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Abstract. In this paper, the effect of the slot distance,
existed between the two parts of BCIl-probe shield, on its
performance is studied, therefore, two ferrite materials
with the same size and different characteristics are used to
implement two identical BCI-probes. The input impedance
and reflection coefficient are measured for four different
values of slot distance 0.5, 1, 2 and 3 mm. Practical results
show a notable effect of the slot distance on measured
quantities.

Measured impedance analysis shows the appearance of
three capacitive regions in its spectra, therefore, a three
dimensional electromagnetic (EM) model is implemented in
CST-Microwave Studio (MWS) software to disclose the
main source parameters responsible for it.

Results of achieved study, using developed EM model, were
in accordance with measured data for the implemented
prototypes, and showed the same resonance phenomena.
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1. Introduction

Bulk current injection probe is a wide band low inser-
tion loss power transformer, when clamped on a wire har-
ness it produces in it an electromagnetic interference, it has
the ability to identify the source of problem, therefore, the
BCI probe is widely used in testing the susceptibility or
immunity of electronic systems. Because of its advantages,
and low cost compared to antenna procedures, BCI tech-
niques were accepted by about all regulatory standards [1-6].

The shield is an essential part of any BCI probe; its
main purpose is to prevent any possible electromagnetic
interference with and from the device. It is provided, from
its inner side, with a small gap or slot as shown in Fig. 1(a),
thus, the probe is not fully shielded. This slot cannot be
avoided, otherwise, the probe would be short circuited; and
its distance must be small to decrease the said interference.
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Fig. 1. (a) A cross section of BCI-probe shield, (b) the inner

part of the shield.

The shield produces capacitive effects in the probe, which
reduces its performance, there is no previous research to
assess how the shield can affect the properties of the probe.

An accurate prediction of injection behavior is an im-
portant step, it helps in estimating and controlling RF inter-
ference levels, therefore, several research efforts have done
for modeling, analyzing and characterizing the BCI probe
in order to study a specific setup [7—10], or to improve its
high frequency performance [11]. Further works use the
circuit concept approach which replaces the probe with its
equivalent source voltage and current without taking into
account its main characteristics [12—14]. Other works have
benefit from software tools for optimizing the model or
achieving needed refinements in evaluating the circuit
parameters [15], [16], or for implementing a 2D or 3D
electromagnetic models [17-19], in which the complex
permeability spectra is the main parameter that should be
known.

Nevertheless, in spite of the good accordance of some
developed models with measurements, a model that char-
acterizes the BCI-probe apart from its internal structure is
not available. For example, there is no circuital model
which takes the slot, inter winding and ferrite dielectric
constant capacitive effects into consideration.

For the primary turn, the shield represents a secondary
coil loaded with the slot capacitance. The total value of this
capacitance is usually small and can be neglected at low
frequencies, therefore, it is treated as an open circuit. At
high frequencies the impedance of this capacitance de-
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creases dramatically and its impact becomes meaningful,
this is because of its parallel connection with the probe
main inductance.

In this work, the role of the shield, connector and fer-
rite permittivity on the resonance phenomena observed in
most BCI-probes is studied. This helps in understanding
their effect on the probe's performance in the aim of im-
proving it. In modeling, it helps in disclosing the role of
each parameter and its location in the developed circuital
model which leads to derive an accurate one. Firstly, the
effect of the slot capacitance on measured reflection coeffi-
cient, and input impedance is shown practically by imple-
menting two BClI-probes, then, a detail analysis and inter-
pretation for the results is made using CST-MWS by
implementing a 3D EM model.

2. Resonance Phenomenon in BCI-
Probe

The input impedance spectra of the probe, in case of
clamping it on a fixture or not, can be expressed in com-
plex notation as Z(f) = R(f) + j X(f), where R(f) is the real
part and X(f) is the imaginary part of Z(f). At the frequency
fy at which resonance occurs, X(f;) =0, and Z(f;) = R(f))
coincide a peak of the curve. This form of resonance ap-
pearance was measured in [10] (Fig. 6 & Fig. 7) and [15]
(Fig. 3) for the BCI-probe model FCC-F140, and in [17]
(Fig. 6 & Fig. 9) for the probe model FCC-F120 8G in case
of clamping and non-clamping it on a fixture, respectively.

From the definition of reflection coefficient spectra
Si1=(Z-50)/ (Z+50), when the imaginary part of Z is
zero, the imaginary part of Sy, is zero, too. Thus, the fre-
quency at which resonance occurs is characterized by
a magnitude of S}, equal to its real part, and small value of
imaginary part in dB. This form of resonance appearance
was measured in [19] (Fig. 7) for the probe model FCC-
F130A, and [15] (Fig. 7) for FCC-F140, in case of non-
clamping the probe on a fixture; and in [9] (Fig. 14) for
FCC-F120-2 and [9] (Fig. 16) for FCC-F130-A, in case of
clamping the probe on a fixture.

The working band of frequency of some BCI-probes,
from Fischer Custom Communications (FCC) [20], and
their measured resonance frequency in case of not
clamping it on a fixture, are listed in Tab. 1. It shows that,
for the proposed models, two resonance frequencies exist
within the probe's working bandwidth, which proves that
these BCl-probes include capacitive working modes.
Compared to the probe's usable frequencies, the first reso-
nance appears at a relatively low frequency, which imposes

Model | Usable freq. | 1% resonance [2" resonance Ref.
[20] [MHz] [MHz]
F130A 1-450 MHz 35 300 [19] (Fig. 7)
F140 1-1000 MHz 35 650 [15] (Fig. 3)
F120-8G | 0.01-400 MHz 10 90 [17] (Fig. 6)

Tab. 1. BCl-probe models from FCC and their resonance
frequencies.

a question about the way at which the probe couples the
wire harness above this limit.

3. Injection Probe Characterization

The BCI probe is a wide band magnetic device, with
mostly one turn primary coil wound around a toroidal fer-
rite core. Figure 2 illustrates a radial cross sectional view of
a typical BCI probe, the terminals of the primary coil are
connected to N-type 50 Q RF-connector, one terminal is
attached to the inner pin while the other one is connected to
the external shield of the connector. The probe is shielded
using two identical aluminum frames connected together
with the outer shield of the connector from the outer side of
the probe, and separated by a small slot from the inner one.

When the BCI-probe is not clamped on a wire under
test, the shield is seen by the primary as a secondary coil,
with one turn, loaded by the slot capacitance as shown in
Fig. 3(a), where Cs and C,, denote the slot and inter wind-
ing capacitors, respectively. Thus, clamping the probe on
a wire, adds another secondary coil, and both secondary
coils must be taken into account in any derived circuital
model. In case of small C, the effect of just Cs remains,
when transformed to the primary it can be represented as
shown in Fig. 3(b). Its connection in parallel with the pri-
mary inductor, means that Cs could generate a resonance at
a certain frequency, above which the input impedance
becomes predominantly capacitive and the effectiveness of
the ferrite core is degraded, especially for high value of Cs.

connector \ g

shield frame

Ferrite core

primary coil —7 i slot

” ('\.

Fig. 2. Radial cross-section of a general type BCI probe with
its input connector.

Lpri

(®)

(a) The connection of the shield capacitors and (b) the
equivalent model showing the effect of just the slot ca-
pacitance after transforming the secondary to primary.

Fig. 3.
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Fig. 4. The equivalent model for the probe showing the effect
of comparable inter winding capacitance effect.

In case of comparable inter winding capacitance, the
transformer can be modeled with two coupled inductors Ly
and L, with mutual inductance M as shown in Fig. 4. The
capacitive effect resultant from the connector adds another,
in parallel, capacitor at the input of the model.

4. Verifying the Slot Capacitive Effect

To evaluate the influence of the slot capacitance on
measured reflection coefficient parameter, four toroidal
cores from Fair-Rite company model 5961003801 (#61
NiZn material), with the permeability spectra shown in
Fig. 5 [21], are used in fabricating the BCI-probe shown in
Fig. 6, the design takes into regard to use the same primary
winding and to achieve the same spaces between the core
and the shield as that for F-130A from FCC [20].

To achieve the needed tests using vector network an-
alyzer (VNA) model HP8510, the device is provided by
SMA-to-N type adapter to allow the use of coaxial cables
equipped with SMA connectors. The available minimum
testing frequency of proposed VNA is 45 MHz, a device
with lower range is not at the authors’ disposal, but since
the effect of the slot capacitance appears at high frequen-
cies, it would be sufficient. The VNA is calibrated in the
frequency range 45-1100 MHz, and measurements are
carried out at this frequency interval.

The amplitude of reflection coefficient is measured
for four different slot spacing distances (0.5, 1, 2 and
3 mm). The results of measurement are plotted together in
Fig. 7, it shows that the slot distance has a notable effect on
measured reflection coefficient. When the slot distance
increases, the value of its associated capacitor decreases,
which increases its impedance, and thus, the frequency at
which the shield behaves as a short circuit, this explains the
minimum shift towards higher frequencies by increasing
the slot distance.

The precedent procedure is repeated to the core model
710-74270097 (material 4W620) from Wurth Electronics
which has the same dimensions as the previous one, but
with higher initial permeability of 620 instead of 125 for
Fair-Rite core material. The results of measurements are
shown in Fig. 8, the same resultant minimum shift is ob-
served. This proves that the effect of slot capacitance can't
be neglected while designing and modeling the BCI-probe.
The common point between Figs. 7 and 8 is that, even
though two materials with different characteristics are used,
minimums of S}; occur at the same frequencies, which
means that these minimums don't relate to the core material
or permeability.
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Fig. 5. Complex permeability spectra for material #61 from its
catalog [21], real part (blue) and imaginary part (red).
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Fig. 7. Measured S, for Fair-Rite prototype for slot distances
of 0.5 mm (black), 1 mm (red), 2 mm (blue) and 3 mm

(gray).
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Fig. 8. Measured S, for Wurth prototype for slot distances of
0.5 mm (black), I mm (red), 2 mm (blue) and 3 mm

(gray).
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5. Predicting the Slot Capacitance

The problem of predicting the slot capacitance can be
simplified to the problem of predicting the capacitance
between two axially centered cylindrical conductors spaced
by a distance d as shown in Fig. 1(b). There is no accurate
analytical formula that can help to calculate the capacitance
of such geometrical configuration. Therefore, numerical
methods using CST-MWS or COMSOL Multiphysics can
be used.

To introduce the effect of its permittivity, the core is
considered in the model as shown in the cross-sectional
view of Fig. 9. The shield is defined as a perfect conductor,
and for getting high precision the adaptive mesh refinement
choice is checked in the Electrostatic Solver (ES). In Sim-
ulation, the permeability spectra of Fig. 5 are used, and the
capacitance prediction is carried out for three different
constant spectra of relative permittivity . =(1, 10 and 100).

Even though the value of relative permittivity for
NiZn ferrites is small at high frequencies, it is intended to
know the effect of higher permittivity. Simulation shows
that the permittivity of the core doesn't affect the predicted
slot capacitance even for high values, this is due to the core
relative location in respect to the main plates defining the
capacitor, and the relatively big distance between them,
therefore the core can be omitted from the model of Fig. 9
while predicting the slot capacitance.

Slot capacitance values as predicted from CST model
for the proposed prototypes are listed in Tab. 2. In case of
0.5 mm, the slot capacitance of 4.4 pF has an impedance of
100 Q at 360 MHz, where the minimum of reflection coef-
ficient occurs. In case of 3 mm, the slot capacitance of
1.6 pF has an impedance of 180 Q at 550 MHz, where its
minimum of reflection coefficient occurs. These values are
still high when compared with the reference impedance of
50 Q, this means that the slot capacitance is not the only
capacitor affecting these minimum, as we will see later.

6. Input Impedance Spectra

To allocate the frequencies at which resonance occurs,
and for better understanding of the base of precedent re-
sults, the imaginary part of measured input impedance is
investigated. Regarding Fig. 10 for Fair-Rite core prototype
and Fig. 11 for Wurth one, the relation between the de-
crease of slot capacitance and the shift of the curve towards
higher frequencies, can be noted.

It can be seen too, that the lower band of measuring
rang represents a capacitive region, at which the imaginary
part of input impedance is negative, this region is definitely
later to the main inductive region at lower frequencies
(below the band of measurement). This means that there is
a resonance frequency below 45 MHz at which the value of
imaginary part of input impedance becomes zero. This
resonance frequency in case of Wurth core is higher than
that for Fair-Rite in all cases.

(Al

Fig. 9. A cross section of CST-model used to predict the slot

capacitance.
Slot Distance d | Predicted Cs
0.5 mm 4.4 pF
1 mm 2.9 pF
2 mm 1.8 pF
3 mm 1.6 pF

Tab. 2. Predicted slot capacitance from CST model.
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Fig. 10. Measured imaginary part of input impedance for Fair-
Rite prototype for slot distances of 0.5 mm (black),
I mm (red), 2mm (blue) and 3 mm (gray). The
capacitive (capa.) and inductive (Indu.) regions were
set with respect to black curve.
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Fig. 11. Measured imaginary part of input impedance for
Waurth prototype for slot distances of 0.5 mm (black),
1 mm (red), 2 mm (blue) and 3 mm (gray).

The lower band capacitive region is followed by an-
other capacitive region later to an inductive region at which
the effect of the slot capacitance mostly appears, therefore,
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for distinction, it is called here, the slot capacitive region.
When the imaginary part of input impedance of Fig. 10 is
compared with its related S}, of Fig. 7, it can be concluded
that minimums of S}; occur at the peaks of said inductive
regions. Since these peaks occur at the same frequencies
for Wurth core prototype, an inductance other than the
material inductance is responsible for it, which is the leak-
age inductance. Since the two prototypes are identical, they
have the same leakage inductance, the parameters contrib-
uting the leakage inductance would be studied in detail
later using EM model.

As the slot capacitance decreases, the slot capacitive
region decreases too, finally, it disappears at a slot distance
bigger than 3 mm and no resonance because of it occurs.
After this end the two inductive regions join together,
which means that the last two inductive regions have the
same source parameters.

After the slot capacitive region, another end-band ca-
pacitive region appears in measured input impedance, the
slot capacitance shows a little effect in this region. In case
of Fair-Rite prototype, the resonance occurs at 800 MHz
for all cases, while in case of Wurth prototype, the reso-
nance frequency experiences small changes. To analyze the
main source parameters affecting each region, a CST-MWS
model for the probe is implemented.

7. Electromagnetic Model

A 3D EM model for the proposed BCI-probe, is im-
plemented in CST-MWS, the sectional view of the model is
shown in Fig. 12. Aluminum and copper parts are consid-
ered as perfect electric conductors, while Teflon properties
are downloaded from CST materials library. The text file
defining the complex permeability of Fig. 5 for Fair-Rite is
used for magnetic dispersion. The relative permittivity of
NiZn ferrite materials doesn't exceed 15 for frequencies
above 50 kHz [22], it was found to decrease with the in-
crease in frequency in ferrite which can be considered as
a normal dielectric behavior, this decrease is rapid at lower
frequencies and slower at higher frequencies [23]. Thus,
considering the permittivity constant at the proposed meas-
uring range of frequencies is an acceptable approximation.

To bring to light its effect, a relative dielectric
constant of 25 is chosen in the model. Frequency Domain
Solver is applied and adaptive mesh refinement choice is
checked in the solver to increase the precision.

The result of simulation in Fig. 13 (black curve),
shows the same measured inductive and capacitive regions.
In the following, the parameters affecting each region
would be studied.

To simplify the comparison of results and facilitate
their understanding, the following encoding is used:
P — relative permittivity, W — the width of the turn in mm,
d — the slot distance in mm. Example, P25W10d1: means
that the core relative permittivity is 25, the width of the
turn is 10 mm and the slot distance is 1 mm.

4!

Fig. 12. Sectional view of CST EM-model for the BCI-probe.
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Fig. 13. Imaginary part of predicted input impedance from EM-
model (black), and the result of cancelling the effect of
slot capacitance (red).

7.1 Effect of Slot Capacitance and Leakage
Inductance

To determine the range frequency limits at which the
slot capacitance contributes the input impedance, its effect
is cancelled by making the slot distance big enough. Thus,
in Fig. 13, the result of choosing d =10 mm (red curve)
shows that the slot capacitance contributes the two first
capacitive regions. The shift of the curve towards high
frequencies comes from the decrease resultant in the slot
capacitance. When the slot capacitance is omitted the sec-
ond and third inductive regions become combined together
as in measurement, which assures that they have the same
source parameters.

As far as we know, increasing the copper-covered
area of the core decreases the leakage inductance. To test
that, the turn width is made 15 mm instead of 10 mm. The
result of comparing predicted input impedance is shown in
Fig. 14. It illustrates that, compared to the case of
W =10 mm (red curve), the curve submits a left shift below
about 800 MHz in case of =15 mm (blue curve), which
reflects an increase in a capacitive effect, and right shift
above 800 MHz which comes from the decrease in leakage
inductance.

Actually, the inter windings capacitor, formed be-
tween the primary turn and the shield, increases by in-
creasing the width of primary turn, and its effect dominates
the leakage inductance effect at low frequencies. Figure 14
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Fig. 14. Effect of making the turn width 15 mm (blue), instead
of 10 mm (red), on the imaginary part of predicted
input impedance.
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Fig. 15. Effect of the core permittivity on predicted input
impedance.
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Fig. 16. Effect of decreasing the length L of the connector to
half its basic value.

shows that the effect of inter windings capacitor contributes

a wide bandwidth, therefore, it can't be neglected while
modeling the BCI-probe.

7.2 The Capacitive Effect of Ferrite
Permittivity

In Fig. 15, to see its effect, ferrite relative permittivity
is decreased from 25 (red curve), to 10 (gray curve). Pre-
dicted input impedance indicates that ferrite permittivity is
responsible for a capacitive contribution at all the measur-

ing bandwidth, this reveals the role of permittivity in mag-
netic devices as introducing capacitive influence, which
results in a resonance phenomenon in the device.

Backing to Figs. 10 and 11, it can be concluded that
Fair-Rite core has a higher permittivity than Wurth core.
Actually, the weight of Fair-Rite core is much higher than
that of Wurth, and since they have the same size, this
means that Fair-Rite core has a higher density, this inter-
prets why it has a higher permittivity [24].

7.3 The Capacitive Effect of the Connector

To illustrate the capacitive contribution of the con-
nector, its length is made half of its basic one as shown in
Fig. 16. Predicted input impedance shows a comparable
shift of the curve towards high frequencies at all the pro-
posed band because of the achieved decrease in the con-
nector capacitance. This proves that the connector has
a dominant capacitive effect which forms an important
factor in creating resonance phenomenon in the probe.

7.4 Effect of the Shield

Two capacitive effects were presented for the shield,
the slot and inter windings capacitance. In fact, the distance
between the primary turn and the shield affects the inter
windings capacitance and leakage inductance. To show
that, the separating distances between the primary turn and
the shield are increased by 1 mm from all sides, but the
inner one, because it would affect the value of slot capaci-
tance.

In Fig. 17, the effect of making the shield wider
(dashed-red curve), on the imaginary part of predicted
input impedance, is illustrated. The right shift of the curve
below 800 MHz reflects the decrease resultant in inter
winding capacitance; while the left shift above 800 MHz,
in the inductive region, reflects the increase in leakage
inductance. Thus, decreasing the inter winding capacitance
by widening the shield increases the leakage inductance,
and decreasing the inter winding capacitance by decreasing
the width of the turn increases the leakage inductance and
copper losses because of the increase in the coil resistance.

150 T T — T
- —IZ5-main shield i | P
- = |Z6-wider shield

imag(Z11),[Ohm]

102 10%
i Frequency,[MHz] 0

Fig. 17. Effect of increasing the space distances between the
shield and the primary turn.
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8. Validation

Chamber of the shield of Fair-Rite prototype was al-
tered to widen the space distance between the shield and
the core by 1 mm from each side, except the inner one. The
result of measuring the input impedance (blue curve) com-
pared to the previous case (gray curve), is shown in Fig. 18.
The same behavior said in the previous section from EM
model is observed above and below 800 MHz. Apart from
the last change, the slot distance was increased to 20 mm,
so that its effect can be canceled, the result of achieving the
proposed change is shown in Fig. 19 (red curve); compared
to the previous distance of 3 mm (blue curve), the right
shift of the curve reflects the decrease in slot capacitance,
and the complete merge of the two inductive regions proves
practically that they have the same source parameter.

9. Conclusion

The effect of the slot capacitance of the shield on its
measured quantities has been studied practically by fabri-
cating two identical BCI-probes using two ferrite core
materials with the same size and different electromagnetic
characteristics. The slot distance of the shield has been
changed for the two proposed probes to see its effect
on measured S;;. Measurements indicate that the slot affects

100 T T
—d=3mm-basic shield i
—d=3mm-wider shield | /\

50— 1111 T ‘ 1 ‘
N
g o
E
g
& -50
L — -
100l decreaseof (increase of]
inter winding capa. Hleak. induc,
150 i P i |
10 10°
Frequency[MHz]
Fig. 18. Practical validation of the effect of widening the
distance between the shield and the core by 1 mm.
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Fig. 19. Practical validation of the effect of eliminating the
effect of slot capacitance by increasing the slot
distance to 20 mm.

similarly for the two materials, and for a specified slot
distance, minimums of S}; occur at the same frequency for
the two prototypes.

The imaginary part of measured impedance shows
that the BCI-probe spectra include three capacitive regions,
each one is later to an inductive region. The results showed
that the second inductive region at which the slot capaci-
tance shows the most effect doesn't relate to the core
material.

An electrostatic model was implemented in CST-
MWS, to help predicting the value of slot capacitance, it
showed that ferrite core doesn't need to be considered in the
model. An EM model was implemented in CST-MWS,; it
shows the same said regions. The analysis on EM model
showed that there are four parameters that share the re-
sponsibility for the appearance of these capacitive regions:
The slot capacitance, inter winding capacitance, connector
and ferrite permittivity capacitive effect.

Besides the slot capacitance, the shield can affect the
inter winding capacitance and leakage inductance. Increas-
ing the distance between the primary and the shield
decreases the inter winding capacitance and increases the
leakage inductance, while increasing the turn width
decreases the leakage inductance and copper losses, but
increases the inter winding capacitance.
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