 6(a), with an equivalent wire, Fig. 6(b), characterized
by equivalent geometrical parameters, that is: height h.q,
radius 7,4, dielectric thickness 744, distance from the gen-
erator wire deg.

According to [12], geometrical parameters of the equiva-
lent wire can be expressed as

1 n 4hgqh 2heq
heq= n Zi:l hi - deq _\/Tr/lio T4 = nl /o (18)

where L, and Lg,, i.e., the self- and the mutual inductance of
the reduced wire (receptor, subscript “r’’) with respect to the
generator wire (subscript “g’’), respectively, are expressed
as function of the corresponding self-inductances, Lj for
J =k, and mutual inductances, Ly for j # k, of the original
structure as

1 n
e = ZLg/"
j=1

The expressions in (18) and (19) can be further approxi-
mated by recalling the filament-bundle condition (& > rp)
introduced in Section III.C. Accordingly, the height of the
equivalent bundle is readily obtained as h.;, = h,. More-
over, if such a condition is satisfied in combination with
the assumption of weak coupling (d > rp), the mutual
inductance Lg, can be approximated as:

_ B0 (4R
ZL ~ o <d2> (20)

Hence, substitution of (20) in (18) yields: dey = d.
Eventually, to evaluate the equivalent radius in (18), the
self-inductance L,, of the reduced bundle has to be evaluated

1 n n
Lyr=— DO L. (19)

j=1 k=1
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starting from the self and mutual inductances associated with
all wires within the bundle. Since the analytical expressions
for these quantities, i.e.,

_ L ' _ Mo (2h
L]k‘j#k = Eln( ka , ij|j:k = Eln Tj (21)

exhibit a logarithm dependence on geometrical characteris-
tics, approximate expressions for (21) can be obtained by
substituting the involved geometrical parameters with their
mean value over all wires in the bundle, that is by: h = h,,
s = rp, I = (Fmin + max)/2. Accordingly, the self-inductance
L,, can be roughly approximated as:

1 n n m D) ]
Ly=— Li~mlonf—= |,

—1
j=1 k=1 (min + rmax)r[;l

(22)

which leads to the following (approximate) expression of the
equivalent wire radius in (18):

n—1 .
Feg X T," "/rmm—i_%‘ (23)

Once geometrical characteristics of the equivalent wire
are determined (either exploiting the aforesaid approximate
expressions, or by direct evaluation of (18), (19) starting from
exact values of the involved p.u.l. inductances), the required
feeding conditions are those for a single-wire circuit, [6].

B. INFLUENCE OF DIELECTRIC COATING

The above equivalent parameters are derived starting from
inductances only, and, as such, they cannot account for the
effect due to the dielectric coating surrounding the wires in
real harnesses. In this regard, one can observe that the pres-
ence of dielectric coating scarcely influences the CM noise
induced by FC (actually, only small shifts in the resonant
frequencies are observed), and can be therefore neglected
in the FC model. This is no longer true as far as XT is
considered, since it non-negligibly impacts on capacitive
coupling between the wires. In order to (approximately)
account for dielectrics, an equivalent dielectric thickness with
Tdeq = Tb — Teq and relative permittivity equal to the original
one can be introduced to mimic a uniform charge distribution
on the external surface of the bundle. However, despite the
introduction of such an equivalent dielectric jacket, the pres-
ence of dielectric coating may weaken the accuracy of the XT
model, unless inductive coupling were prevailing over capac-
itive coupling. To minimize such an effect, it is desirable to
realize the generator circuit by a bare wire in the approximate
equivalence scheme, and to terminate it in low-impedance
loads. In practice, this condition is satisfied if the generator is
terminated in the 50 €2 input impedance of typical RF sources.

V. NUMERICAL EXAMPLES

In this Section, the proposed methods (implemented in Mat-
lab) are applied to reconstruct by XT the currents induced in
the terminal loads of the 19-wire bundles shown in Fig. 7.

141400

(b)

FIGURE 7. (a) Cross section of the XT test setup involving bundle #1; and
(b) Cross section (scaled for better readability) of bundle #2.

The first bundle under analysis (hereafter denoted as ““bun-
dle #1”) exhibits the cross-section in Fig. 7(a), and com-
prises 19 identical wires of length 0.5 m, radius 1 mm,
dielectric thickness 1 mm, and dielectric permittivity 3.5,
(hence, the bundle radius results r, = 10 mm). The bundle
average height is 4, = 50mm, as recommended by EMC
standards, [2].

The second bundle under analysis (shown in Fig. (b), and
denoted as “bundle #2” in the following) has the same length,
geometrical position, and bundle radius r, of the previous
one, but it is composed of wires with different radii. Geo-
metrical characteristics of individual wires in bundle #2 are
collected in Tab. 1.

In both test cases, the generator circuit (i.e., wire no. 20)
involves a wire with radius 1 mm and length 0.5 m, running
at height hy, = h, above ground, and separated by a distance
d = 50 mm from the center of the bundle under test, so that
both the weak coupling and the filament bundle assumptions
are barely satisfied (h, = d = 5rp). In the proposed valida-
tion examples, the generator circuit is realized by exploiting
either a bare wire (for the approximate equivalent scheme)
or a coated wire (for the exact scheme of equivalence) with
dielectric thickness 1 mm, and dielectric permittivity 3.5.
The corresponding p.u.l. parameters are calculated by using
Ansys Maxwell.

A. VALIDATION OF THE FILAMENT

BUNDLE APPROXIMATION

In Section II.C, the filament bundle approximation is intro-
duced to enforce equivalence between FC and XT by means
of average feeding conditions. Validity of such an approach
is strictly related to the possibility to neglect the differences
between the actual entries of FC induced vectors Vgco, VrcL
in (1) and XT coefficients in the vectors §, y in (15), which
are inherently assumed to be equal as long as the aforesaid
approximation is assumed.

To prove the effectiveness of the proposed approach (which
is a prerequisite for the validity of both methods), bundle #1 is
considered as the test case, and the entries of vectors Vgcy,
VrcL, 8, y are computed and compared. The obtained results
are plotted in Fig. 8 (for FC) and Fig. 9 (for XT). In these
figures, each cluster contains 19 curves, corresponding to
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TABLE 1. Parameters of individual wires in bundle #2.
Wire no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
riyrgi[mm] 09 09 09 09 09 09 09 09 09 1.0 1.0 1.0 1.0 1.1 1.1 1.2 1.2 1.3 1.5
hi [mm] 50 -06 82 47 22 -82 -49 37 26 29 1.5 -72 20 44 70 65 -07 -04 -55
yi [mm] 66 48 -05 -06 79 02 -66 -73 36 36 79 35 37 -02 33 -41 -15 04 43
Zoi, Zi [Q] 1 57 112 168 223 279 334 390 445 501 556 612 667 723 778 834 889 945 1000
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FIGURE 8. Magnitude of FC sources Vgcq or Vic (they satisfy the equality
IVEcol = IVEcp ) in (1) for the 19 wires in bundle #1 (a) in the absence,
and (b) presence of dielectric coating surrounding the wires.

the 19 individual wires belonging to the bundle under analy-
sis. Curves in Fig. 8(a) and Fig. 9(a) were evaluated assuming
bare wires. Those in Fig. 8(b) and Fig. 9(b) were obtained in
the presence of dielectric coating surrounding the wires.

Both in the presence and in the absence of dielectrics,
the spread within every cluster of curves is generally limited
to a few of decibels (with maximum spread in the order
of 2 dB), thus proving the effectiveness of the proposed
approximate assumption. In the presence of dielectric coat-
ing, the frequencies responses of the crosstalk coefficient
and of the sources induced by FC in HP case exhibit addi-
tional resonances above 100 MHz, whose occurrence was
also proved by full-wave simulation (not shown here for
brevity).

In passing, it is worth mentioning here that the relation-
ships between Vyco and Vgcr, derived in [10] in the specific
case of a single bare are still valid for individual coated
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FIGURE 9. Magnitude of XT coefficients in (15) for the 19 wires in bundle
#1 (a) in the absence, and (b) presence of dielectric coating surrounding
the wires.

wires in a bundle, since vector entries satisfy the equalities:
VrcL = Vrco for VP, and Vgcr, = V;:CO for HP.

B. FEEDING VOLTAGES AND RESONANCES

For the two bundles under analysis, the magnitude of the
open-end voltages of the two RF sources connected at the
terminations of the generator circuit so to achieve equivalence
with FC are plotted in Fig. 10 (bundle #1) and Fig. 11
(bundle #2). Plots in the first row were obtained by the
exploiting the first (exact) equivalence scheme, those in
the second row by employing the ECB approximation. Fur-
thermore, the feeding conditions in the left panels assure
equivalence in the case of VP of the antenna, those in the
right panels for HP, and were evaluated both in the pres-
ence and in the absence of dielectric coating surrounding the
wires. Particularly, owing to the symmetry of the considered
incidence conditions as well as of the passive part of the
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FIGURE 11. Magnitude of Vg = Vg, for bundle #2. Exact equivalence
scheme: (a) VP and (b) HP. Approximate equivalence scheme: (c) VP and
(d) HP.

generator circuit, voltages Vs, Vsz. are equal in magnitude for
both polarizations. Hence, only Vg is plotted in Fig. 10 and
Fig. 11.

In the frequency interval under analysis, resonances are
observed at frequencies fi = 0.5fp, o = fo, and 3 =
1.5fo, where fy denotes the resonant frequency of the wiring
structure under analysis. Resonances at frequencies which
are integer multiple of fy(e.g., f>) only occur in the pres-
ence of dielectric coating. At these frequencies, both FC
and XT-induced voltages take minimum values. Conversely,
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resonances occurring at frequencies (m + 1 / 2fo,m € N
identify frequency points at which FC-induced voltages take
maximum values, yet the frequency response of XT-induced
voltages exhibit notches. Hence, running the test at those
frequencies may require a considerable amount of power to
assure equivalence with FC, because of the extremely low
coupling efficiency of XT.

C. BUNDLE#1: RECONSTRUCTION OF LOAD CURRENTS
In this Sub-section, the effectiveness of proposed methods
is validated for bundle #1. To this end, the generator circuit
is driven by the feeding profiles shown in Fig. 12, and the
currents induced by XT at the terminations of the bundle
under test are compared versus those induced by FC.

In the first test case, whose results are shown in Fig. 12,
all wires in the bundle are terminated with 50 2 impedances,
ie., Zoi = Z;j = 50 Q. The plots in Fig. 12 compare the
CM currents and the currents induced at the terminations
of individual wires (namely, a wire was selected for every
layer) in the bundle by XT and FC. The proposed results were
obtained both for HP (first row) and VP (second row) of the
antenna, and in the absence (first column) and in the presence
(second column) of dielectric coating surrounding the wires.

Comparing the currents induced on wires belonging to
different layers, one can observe the effect of shielding played
by the outermost conductors on the internal wires, whose
induced current is generally lower.

In terms of induced CM currents, both the exact and
approximate equivalence scheme provide accurate recon-
struction of the CM current induced by FC. This result is
generally confirmed also for individual wires currents, which
are satisfactory reconstructed by both the proposed equiv-
alence schemes. Particularly, the most satisfactory results
are achieved for the inner wires (e.g., the best matching is
obtained for the center wire, i.e., wire no. 1, in this example),
since their position in the bundle is closer (than for the
outermost wires) to the average position considered to derive
the exploited feeding conditions.

To prove the independence of the proposed equivalence
schemes on loading conditions, an additional example is
here proposed, where the load impedances connected at the
terminations of the bundle under test are set as in the last row
of Tab. 1. The obtained results are shown in Fig. 13, which
further confirm the accuracy of both equivalence schemes in
reproducing the noise currents induced at the bundle termi-
nals though FC.

D. BUNDLE #2: RECONSTRUCTION OF LOAD CURRENTS
For the second wire bundle in Fig. 7, load currents induced by
FC and those reconstructed by XT by the proposed exact and
approximate equivalence schemes are compared in Fig. 14.
The results were obtained for the loading conditions collected
in Tab. 1. Moreover, simulations were carried out for HP and
VP of the antenna (first and second row, respectively), and
by exploiting wires without (first column) and with (second
column) dielectric coating.
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FIGURE 13. Reconstruction by XT of the currents induced by FC at the terminations (loads are as in Tab. 1) of bundle #1: (a) HP, bare wires; (b) HP,
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CM current and the currents of individual wires belonging to
the inner wires in the bundle. The differences observed for
external wires (here wire no. 16) are to be ascribed to the fact

On the whole, a satisfactory agreement is achieved, thus
confirming the effectiveness of the proposed schemes of
equivalence, especially for the reconstruction of the induced
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FIGURE 15. Virtual experiments through CST MWS numerical simulation: (a) Currents in individual wires: HP; (b). Currents in individual wires: VP; (c).
CM current in the bundle: HP; (d). CM current in the bundle: VP.

that the position of external wires may non-negligibly differ Moreover, it can be observed that the inclusion of dielectric

from the average position considered to evaluate the feeding coating may involve several spikes in the CM current and

conditions. on the currents induced on individual wires, which indicates
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that exploiting the proposed method at line resonances can
be cumbersome, especially when the bundle cross-section
exhibits irregularity and randomness in wire positioning.

VI. VIRTUAL EXPERIMENTS

In order to further validate the proposed schemes of equiv-
alence, the XT test setup involving bundle #1 was imple-
mented in the simulation environment CST MWS. Full-wave
electromagnetic simulations (FIT solver) were run in the
frequency range from 6 MHz up to 1 GHz (to avoid solver
accuracy limitation at low frequency), by exploiting the exact
and approximate feeding conditions derived in Sec. III and
Sec. IV, respectively. The obtained load currents at the bundle
terminals were then compared versus those predicted by the
FC model in Sec. III.

Examples of obtained results are shown in Fig. 15,
where solid curves are the currents induced by FC, whereas
dashed-red and dashed-blue curves are the currents induced
by XT as computed by the numerical solver by exploit-
ing the exact and approximate conditions of equivalence,
respectively.

On the whole, the comparison versus full-wave simulations
confirms the ability of the proposed XT-based procedure to
accurately reproduce the CM current induced in the bun-
dle under test. A few of spurious resonances are observed
especially for HP, which are mainly to be ascribed to TL
theory limitation in accounting for high-order propagation
modes. As far as the comparison of individual wire currents
is concerned, it is confirmed that the test can assure higher
accuracy in the reconstruction of the currents induced into the
inner wires of the bundle. Indeed, moving far from the bundle
center, the observed differences increase since the distance
between the axis of a specific wire in the bundle and the
average wire position increases.

VIl. CONCLUSION

Two formulations of the feeding conditions of the XT
test setup were derived to reproduce, in the terminal units
of a multiwire bundle, the same currents that would be
induced by FC in a RS test setup, overcoming previous
works devoted to single bare wire [6], [7], or a differen-
tial pairs [8]. The first formulation was derived by MTL
theory under weak-coupling and filament-bundle assump-
tions. The second, approximate formulation was derived by
bundle-reduction techniques. Assessment through simula-
tions of a bundle composed of 19 wires, without and with
dielectric cover, pointed out strengths and weaknesses of the
different equivalence schemes.

Both the formulations lead to a very good reproduction of
the comprehensive CM current in the bundle (differences of
few dBs are negligible from the viewpoint of industrial RS
testing) also in the presence of dielectric coating (practically,
the always relevant case). As far as individual currents of
wires are concerned, the exact reproduction is inherently
not possible for XT. On the other hand, this is true for any
other injection method based on a dominant CM-coupling
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mechanism (for instance BCI method). Anyway, the obtained
results show the potential of XT also in the reproduction of
these individual currents, especially for the inner wires of the
bundle.

The reproduction of FC-induced currents is achieved for
arbitrary terminal impedances. Indeed, the feeding conditions
of the XT test do not involve properties of the equipment
under test connected to cable terminals, which are usually
unknown to test operators in most practical conditions. This is
the main advantage of the proposed XT test setup with respect
to other techniques like BCI, making it a valid alternative for
pre-compliance RS investigation in industry.
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