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PAPER

SPICE Behavioral Modeling of RF Current Injection in Wire

Bundles

Flavia GRASSI†a), Giordano SPADACINI†, Nonmembers, and Sergio A. PIGNARI†, Member

SUMMARY In this work, a measurement-based procedure aimed at de-

riving a behavioral model of Bulk Current Injection (BCI) probes clamped

onto multi-wire cable bundles is proposed. The procedure utilizes the mea-

surement data obtained by mounting the probe onto the calibration jig for

model-parameters extraction, and 2D electromagnetic simulations to adapt

such parameters to the specific characteristics of the cable bundle under

analysis. Outcome of the analysis is a behavioral model which can be eas-

ily implemented into the SPICE environment. Without loss of generality,

the proposed model is here used to predict the radio-frequency noise stress-

ing the terminal units of a two-wire harness. Model accuracy in predicting

the common and differential mode voltages induced by BCI at the line ter-

minals is assessed by EM modeling and simulation of the involved injection

setup by the commercial software CST Microwave Studio.

key words: Bulk Current Injection (BCI), conducted immunity, behavioral

modeling, SPICE simulation

1. Introduction

Due to the wide spread of immunity test procedures based

on the Bulk Current Injection (BCI) technique, modeling

of injection probes for BCI have recently gained increasing

attention from the Electromagnetic Compatibility (EMC)

community. The final aim is twofold. On the one hand,

probe models allowing for accurate prediction in a wide fre-

quency range can be exploited to increase test significance

and effectiveness. Indeed, they provide insight to strengthen

the correlation between BCI and other susceptibility test-

ing techniques [1]–[3]. On the other hand, they repre-

sent time- and cost-effective tools for the EMC-oriented de-

sign of complex systems. In line with these needs, in a

previous work [4] two different strategies for probe mod-

eling were proposed and validated versus measurement.

The first approach involves a circuit representation of the

probe interior [see Fig. 1(a)] and resorts to input impedance

measurement to characterize the frequency response of the

probe ferrite-core, i.e., the frequency-dependent inductances

LP(ω), LW (ω), and M(ω) in Fig. 1(a). This is carried out in

the absence of the wiring harness. Therefore the obtained

model does not account for the effects due to probe-to-wire

interaction, which shall be a posteriori included by recourse

to specific circuit elements [i.e., inductance Ld and capac-

itances CS in Fig. 1(a)]. Unfortunately, this approach pre-

sumes information on the probe interior (geometrical data
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Fig. 1 Circuit model of the BCI probe clamped onto a single-wire inter-

connection [4]: (a) lumped-parameter circuit model; (b) equivalent probe-

model seen from the wiring harness.

and material properties) usually not available to the end-

user. As a consequence, model extension to injection de-

vices with different characteristics (e.g., bandwidth, num-

ber of turns, and dimensions) is not straightforward. Con-

versely, the second procedure leads to the equivalent circuit

in Fig. 1(b). Here, the effects of RF energy transfer and load-

ing exerted by the probe onto the wiring harness are mod-

eled by the circuit elements VS , ZP, YP whose frequency

behavior is retrieved from measurement data. The proce-

dure for parameter extraction is smarter and not affected

by the limitations of the previous approach. However, the

obtained parameters VS , ZP, YP are inherently affected by

electromagnetic (EM) interaction between the probe and the

ad hoc fixture used for experimental characterization, [4].

These limitations were overcome in [5], where the calibra-

tion jig — i.e., a standard EMC equipment — instead of the

ad hoc fixture in [4] was used for experimental characteriza-

tion, and simple rules to adapt the obtained probe-model pa-

rameters to the characteristics of the cable harness under test

were derived. However, in both the above mentioned models

the injection device is assumed to be clamped onto a single-

ended interconnection and, as such, the practically relevant

case of a wiring harness composed of multiple wires cannot

be handled [6], [7]. A first attempt to extend the model can

be found in [8]. However, the model there proposed still

requires accurate knowledge of the probe interior [indeed,

it extends the model in Fig. 1(a)], and it is suitable to dif-

ferential lines only. To overcome these limitations, in this

work a modeling procedure based on the second approach is

proposed, and it is proven that probe-model parameters ex-

tracted from jig measurement can be easily adapted and suc-

cessfully used for predicting BCI effects also in cable bun-

dles composed of several wires. The procedure leads to a

generalized Thévenin representation of the injection device

Copyright c© 2014 The Institute of Electronics, Information and Communication Engineers
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mounted onto the wiring harness. Such a lumped-parameter

representation can be readily implemented into SPICE by

behavioral components, and used for accurate prediction on

condition that the probe width is electrically-short. In the

frequency interval foreseen by BCI Standards (i.e., up to

400 MHz), most of the marketed BCI probes satisfies this

condition. Without loss of generality, the analysis will focus

on a wiring structure composed of two wires running par-

allel to ground, and terminated in (potentially) unbalanced

circuit networks. Probe-model parameters will be extracted

from the measurement data obtained on the calibration jig,

and adapted to the characteristics of the cable harness un-

der analysis by means of 2D numerical simulations. The

obtained model will be then implemented into the SPICE

environment and used to predict common mode (CM) and

differential mode (DM) voltages induced at the line termi-

nals. Model accuracy will be validated by 3D EM simula-

tions carried out by CST Microwave Studio, [9].

2. Probe-Model Parameters

2.1 Extraction from Jig Measurement

In this Section, probe-model parameters VS , ZP, YP are re-

trieved from the measurement data obtained by mounting

the injection device onto the calibration jig. To this end, an

injection probe FCC F-130A [10] was mounted onto a cali-

bration jig FCC BCICF-1 [10] as shown in Fig. 2(a), and the

obtained structure was characterized at the three ports (see

Fig. 2 for port numbering) by means of a Vector Network

Analyzer (VNA) Agilent E5070B. Measurements were car-

ried out in the frequency interval from 300 kHz to 400 MHz,

and led to a 3 × 3 scattering parameter (SP) matrix in the

form:

S =

⎡

⎢⎢⎢⎢⎢⎢⎢⎣

S 11 S 12 S 13

S 12 S 11 −S 13

S 13 −S 13 S 33

⎤

⎥⎥⎥⎥⎥⎥⎥⎦
, (1)

Fig. 2 Extraction of probe-model parameters from jig measurement:

Picture (a) and principle drawing (b) of the experimental setup.

where subscript 3 denotes the input port of the probe, and

subscripts 1, 2 refer to jig terminations. In order to obtain a

two-port representation at the jig ports, port no.3 was elim-

inated by assuming a radio-frequency (RF) signal generator

with parameters VRF , RS = 50Ω, [gray block in Fig. 2(b)]

connected with such a port, and by enforcing the corre-

sponding port-constraints to port no.3 [4]. Conversion of

the obtained SP representation into chain-parameter nota-

tion allowed expressing the relationships between voltages

and currents at the jig ports as function of measurement data

as:
(

V2

I2

)

= Φm ·

(

V1

I1

)

+ Fm, (2)

whereΦm, Fm depend on the SPs in (1), and on the internal

resistance (RS ) of the RF source. Subsequent interpretation

of the overall structure as the cascade connection of three

two-port networks, Fig. 2(b), allowed extracting a black-box

model of the probe (inner active two-port) by de-embedding

from measurement data (Φm, Fm) those effects which are

due to jig terminations (lateral blocks labeled by ΦL,ΦR),

e.g., the time delay introduced by the taper terminations of

the jig as well as reflections and field scattering at the inter-

face between the inner conductor and the coaxial termina-

tions of the jig. To this end, the jig circuit model developed

and experimentally validated in [5] was used to evaluate the

entries of the chain-parameter matrices ΦL, ΦR modeling

jig terminal sections. This finally allowed to extract VS , ZP,

YP in Fig. 1(b) from the obtained matrix ΦP and vector FP

by solution of the matrix system:

ΦP = Φ
−1
R ·Φm ·Φ

−1
L =

[

1 + ZPYP −ZP

−YP(2 + ZPYP) 1 + ZPYP

]

,

(3)

FP = Φ
−1
R · Fm =

(

1

−YP

)

VS . (4)

Although effects due to jig terminations were prelimi-

nary de-embedded from measurement data, the parameters

extracted from (3), (4) still incorporate contributions due to

EM interaction between the probe and the inner wire of the

calibration jig. However, circuit interpretation of these pa-

rameters by the light of the probe model in Fig. 1(a) allows

to draw useful conclusions on the sensitivity of VS , ZP, YP

on probe-to-wire interaction, as shown in the following sub-

section.

2.2 Variability with Cable Characteristics

In Fig. 1(b), the voltage source VS and the impedance ZP

represent the parameters of the Thévenin equivalent circuit

seen from the clamped conductor when looking towards the

injection device. Frequency behavior of these parameters is

strictly related to the frequency response of the probe ferrite

core and to the specific arrangement of the probe primary

winding, while it is marginally influenced by the charac-

teristics of the cable harness clamped by the injection de-

vice. This is definitely true for VS , whose invariability with
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the characteristics of the clamped cable was experimentally

proven in [5]. Conversely, impedance ZP can be conve-

niently re-written as the sum of two terms, i.e.,

ZP = Z̃P + Zd. (5)

In (5), Z̃P does not depend on the characteristics of the

wiring harness, and can be interpreted as the equivalent

impedance seen from the clamped conductor when look-

ing from the outlets of L̂W (ω). Contribution of such an

impedance is dominant as long as the relative permeabil-

ity of the ferrite core takes values much larger than one

(i.e., in the lower frequency range). The second impedance

Zd = jωLd accounts for the portion of magnetic flux that

leaks out the core without linking the clamped conductor.

This leakage impedance — appreciably contributing to ZP

at high frequency — is inherently related to the characteris-

tics of the clamped conductor, and needs to be calculated

from time to time depending on the specific characteris-

tics of the cable harness. Conversely, the portion of ZP not

influenced by probe-to-wire interaction (Z̃P) can be evalu-

ated from the impedance ZP obtained by jig measurements

by de-embedding the contribution of Zd — here strictly re-

lated to the characteristics of the jig inner conductor — as:

Z̃P � ZP − jωLd, jig. To this end, the leakage inductance

Ld, jig is evaluated as the total inductance of the coaxial

transmission-line (TL) section composed of the inner con-

ductor of the jig (signal line) and the inner surface of the

probe ferrite core. For probe FCC F-130A and jig FCC

BCICF-1, this yields Ld, jig � 11 nH. In a similar fashion,

also admittance YP = jωCS is related to probe-to-wire in-

teraction only. Indeed, it accounts for capacitive coupling

between the inner conductor of the jig and the probe metal-

lic frame, which is kept at the same potential of the refer-

ence ground through the shields of the coaxial connectors

(for the probe and jig here considered: CS � 6 pF). As a

consequence, clamping the probe onto a wiring harness re-

quires to re-evaluate Ld and CS only, starting from the ge-

ometry and material properties of the clamped conductor.

From these considerations, probe-model extension shall in-

volve (a) generalization and evaluation of the parameters as-

sociated with probe-to-wire interaction (i.e., Ld, CS ) and (b)

combination of these parameters with those accounting for

the probe frequency-response only (i.e., VS and Z̃P).

3. Probe-Model Extension

In this Section, it will be shown how probe-model param-

eters extracted from jig measurement can be used for ef-

fective prediction of BCI effects in multi-wire cable bun-

dles. Although the analysis here presented will refer to

a wiring structure composed of two wires running above

ground, model generalization to cable bundles composed of

more than two wires is straightforward.

3.1 Chain-Parameter Representation

For model derivation, the injection probe clamped on a two-

wire interconnection above ground is modeled by an active

four-port network, characterized in terms of chain param-

eters by a 4 × 4 matrix ΦP, and a 4 × 1 vector FP. This

extends the two-port representation in (3), (4) and Fig. 2(b),

and allows for the circuit interpretation in Fig. 3, where: (a)

two ideal voltage sources in series with the two wires repre-

sent the active part of the model, and (b) the 2 × 2 matrices

ZP, YP are used to model the effect of loading and capaci-

tive coupling exerted by the probe on the cable harness. In

line with this representation, voltages and currents by the

sides of the probe are related by:

(

Vb

Ib

)

=

[

12+ZPYP −ZP

−YP(212+ZPYP) 12+YPZP

]

·

(

Va

Ia

)

+

(

VS

−YPVS

)

(6)

where 12 is the 2×2 identity matrix, Va(b) = [V1a(b) V2a(b)]
T ,

Ia(b) = [I1a(b) I2a(b)]
T , VS = [VS 1 VS 2]T .

3.2 Model-Parameters Extracted from Measurement

To show how the parameters of the probe-model in Fig. 3

can be correlated to those extracted from jig measurement,

we resort to the lumped-parameter circuit network in Fig. 4

[8], which extends the probe-model in Fig. 1(a). In this

model, inductive coupling between the probe and the cable

harness is represented by three coupled inductors with com-

plex and frequency-dependent inductances, whereas two

lumped-Π capacitive networks are used to model capaci-

tive coupling. By this circuit interpretation, matrix ZP and

vector VS can be evaluated as the parameters of the general-

ized Thévenin equivalent circuit seen from the cable harness

looking towards the probe primary circuit. Accordingly, de-

noting as

Vab = [1 + jω(RS + jωLC)(CC +Cw)]−1VRF (7)

Fig. 3 Four-port representation of the BCI probe clamped onto a

two-wire cable harness above ground.

Fig. 4 Circuit model of the BCI probe clamped onto a two-wire cable

harness above ground [8].
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Zab= jωLw+
RS + jωLC

1+ jω(RS + jωLC)(CC+Cw)
(8)

the parameters of the Thévenin equivalent of the probe pri-

mary circuit seen from the outlets of L̂P, and as

⎛

⎜⎜⎜⎜⎜⎜⎜⎝

VP

VW1

VW2

⎞

⎟⎟⎟⎟⎟⎟⎟⎠
= jω L̂ f ·

⎛

⎜⎜⎜⎜⎜⎜⎜⎝

IP

IW1

IW2

⎞

⎟⎟⎟⎟⎟⎟⎟⎠
; L̂ f =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎣

L̂P M̂P1 M̂P2

M̂P1 L̂W1 M̂12

M̂P2 M̂12 L̂W2

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎦
(9)

the port-constraints enforced by the coupled inductors L̂P,

L̂W1, L̂W2, matrix ZP and vector VS take the form:

ZP= jω

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎣

L̂W1 −
M̂2

P1

L̂T
M̂12 −

M̂P1 M̂P2

L̂T

M̂12 −
M̂P1 M̂P2

L̂T
L̂W2 −

M̂2
P2

L̂T

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎦
(10)

VS = −

(

M̂P1

M̂P2

)

Vab

L̂T

, (11)

where L̂T = L̂P + Zab/( jω).

To evaluate the entries of ZP, VS in (10), (11), self and

mutual inductances in (9) are expressed in terms of (a) re-

luctance of the ferrite-core, ℜ̂(ω), and (b) number of turns

of the probe primary winding, NP, as

L̂ f =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

N2
P
/ℜ̂(ω) NP/ℜ̂(ω) NP/ℜ̂(ω)

NP/ℜ̂(ω) 1/ℜ̂(ω)+Ld1 1/ℜ̂(ω)+Md

NP/ℜ̂(ω) 1/ℜ̂(ω)+Md 1/ℜ̂(ω)+Ld2

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (12)

where Ld1, Ld2, Md account for the portion of flux which

does not link the wires clamped by the probe. Indeed, these

inductances extend the concept of leakage inductance Ld in

Fig. 1(a), and require to be evaluated starting from the char-

acteristics of the clamped conductor, as it will be shown

in the following sub-section. Once leakage inductances

Ld1, Ld2, Md are known, some simple algebra (here omit-

ted for brevity) allows expressing ZP and VS in (10), (11) as

function of the parameters extracted from jig measurements

(i.e., impedance Z̃P, and voltage source VS ) as

ZP= Z̃P

[

1 1

1 1

]

+ jω

[

Ld1 Md

Md Ld2

]

︸����︷︷����︸

Ld

= Z̃P+Zd (13)

VS = VS

(

1

1

)

= VS 12×1. (14)

It’s worth noting that the formulation in (13), (14) allows

to readily account for the frequency-dependent behaviour of

the probe core without requiring accurate information on the

probe interior. Additionally, it can be easily generalized to

handle cable bundles composed of N (with N > 2) wires, at

the cost of re-evaluating matrices Zd, and YP as explained

in the following.

3.3 Model-Parameters Requiring ad hoc Evaluation

Probe-model parameters requiring ad hoc evaluation are

those accounting for probe-to-wire interaction, that is ma-

trices Zd = jωLd and YP = jωCS in (6), (13). With ref-

erence to the cross-section view in Fig. 5, the entries of the

Fig. 5 Cross-section view of the BCI probe clamping a two-wire cable

harness. For probe FCC F-130A: r f ≈ 16 mm, rc ≈ 24 mm, [4].

inductance matrix Ld can be interpreted and calculated as

the total self and mutual inductances of the coaxial TL sec-

tion composed of the clamped conductors (signal lines), and

the inner surface of the probe ferrite core, which here be-

haves as an equivalent shield with radius rc. For widely-

separated wires [11], approximate analytical expressions of

the involved per-unit-length (p.u.l) inductances can be found

in [11, Sect. 9.3]. For close conductors, numerical simula-

tion of the involved 2D cross-section is required in order

to calculate such p.u.l. inductances. The entries of matrix

Ld can be then evaluated by multiplying the obtained p.u.l.

inductances by the probe longitudinal width, LP, (e.g., for

probe FCC F-130A, LP � 63 mm). In a similar fashion,

the entries of the stray-capacitance matrix CS can be evalu-

ated by interpreting the two wires and the inner surface of

probe-hole as a coaxial TL section, where the wires behave

as signal lines, and the inner surface of the probe metallic

frame behaves as an ideal shield with radius r f (see Fig. 5).

The involved p.u.l. capacitances can be calculated by an-

alytical expressions [11, Sect. 9.3], or by 2D electrostatic

simulation, depending on wires separation and on the ab-

sence/presence of dielectric jackets around the wires. The

obtained p.u.l. capacitances are then multiplied by half the

probe longitudinal width, LP, since in the proposed model

capacitive coupling is symmetrically distributed by the two

sides of the probe.

It’s worth to note that these calculations do not require

information on the probe interior. Indeed, r f , rc and LP can

be easily measured from the probe exterior, or even found in

probe data-sheets.

4. Circuit and Electromagnetic Simulation

As a specific example, the proposed probe model is here

used to predict the noise induced by BCI at the terminations

of a two-wire structure. This example is of significant inter-

est from the communications viewpoint, since several com-

munication protocols make use of physical layers involv-

ing differential-line buses (e.g., twisted-wire pair cables) to

ensure signal immunity to EM interference [3]. Indeed, in

these structures the interference pick-up (both radiated and

conducted) is mainly determined by noise-rejection and CM

to DM conversion characteristics of the terminal units. As a

consequence, the current levels assigned by BCI Standards



428
IEICE TRANS. COMMUN., VOL.E97–B, NO.2 FEBRUARY 2014

Fig. 6 Lumped-Tee (a) and lumped-Π (b) circuit networks used to model

not-perfectly balanced terminal units (right-end side).

and enforced by probe calibration on the jig (i.e., the bulk

CM current flowing through the harness) have scarce cor-

relation with the DM noise actually stressing the terminal

units during the injection test. Despite that, this example

(corroborated by 3D simulations) will show that extracting

probe-model parameters from jig measurements and com-

bining them with specific parameters calculated by simple

2D simulations (see Sect. 3.3) suffices to reproduce the CM-

to-DM conversion phenomenon at the basis of terminal units

susceptibility, and to accurately predict both CM and DM

disturbance at the line terminals.

4.1 Two-Wire Structure under Analysis

Without loss of generality, a well-balanced wiring structure

composed of a pair of 25 cm long bare and lossless paral-

lel conductors running above a perfect ground plane is here

considered. Wire length is L = 25 cm, wire radius is rw
= 0.4 mm, wire separation is s = 8 mm, wire height above

ground is h = 50 mm. For the purpose of this analysis, such

an interconnection is assumed to be terminated in potentially

unbalanced terminal units, which can be equivalently repre-

sented by the lumped-Tee or lumped-Π circuit networks in

Fig. 6. In these networks, coefficients δX [Fig. 6(a)] and ∆X

[Fig. 6(b)] are used to include into the model possible imbal-

ance due to the left (subscript X = S ) and right (subscript

X = L) terminal units. Additionally, in line with typical de-

sign strategies of differential lines (aimed at enhancing DM

signaling while increasing immunity to conducted/radiated

noise), the input impedance of the terminal units (2ZD) is

assumed to be matched to the DM characteristic impedance,

ZDM , of the wiring harness. For the lossless and bare TL

structure here considered, the DM impedance ZDM can be

expressed as function of the p.u.l. self and mutual induc-

tances ℓs, ℓm as

ZDM � 2c0ℓs(1 − ℓm/ℓs), (15)

where c0 denotes the light-speed in free-space. Therefore,

enforcing the matching condition ZDM = 2ZD leads to the

value ZD � 179Ω for the load impedances in Fig. 6.

4.2 Circuit Simulation (SPICE)

For prediction of modal voltages at the line terminals, injec-

tion probe FCC F-130A was assumed to be clamped on the

two-wire structure described in Sect. 4.1 at midpoint. The

whole injection setup was implemented and simulated by

Fig. 7 SPICE schematic modeling the BCI setup under analysis.

SPICE, and CM and DM voltages were retrieved from the

voltages V1, V2 obtained at the line right-end as: VCM =

(V1 + V2)/2, VDM = V1 − V2. The SPICE schematic used

for circuit simulation is shown in Fig. 7. In this network,

line terminations in Fig. 6(a) were modeled by resistors, and

line sections by the sides of the probe were modeled by

two three-conductor TLs with length LS = (L − LP)/2

� 93.5 mm. In SPICE, this was achieved by the use of two

T2coupled parts (Tline library) with ℓS � 1.1 µH/m, ℓm
� 0.5 µH/m, cS � 12.8 pF/m, cm � −5.85 pF/m. Con-

cerning the probe model, the frequency-dependent entries

of the impedance matrix Z̃P and the source vector VS (i.e.,

those probe-model parameters which were extracted from

jig measurement in Sects. 2.1 and 3.2) were implemented in

SPICE by recourse to the ABM (Analog Behavioral Model)

part EFREQ. This part allows to include measurement data

into the simulation environment, as it behaves as a voltage-

controlled voltage source with gain assigned frequency-by-

frequency by means of a look-up table. Accordingly, in

Fig. 7 the two EFREQ parts connected with the ac voltage

source are used to model the induced voltage sources VS 1

= VS 2 = VS in Fig. 3. In a similar fashion, the entries of

matrix Z̃P in (13) are implemented by appropriate connec-

tion of four EFREQ parts with suitable current-controlled

(H parts in Fig. 7) voltage sources with unitary gains. Such

a behavioral model is then augmented by additional cir-

cuit components accounting for probe-to-wire interaction.

Namely, a pair of coupled inductors (part TX1), with self-

inductances Ld1,2 � 51 µH and coupling coefficient k � 0.28

is used to model matrix Zd in (13). Two lumped-Π ca-

pacitive networks, each comprising a wire-to-wire capaci-

tor of 0.105 pF, and a couple of wire-to-ground capacitors

of 0.4 pF, are used to model matrices YP in (6). These val-

ues were evaluated by 2D numerical simulation (carried out

by the commercial software Maxwell 2D) of the equivalent

coaxial-cable cross-sections introduced in Sect. 3.3, which

only involve geometrical data (i.e., r f , rc, and LP) that can

be easily measured from the probe exterior.

4.3 EM Simulation (CST Microwave Studio)

To corroborate the predictions obtained by SPICE simula-

tion, the two-wire injection setup in Sect. 4.1 is modeled

by the Finite Integration Technique (FIT)-based code CST

Microwave Studio (MWS), [9]. The wiring structure im-
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Fig. 8 EM model of injection probe FCC F-130A mounted onto a two-

wire test fixture: Detailed view of the 5000000 hexahedral-cells mesh used

for numerical simulation in CST MWS, [9].

plemented for full-wave 3D simulation (see Fig. 8) resem-

bles the single-ended test fixture used in [4]. Indeed, two

vertical metallic strips soldered to a metallic ground plane,

each hosting a pair of SMA pass-through connectors, are

introduced to host the two wires and to allow for connec-

tion with the so-called wave-guide ports available in CST

MWS. Injection probe FCC F130-A is clamped onto the

fixture at midpoint. Its EM model includes the metallic

frame, the toroidal ferrite core, the primary winding (i.e.,

the wire wound around the ferrite core), and the input con-

nector/adapter pair used for experimental characterization of

the probe via VNA measurement [the effects due to this ad-

ditional adapter are inherently included into the parameters

Z̃P, VS extracted from jig measurement, see Fig. 2(a)]. The

metallic frame and the primary winding are made of perfect

electric conductor (PEC), whereas both PEC and dielectrics

are used for modeling the input connector/adapter series.

Four insulated rings with user-defined material-properties

are used to reproduce the frequency response of the probe

ferrite core. Ferrite relative permittivity was set to εr =

14. Ferrite relative permeability (µr) was represented by

a Debye model, whose parameters (i.e., static value 375,

and time constant 0.5 ns) were tuned by iterative simula-

tions aimed at reproducing the measured input-impedance,

[12]. This repetitive procedure was used for an a posteri-

ori characterization of the ferrite intrinsic properties, which

could not be directly extracted from input impedance mea-

surement due to superposition with high-frequency phenom-

ena occurring within large ferrite cores. These phenom-

ena — e.g., eddy currents and dimensional resonances orig-

inating from non-uniform distribution of the magnetic flux

on the core surface [13] — require accurate meshing of the

probe core in order to be effectively reproduced by EM sim-

ulation. Therefore, to achieve accurate prediction, simula-

tions were carried out in a bounding box of length 400 mm,

depth 400 mm, and width 250 mm with an adaptive mesh of

5000000 hexahedral-cells (see in Fig. 8). To emulate free-

space conditions, open boundary conditions (PML in CST

MWS) were assigned to all box faces, with the exception of

the bottom face, where electric boundary conditions (which

set at zero the tangential component of the electric field vec-

tor) were imposed to mimic the presence of a perfect ground

plane.

Fig. 9 CM(a) and DM (b) voltage prediction at the right line-end for

different values of the impedance ZG: SPICE (solid curves) versus CST

MWS (dotted curves) simulation (δS = δL = 0.1).

4.4 Prediction of Modal Voltages

CST MWS simulations were carried out from 1 up to

400 MHz, by connecting a wave-guide port (emulating the

coaxial port of a VNA) to each of the five ports of the in-

jection setup. The obtained five-port SP representation —

which does not depend on the terminal networks — was

firstly reduced by assuming a non-ideal RF voltage source

with internal parameters VRF , RS = 50Ω connected with

the probe input, and then converted into chain-parameter

representation. Modal voltages at the right termination of

the setup were finally evaluated by enforcing the port con-

straints imposed by the terminal networks in Fig. 6(a). The

obtained modal voltages (dotted curves) are compared with

the predictions obtained by SPICE simulation (solid curves)

in Fig. 9 and Fig. 10. For the sake of comparison, the SPICE

model (see Sect. 4.2) was preliminary augmented by suit-

able lumped-parameter circuit networks modeling the ef-

fects due to the SMA connectors and vertical strips exploited

for 3D simulation. This was achieved by extending to the

two-wire structure in Fig. 8 the circuit models developed for

the single-ended test fixture in [4].

In the first figure (Fig. 9), (a) CM and (b) DM voltages

induced at the right termination are plotted for three differ-

ent values of the grounding impedance ZG (here, equal de-

gree of unbalance at both the line terminals, i.e., δS = δL =

0.1, was set). In the second figure (Fig. 10), the dependence

of DM voltages on the degree of unbalance of the terminal

networks is investigated by considering three different com-

binations of coefficients δS , δL (in this case, all the plotted

curves were obtained with ZG = 1 mΩ). The correspond-
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Fig. 10 DM voltage prediction at the right line-end for different degrees

of unbalance of the terminal networks: SPICE (solid curves) versus CST

MWS (dotted curves) simulation (ZG = 1 mΩ).

ing plot for CM voltages is here omitted, since CM voltages

are scarcely influenced by termination unbalance. In par-

ticular, for the specific values of δ exploited in Fig. 10, no

appreciable variations of CM voltages were observed. On

the whole, a remarkable agreement is observed between the

curves obtained by circuit (SPICE) and EM (CST MWS)

simulation. In-band differences on the order of 1 or 2 dB

are to be ascribed partly to the approximations involved in

the circuit model of the terminations of the test fixture (i.e.,

SMA connectors and vertical strips used for 3D EM simula-

tion), and partly to the fact that the EM simulation itself has

finite precision. In particular, the small oscillations observed

in Fig. 9(a) at low frequency can be explained by recalling

that the EM software used for EM simulation resorts to a

time-domain solver.

5. Conclusion

The standard procedure for BCI probe calibration is based

on the use of an electrically short, ideally matched single-

ended test fixture, i.e., the so-called jig. However, applica-

tion of the BCI technique to real systems often shows that

the actual RF levels injected into the terminal units of the

system under test may largely differ from the expected lev-

els, [3]. This originates from the substantial difference be-

tween the single-ended 50Ω ideal structure of the jig and

the multi-wire (and thus multi-mode) nature of real cable

harnesses with arbitrary terminations. This issue is well

exemplified by systems involving differential lines for data

transmission, whose conducted and radiated immunity prop-

erties are severely affected by the noise-rejection and mode-

conversion characteristics of the terminal units. However,

these aspects are left out of the BCI calibration procedure

which, resorting to the jig, can only provide rough estimates

of the injected CM noise current. Despite the aforemen-

tioned limitations, it is possible to show that experimental

characterization of the injection probe mounted onto the cal-

ibration jig can be used to extract an equivalent circuit model

of the probe allowing for precise description of the injection

phenomenon, and for accurate prediction of the conducted

immunity of terminal units connected through multi-wire

structures. This was done in this paper by recourse to cir-

cuit and EM modeling of a BCI test setup involving a dif-

ferential line above ground with simple but not ideal termi-

nations. The proposed modeling procedure, which does not

require accurate knowledge on the probe interior, leads to

a measurement-based behavioral model which can be eas-

ily implemented into the SPICE environment via behav-

ioral parts. One of the key features of this model is that it

can be easily adapted to multi-wire harnesses with different

characteristics by setting the values of few circuit elements

accounting for EM interaction between the probe and the

wiring harness. Accordingly, even if the results here shown

were derived for a two-wire structure, model extension to a

cable harness composed of an arbitrary number of wires is

straightforward.
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