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The work discusses the different options for RF voltage measurement in LV grids (both AC and DC) used
to evaluate distortion and conducted emissions over an extended frequency range (0.002MHz to 30 MHz).
Important characteristics are galvanic insulation, fundamental suppression and decent sensitivity, to guarantee
safety and to allow the connection of sensitive measuring equipment. The design and experimental verification
of a prototype based on a controlled-impedance branch, whose current is measured clamping an insulated RF
probe on a number of turns, are reported. The results show that attenuation of only 24 dB is achievable, with

a significant mains fundamental attenuation larger than 20000. The high-frequency behaviour was trimmed
by adding ferrite beads to some selected turns achieving a flat frequency response within +0.1dB up to the

—3dB point at 31 MHz.

1. Introduction

The assessment of power quality and distortion in modern grids
goes through a reliable and accurate measurement of voltage over the
extended frequency range covering supraharmonics (SHs) and radio-
frequency (RF) conducted phenomena, namely between 2kHz and
30MHz [1]. The measurement of voltage at a grid port is also useful for
the characterization of the impedance of the grid and of the connected
loads [2-4].

Modern grids undergo high-frequency (HF) distortion and instability
phenomena, as caused by static power conversion systems, such as
those employed for electric vehicle charging and photovoltaic energy
production at the high end, and all electrical and electronic equipment
in residential, office-like and industrial contexts [5,6]. Voltage distor-
tion is also responsible for electric stress on grid components and loads,
promoting various ageing mechanisms [7].

The measurement of such quantity is nowadays carried out using
both time-domain and frequency-domain instrumentation for a range
of exigencies, such as achieving lower background noise and frequency
selectivity, ensuring the ability of spotting out modulation effects and
evaluating statistical distributions, detecting transients, etc. In general
all methods share four fundamental exigencies.

+ The input voltage on the measuring channel needs to be scaled
down to a few volts maximum, including the need of suppress-
ing the fundamental component and major low-order harmonics

(“fundamental suppression”) to improve the dynamic range; fun-
damental attenuation was not perceived as necessary, as long as
the use of frequency-domain equipment was almost compulsory
as per CISPR standards, but has become quite relevant using
time-domain data acquisition systems.

Galvanic insulation is also necessary at least to break any ground
loop and unwanted coupling, but also as one of the methods to
ensure electrical safety of equipment and operator.

Being the voltage probe connected to an electric grid exposed to
overvoltage and surge phenomena, its behaviour and reliability
need to be guaranteed both in steady and in transient conditions.
The internal noise should be low to improve sensitivity, allowing
the measurement of spectral components of reduced amplitude,
where electromagnetic compatibility (EMC) limits of 1 mV to 2mV
(60dBpV to 66 dBpV) are usually considered at frequencies above
150kHz [6] or starting from as low as 10kHz with much higher
limits, (> 90dBuV [8].

Commercially available voltage probes may fail in one or more of
these aspects and this is briefly discussed as justification and motivation
of the present study.

In addition, technical requirements for the effective measurement
of conducted emissions of electrical equipment in LV grids may be
formulated:
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« the frequency response (FR) should extend from 2kHz (including
thus the so called supraharmonics [7,9]) up to 30 MHz (as per
various EMC standards [6,8]);

FR flatness ensures usability without complex FR correction, with
1dB or less for best sensors;

low internal noise and sufficiently small attenuation are needed to
ensure appropriate sensitivity to measure low-amplitude spectral
components; considering an order of magnitude below typical
limit values [6], the equivalent noise at the high-voltage side
should not exceed 100 pV;

the input impedance must be sufficiently large not to disturb
and load the equipment and grid under measurement at high
frequency with a typical minimum value of 1500Q [10].

Inductive voltage transformers do not have a satisfactory FR ex-
tended deep in the MHz range. They surely meet the galvanic insulation
requirement, but would still need a blocking capacitor, not only to
attenuate the fundamental, but also to avoid saturation in case of
presence of a DC component. The added 560 nF capacitor in [3] seems
to have this purpose, although not explicitly commented.

Resistive or capacitive (or a combination thereof) voltage dividers
are robust and reliable devices, able to operate at high voltages, but
lack galvanic insulation. They are an example of the broad category
of the so called Low-Power Voltage Transformers [9], discussed and
recently characterized for the SH range in the relevant standards of the
IEC 61869 family [11]. The FR varies significantly between models, and
may range from a few kHz [12] up to several MHz [13], of course at a
price. Often they are the preferred technical solution for the insulated
high-voltage probes mentioned below. Also in this case suppression of
the fundamental is not readily available.

The CISPR V-probe [14] provides a loading impedance to the grid
of 1500, a nominal attenuation of 30dB and an output impedance
of 50Q, without galvanic insulation. Decoupling of the fundamental
is carried out by a series blocking capacitor, whose value depends
on the allowed amount of homopolar leakage current. The CISPR
16-2-1 specifies a value larger than 5nF, without upper limit. This
design has the advantage of simplicity and low noise, but needs further
fundamental attenuation and galvanic insulation.

Insulated high-voltage (IHV) probes are quite common in any labo-
ratory and they are able to measure up to one or some kV, with large
bandwidth extended up to tens of MHz, providing galvanic insulation.
In general such probes have larger internal noise and an unfavourably
large dynamic range, being able to operate at DC and mains funda-
mental frequency too. IHV probes do not have in general fundamental
suppression, except for one of the models shown in Table 1, the Hioki
mod. 9322 that has a selectable cut-off frequency at 1kHz (but the
amount of attenuation is not specified).

IHV probes may be decoupled by interposing a series capacitor
that, thanks to the high input impedance (in excess of 1M), may
have very small value. It may be also necessary to reduce this high
input impedance to improve the tolerability to stray capacitance and
to electric noise, while controlling line loading: their input terminal
may be parallelled by a high-voltage resistor in the order of some k{2
or tens of k2.

The least noisy models may anyway be used for measurement of the
RF grid voltage with all concurring incoherent noise sources forming
a background in the order of 1 mVrms at best. This background noise
level appears in the results reported in [15], where it is remarkable that
the lower 2kHz to 20kHz frequency sub-interval is characterized by a
larger background noise, in the order of 10 mVrms, as a consequence of
high-order harmonics and some spectral leakage. A similar behaviour
is confirmed by the spectra reported in [16], showcasing measured
emissions of electric vehicle chargers.

IHV probes have overall good performance, except for the limited
sensitivity (due to the combination of large internal noise and large
attenuation) and significant uncertainty at HF (although the Hioki mod.
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9322 was individually calibrated and reported with a 0.1% uncertainty
up to 150kHz [17]). The characteristics of some probes for a suitable
voltage range are summarized in Table 1.

A different approach relies, instead, on the measurement of the cur-
rent flowing through a circuit featuring a known impedance [23]. The
circuit is designed around a series-connected RC branch (resistor and
capacitor). The galvanic insulation is ensured by measuring the flowing
current with a RF current probe, so removing any electric connection.
RF current probes are transformer based, with multiple secondary turns
around a ferrite core with a bore to place around the conductor under
measurement [24], that represents the primary winding that in our
case is made of multiple turns. The bandwidth is that of the current
probe, except for the introduced lower cut-off frequency of the series
RC branch. The resistor value is decided for the desired loading of the
grid and the 1.5k of the CISPR probe represents a reference value. As
a further advantage the high-pass nature of the RF current probe pro-
vides additional fundamental attenuation. Publications [3,23] remain
to author’s knowledge the only publication proposing this approach,
showing through the years different performance in terms of frequency
extension: 10kHz to 500kHz the former, 20kHz — 10 MHz the latter.
The present work represents an improvement in many aspects: the
design is thoroughly discussed, including aspects of electrical safety and
ratings for extensive use in LV grids; the improved frequency interval
both in the LF range (down to 2kHz) and in the HF range (covering
up to 30 MHz); variability and uncertainty are evaluated together with
extensive experimental verification.

The RC-buffered IHV probe is kept as a reference, having selected
the Testec Si-9010 [21] for a matter of availability and thanks to
its very low noise and in general good performance. The design and
performance of the proposed RC-buffered RF current probe will be
discussed then in the following. The voltage probes are both shown
in Fig. 1 and identified as “probe A” and “probe B”, respectively. It is
underlined that the resistor R, is split in two halves (R,, and R,,) to
control common-mode (CM) loops, as it was observed during the first
tests using a single resistor.

The application requirements as introduced above are discussed
and quantified in Section 2, while discussing and justifying design
choices. The design equations are formulated, showing the process for
the optimization of the probe parameters (Section 3), further refining
the design during the discussion of the results. The results of the exper-
imental characterization of some prototypes, including the evaluation
of the uncertainty, are reported in Section 4.

2. Application requirements and design development
2.1. Electrical insulation and electrical safety

For the electrical safety ratings the IEC 61010-1 [25] provides
reference for the grid nominal voltages the measuring instrument is
connected to and the expected overvoltage levels. The Annex F of the
IEC 61010-1 indicates routine tests (that can thus be repeated at will
without risk of deteriorating the insulation), consisting of an AC or DC
test voltage Vs raised to the prescribed value in 5s and then held
for at least 2s. The V, ;s is to be determined as the combination of the
mains nominal line-to-neutral voltage V, and the overvoltage category
(OV-Cat), as shown in Table 2. To note that for applicability to DC grids,
Vv, indicates then the positive-to-negative voltage; DC supply is less crit-
ical than AC in terms of partial discharge phenomena, occurring mostly
at zero crossings, and for exposure to lightning-induced phenomena,
being usually of small extension and buffered from medium voltage
distribution. In addition, the input capacitors have a much higher rating
at DC and will block any leakage.

The OV-Cat is to be determined depending on the level of exposure
to lightning phenomena and switching overvoltages of the line the
instrument is connected to, as clarified in the Annex K of the standard.
The OV-Cat ranges from I (for protected sockets within buildings) to
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Table 1

Measurement 263 (2026) 119920

Characteristics of selected high-voltage insulated probes.

Description Input range Atten. Bandwidth Internal noise
Hameg HZ115 [18] 1400V 1000:1 20 MHz 2mVrms
Tektronix THDP0100 [19] 600V 100:1 100 MHz 175 mVrms
Tektronix TMDP0200 [19] 5V 25:1 100 MHz 25mVrms
Testec SI-9002 [20] 1400V 200:1 25 MHz 14mVrms
Testec SI-9010 [21] 700V 100:1 70 MHz 0.9 mVrms
Hioki 9322 [22] 2000V 1000:1 10 MHz —
Vx Vx Vx
T~ T~
o
i Co= CuxCxp
Cn Cpy Ca Cx 2 CytCn
Ry=Ra1+Ry»
I 1k+ R Ry Ry
JI 2 l] 2
Insulated L, P
Voltage | P1 2 Vap Ly P 2C:>_V2
Probe P
@ ® ()

Fig. 1. Schematics of the discussed voltage probes: (a) (Probe A) RC-buffered IHV probe (indicated as “P,”); (b) (Probe B) current probe “P,”, buffered by a
symmetric RC circuit for CM rejection; (c) simplified schematic of (b) used for some calculations.

Table 2

Insulation routine test levels V;;,; for DC, AC and 1.2/50 ps impulsive tests.
Nom. L-N voltage V, OV-Cat II OV-Cat III OV-Cat IV
AC rms or AC DC Impulse AC DC Impulse AC DC Impulse
DC (V) (Vrms) W) (Vp) (Vrms) W) (Vp) (Vrms) 4] (Vp)
150 < ¥, <300 1400 2000 2000 2200 3100 3100 3300 4700 4700
300 < ¥V, < 600 2200 3100 3100 3300 4700 4700 4300 6000 6000

n=

IV (for installation near the point of common coupling, within main
switchboards with high exposure, or if a high degree of reliability and
availability is desired).

The rated nominal voltage for the probe must be taken as the
maximum AC or DC voltage of a low-voltage (LV) grid, namely 1kV
for AC grids and 1.5kV for DC grids. It is worth remembering that
the highest nominal voltage of LV AC grids is 690 Vrms and is quite
uncommon; conversely, DC grids are usually operated at 800V, or
lower, for photovoltaic systems and charging stations, with occasional
implementations at 1kV to 1.2kV.

The voltage withstanding capability may be achieved by galvanic
insulation (e.g. by means of a transformer or optocoupler establishing
a galvanic barrier with sufficient dielectric strength), or, alternatively,
a low leakage conductive path may be established (so that although
the operator is coupled to the source voltage, the flowing current is
below accepted safety thresholds). For current at the mains frequency
the IEC61010-1 [25] establishes a Iy, y = 0.5mArms limit in normal
conditions and a Iy p = 3.5mArms limit in fault conditions (i.e. when
the low-leakage barrier is a mitigation in addition to a primary barrier,
such as the galvanic one implemented by the current probe, that may
fail).

Such a low-leakage barrier should be implemented with high-
integrity capacitors, namely “safety capacitors” of the “Y” type, rated
for the nominal grid voltage. In a 400 Vrms supply system, the corre-
sponding capacitance limit under 230 Vrms of phase-to-ground voltage
is 5.7nF at 60Hz for the 0.5mArms limit, or 40nF for the higher
3.5mArms limit. Going to a 690 Vrms supply system with 400 Vrms of
phase-to-ground voltage, the two capacitance limit values are reduced
to 3.3nF and 23.3nF, respectively. This considering the capacitive
reactance alone, much larger than the series resistive components at
the mains frequency.

2.2. Transient overvoltage protection

Overvoltages may occur as the result of switching of reactive loads,
energization/de-energization of lines, or lightning phenomena. In gen-
eral, lightning is taken as reference using the fast test waveform (1.2/50
ps, whose waveform expression is fully reported in the EN 61000-4-5,
Annex E [26]).

At the fast rising edge of 1.2 us (corresponding to a frequency of
about 300 kHz), the capacitive reactance is 53 Q, so an initial large volt-
age across R, is expected; however, the power dissipation considering
the low repetition rate of the applied surge is well within the limits,
with only 75mJ of energy released by a single pulse for an assumed
R, = 1.5kQ and choosing the worst-case 4kV surge test. This is well in
the limits of any 0805 or 1206 SMD resistor, considering that there are
6 series connected items. The resulting peak voltage is then 600V for
each of them, so only 3 times higher than the normal working voltage.

The tolerability to transient voltages for non-repetitive pulses (surge
test pulses are typically separated by one minute) is specified in the
EN 140401-801 [27], Fig. 6, showing about 28 W for the package 1206
and pulse durations below 100ps, as in the present case. The power
dissipated during the transient is 378.1 W for a 4k V pulse and 94.5 W for
a 2kV pulse. The latter corresponds to 15W per resistor, so within the
specification; for levels higher than 2kV it is mandatory to protect the
resistor R, with a spark gap, e.g. with a 1.8 kV threshold, thus covering
also the 2kV pulse for increased safety margin.

The voltage and current waveforms for the worst-case 4kV surge
test waveform are shown in Fig. 2.
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Fig. 2. Voltage and current waveforms for a 4kV 1.2/50 ps surge test on the
input RC branch of probeB.

2.3. Attenuation of fundamental and low-order harmonics

Attenuation of the fundamental and low-order harmonics is very
important, in order to reduce dissipation on internal components on
the one hand, and on the other hand to provide a suitably reduced
dynamic range for the connected instrumentation. A high-pass circuit
is implemented using the RC branch amounting to 30 dB of attenuation,
if a 50 Hz fundamental and a cut-off frequency at 2kHz are considered.
A 690 Vrms voltage plus its harmonics would translate into more than
32 Vpk after attenuation. Considering the electrical insulation test level
up to 3kVrms, this translates into a temporary 100 Vrms voltage after
the RC when testing.

An additional pole may be introduced by exploiting the high-pass
behaviour of the current probe with its own cut-off frequency, usually
in the tens or at a hundred kHz, providing thus another 30dB of
attenuation of the fundamental at the minimum operating frequency
of 2kHz.

2.4. Frequency response

The chosen frequency interval is the most challenging nowadays,
comprehensively covering various frequency ranges that may fall
within or at the margins of applicable standards. The 2kHz to 150 kHz
SH range is not yet fully covered by applicable EMC standards, where
the minimum frequency in many cases is reported as 9kHz or 10kHz
in an EMC perspective [6,8,28]. The 2kHz to 9kHz is instead included
in the IEC 61000-4-30 [29]. Traditionally many EMC standards focus
on the 0.15 MHz to 30 MHz range for emissions. The CISPR 16-1-2 [10]
at its sec. 5.1 then indicates initially a frequency interval as large as
30Hz to 1000 MHz, but when narrowing down to desired performance
and specifications, the frequency interval is reduced to 0.1 MHz to
100 MHz, necessitating specific probes to cover higher frequencies up
to 1000 MHz. For voltage probes the CISPR 16-1-2 at its sec. 5.2 reports
the already mentioned “CISPR 1500 Q probe” specified over the 9kHz
- 30 MHz frequency range, with a 1 dB accuracy limit for the influence
of any added protecting device (if not included in the calibration),
from which we get an indication of the overall accuracy acceptable
performance.

2.5. Sensitivity and internal noise

The sensitivity of the proposed scheme is based on the transfer
impedance (Z,) of the RF current probe that is in the order of some
Q for many models. The input resistance reduces the signal that is
then increased proportionally by the number of turns, in the range of
N = 12...15. The resulting sensitivity is thus comparable with a 50 Q
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resistor, having assumed Z, of some Q (the selected RF probe has a
maximum Z, value of nearly 8 Q).

The internal noise is minimum, being prevalently that at the output
of the RF current probe itself, featuring a 50 Q output impedance, thus
comparable to that of the CISPR probe.

3. Detailed design and prototype

Both probes (Probe A considered as reference and the proposed
Probe B) adopt mains decoupling by series capacitors, that helps also to
ensure voltage withstanding capability. The values of the capacitors are
selected to prevent mains current leakage and to trim the low cut-off
frequency.

3.1. Probe A: modified insulated voltage probe

Since the voltage probe alone provides galvanic insulation, the
added RC branch is to be sized for I}, z. This leads to a total maximum
capacitance of 23.5nF (two series 47 nF capacitors C; and C, on each
phase or phase and ground) and a series resistor R, that provides the
correct cut-off frequency and loading of the grid. For cut-off at 2 kHz the
resulting value is 3.3k(2. If it is deemed too low, the capacitors may be
reduced to 22 nF, resulting in 11 nF and the resistor increased to 7.4 k(2
to keep the lowest cut-off frequency. In general, considering 1500 Q an
adequate loading in line with the CISPR V-probe, a slightly higher cut-
off frequency may be accepted. Capacitors of 22nF may be preferred
not only for a matter of lower leakage current, but also because they
are the largest value usually available as Y safety capacitors for the
desired voltage range (500 Vrms).

The downstream probe is selected considering existing commercial
products, some of which are reported in Table 1. For a matter of
availability and preferring its low internal noise, the selected probe for
the tests is the Testec mod. 9010.

3.2. ProbeB: RC branch with RF current probe

There are many reasons for choosing to measure the grid voltage
by means of a flowing current through a known impedance branch: RF
current probes have in general good performance and there is a wide
range of choice; galvanic insulation is granted by the working principle
of the probe and the RC values may be more freely selected; due to the
current probe high-pass behaviour, overall attenuation of mains and
harmonic components is improved.

As already discussed for probe A, the total series capacitor may be
selected as high as 23.5nF, as done for the prototype due to avail-
ability of 47 nF capacitors to connect in series. The already mentioned
R, = 7.4kQ resistor would provide the desired 2 kHz cut-off frequency,
resulting, however, in excessive attenuation. So the 1.5kQ value is
considered for comparison with the probeA and the CISPR probe,
increasing the cut-off frequency; the value is evenly split into Ry, =
Ry =750Q.

One may object that the I, current reduction using a large overall
R, value can be compensated by increasing the number of turns N,
through the probe, at the expense, however, of increased inductive
reactance and worsening of the HF response.

Although compensation by increasing N, seems easy to apply what-
ever the R, value, the so created parasitic inductance L, increases
with sz with higher chances of self-resonance. N, must be thus traded
off with R,, keeping the total winding reactance X;, smaller than
or similar to R, at the largest frequency (30 MHz). A bottom limit to
reducing R, is keeping the line loading acceptable, so that a 1.5k
limit value may be chosen, as in the original CISPR probe.

With an unknown voltage to measure V,, the resulting current is
I,=V,/Z, (Z, = Ry + jX, being the total impedance of the branch),
to multiply then by N, and the transfer impedance of the current probe
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Table 3

Analysed parameters configurations for probeB FR.
case Cy,//Cy, (pF) R, () N,
I 11 7.5k 15
1I 5.5 7.5k 15
111 11 1.5k 15
v 11 1.5k 10
A 11 1.5k 12

Z, », giving the output voltage V,, (quantities are annotated in the
schematic of Fig. 1).
Z, o Ny o

Zy

Some curves of overall sensitivity S, = V,/V,, are plotted in Fig. 3,
as resulting from the range of values of the discussed parameters. The
considered combinations are identified as case I through V, as described
in Table 3.

Since the selected RF current probe (TekBox mod. TBCP1-200 [30])
is not characterized for frequencies below a few kHz, transfer
impedance values were just estimated by extrapolation of the available
values, and this may be a source of error for the simulation of the
behaviour at the lowest frequencies (where the interest, however, is
focused only on fundamental attenuation).

The centre-band gains (taking the maximum values) are G; = G;; =
0.0159 (i.e. =35.98dB), G;;; = 0.0794 (i.e. —22.0dB), G, = 0.0548
(i.e. —25.23dB) and G, = 0.0635 (i.e. —23.94dB). However, it may be
observed how the highest curve (violet) suffers from the effect of the
parasitic inductance by effect also of the lower R, value; conversely,
the ’case IV’ curve (green) has a sufficient flatness and the gain is only
35% less. Since there is some approximation in the calculation of the
overall inductance, having used the formula for the perfectly compact
and coupled solenoids, more flatness is expected from the real winding.
In addition, two factors influence the accuracy of the calculation of the
primary winding inductance: the magnetic permeability of the probe
material reduces with frequency, so that a high-frequency value was
selected; the use of coupling between non-adjacent turns by means of
ferrite beads reduces the overall inductance, as it will be discussed in
the experimental Section 4. The intermediate case V was added to ease
the comparison between simulations and measurements.

We may conclude that the target attenuation value at around —20dB
is achieved with the largest numbers of turns in the order of N, =
14 — 15. In this case the centre-band gain is —22.6dB and -22.1dB,
respectively. N, = 14 is preferred to achieve the desired 30 MHz
bandwidth, as it will be shown in Section 4.

The attenuation of the fundamental (comparing with the centre-
band gain) is 109.8dB or 309k for the three cases III, IV and V; case
I is the worst one, and case II is 102.7dB or about 136k. Considering
the lowest working frequency of 2kHz the fundamental attenuation
with respect to the lowest useful frequency reduces then to 63.3dB
for cases II, III, IV and V, being all in the constant slope roll-off
region. The estimate of the fundamental attenuation is approximate,
as it depends on the TBCP1-200 response at such low frequency, that
is not documented and was estimated by extrapolation with a pure
20 dB/decade slope.

The overall roll-off at LF is determined by the combined action of
the series RC branch and the desensitization of the RF current probe,
resulting in almost a 40dB/decade slope (the attenuation between
1kHz and 10kHz is approximately 70, so 36.9 dB).

To ease the comparison with the experimentally verified cases,
simulations are repeated for cases III, IV and V using an equivalent
capacitance of 23.5nF (using C,;, = C,, = 47nF) and the results are
shown in Fig. 4. Centre-band gains remain the same and the 50Hz
fundamental attenuation reduces to about 103 dB or 145k for all three
cases III, IV and V. It is observed that the reduction is about a factor 2,
corresponding to the capacitance increase, as expected.

Vo =Vy
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Fig. 3. Frequency response including the RC high-pass behaviour (with total
capacitance C, = 11nF) and the current probe transfer impedance: cases and
parameters as per Table 3.
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Fig. 4. Frequency response including the RC high-pass behaviour (with total
capacitance C, = 23.5nF instead of 11nF) and the current probe transfer
impedance: cases and other parameters as per Table 3.

R,; and R,, are built with multiple series-connected SMD resis-
tors with an individual value selected to limit self heating. With the
previously calculated maximum leakage mains current of 3.3 mArms,
dissipation would be only 2.9 mW on a 270 Q resistor. The series con-
nection of 6 resistors (3 each side, for R,; and R,,, respectively) would
provide R, = 1620 Q. Harmonic components see a reduced capacitive
reactance and are relevant for dissipation, so that they are included
in the estimate. A worst-case 60 Hz mains frequency with 400 Vrms to
ground and large harmonic distortion is considered and results are
shown in Table 4. The resulting dissipation for the 1.2k to 3.6k(2
range confirms an almost linear relationship and a low dissipation per
device, about 22 mW maximum for each 270 Q resistor (so 10% of the
rating of a 1206 package).

As it will be shown experimentally in Section 4, the introduced
winding around the current probe must achieve a trade-off between
gain (proportional to the number of turns N,) and self resonance
(occurring between 15MHz and 30MHz, lower when N, is larger).
After attempts to optimize the stray capacitance by separating the turns
(that, however, requires a complicate and unfeasible arrangement of
the winding), ferrite beads were introduced in the winding coupling
some non-adjacent turns with a double objective: increase distributed
resistance to dampen resonances and provide mutual coupling between
non-adjacent turns, realizing a sort of cross-coupled filter.

The used beads are Richco mod. RT-80-60-50 [31], whose
impedance curve is shown in Fig. 5. Looking where the linear region
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Table 4
Dissipation estimation for distorted voltage for Probe B.
v, (V) Vs % V; % Vo % Vi % Vi3 % Vi, % Vio % R, (k) P (mW)
400 20 14 11 10 5 5 3.6 302
400 20 14 11 10 5 5 1.8 163
400 20 14 11 10 5 5 1.2 110
10000 With high-permeability cores the HF interval occurs where y, is no
longer at its nominal initial value: in our case, assuming a behaviour
— similar to the N30 material (that has exactly a value of 4200 of initial
% 1000 permeability and has graceful degradation of permeability), x, reaches
O a value of about 100 around 10MHz to 15MHz, and AL, as a conse-
Zz 360 quence, reduces to about 200 nH/turn?. At 30 MHz it is expected that
g 100 / AL reduces by another factor of 2, minimum. This matches the initial
E 150 - guess having assumed a high-frequency low-permeability material.
S HH The effect of the achieved mutual magnetic coupling between non-
- 10 adjacent turns is that of reducing the total winding inductance by
Zﬁ inductance reduction, partially shunting some turns. The previously estimated bead induc-
1 resistance increase. tance values indicate that the large LF value (about 3 times the turn
1 inductance) keeps the shunting effect negligible, until the bead induc-
1 10 100 1000 tance reduces with frequency increasing the shunting effect. This is
FREQ(MH2Z) accompanied by an increase of resistance, that dampens the resonance

Fig. 5. Impedance curve of the selected ferrite bead Richco RT-80-60-50 [31]
with annotations, showing the two frequency points where the manufacturer
declares the bead impedance value.

ends, at 7MHz the impedance value is slightly smaller than 109,
that corresponds to about 220 nH, if assumed purely inductive. At the
first declared value of 15Q at 25MHz, the inductance has already
decreased (under a purely inductive assumption it would be 95nH)
and the resistive components is increasing, although the manufacturer
does not provide any information. This latter value is slightly larger
than the inductance of one turn (estimated at about 60nH to 70 nH
for frequencies around the resonance). Such beads were identified as
a compromise between their small dimension and their good electrical
behaviour verified experimentally.

An equivalent circuit was created allowing the qualitative study of
the achieved electrical behaviour, as shown in Fig. 6. The reason for
saying “qualitative” resides in the fact that such circuit is approximate,
not including magnetic and capacitive coupling between non-adjacent
turns, that is particularly relevant as the winding is non planar. The
reason is that there is a significant difference in the two curvature
radii of the internal and external lateral surfaces of the probe. A formal
approach to the derivation of the equations of a lumped circuit with
cross-coupled terms is presented in [32], where both inductive (as in
the present case) and capacitive cross-coupling terms are considered.
The winding total length /,, is calculated as N, x!/,, where /, is the length
of one turn, provided by the geometry of the current probe and equal to
116 mm; for N, ranging between 9 and 14, /,, = 1.04 m to 1.63 m, which
is still electrically short with respect to the maximum useful frequency
of 30 MHz. The equivalent circuit is a lumped parameter scheme.

The determination of the turn inductance needs the quantification
of the AL parameter, using the same approach in [33]. The TBCP1-
200 current probe exploits a high-permeability magnetic material with
nominal p, = 4200. The equivalent number of turns at the secondary
N, may be estimated by means of the expression R,,/Z,, where R,, is
the parallel of the internal and externally connected 50 Q resistors, and
Z, is the nominal transfer impedance value in the centre-band region
(see Fig. 7). The resulting number of turns is equal to 25/7.71 ~ 3.
The resulting secondary inductance is calculated considering the zero
frequency f, of the Z, frequency response of the TBCP1-200, that
occurs slightly above 40kHz, resulting in L, = R,,/(2zf;) = 99pH.
The resulting AL = Ly,/N2, = 9.5 pH/turn?.

experimentally found around 20 MHz to 25 MHz, as it will be discussed
later. The increase of resistance is based on the following observation
(looking at the bead impedance curve in Fig. 5 provided by the man-
ufacturer). If inductance begins reducing at about 7 MHz, and should
keep reducing with increasing frequency as it occurs for all common
ferrite materials, then the slightly upward curve between 20 MHz and
50MHz may be justified only by an increase of resistance. The man-
ufacturer does not provide more detailed information on this. This
behaviour is then verified experimentally by observing the beneficial
damping of resonance effects.

The introduced beads were modelled as mutual inductance M be-
tween two different point belonging to the two involved turns (in
the example M, y_;) and an increase of the respective longitudinal
resistance values (in the example R, and Ry _;). Second-order coupling
terms (such as coupling between non-adjacent turns and proximity
effect between turns) are surely non-negligible and do not allow a
reliable FR simulation, relying then on careful experimental assessment.

4. Experimental verification and estimate of uncertainty

Prototypes of both probes were built as shown in Fig. 8, together
with the measurement setup and the arrangement of the calibration.

4.1. Measured performance

This section focuses mainly on the verification of the fundamental
attenuation and frequency response.

4.1.1. Fundamental attenuation

The fundamental attenuation corresponds to the ratio between the
applied 50Hz input voltage and the resulting output voltage. Since
values four to six orders of magnitude are expected, the test setup is
arranged as follows: multimeters (Agilent model 34401A [34]) are used
for both the measurement of the input and output voltages, the former
set to a hundred Vrms, the latter measurable with sufficient accuracy
in the mV range. A check was done of the existing noise including
e.g. internal noise and interference from the power distribution, and
it was found less than 2pV. This value is perfectly compatible with
the supposed internal noise source of about 50Q and an equivalent
34401A bandwidth of one or few MHz (larger than the 300kHz one
with guaranteed accuracy). This confirms the significant improvement
compared to the output noise of IHV probes.

The tested version of probe B is the one with 9 turns and resulted in
0.53 mVrms, having applied 102.4 Vrms, providing a ratio of 5.17x 1079,
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Fig. 6. Equivalent circuit of the winding with inserted ferrite beads between non-adjacent turns (a ferrite is shown as example between turns 2 and N — 1, with

a mutual coupling term and larger longitudinal resistance terms R, and Ry_;)).
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Fig. 7. Annotated transfer impedance Z, curve of the TBCP1-200 current probe [30] for the estimation of the relevant equivalent circuit parameters (relevant

text has been magnified with annotations).

@

(b) ()

Fig. 8. Pictures of the probe prototypes ((a) probe A and (b) probe B) and (c) calibration arrangement. To note that the RC circuit located at the red/black adapter

for probe A does not appear in the photo.

or —105.7dB. Considering the centre-band gain of about —27dB and
that the output will be connected to a 50 Q matched signal input (for
which a reduction of 6 dB must be added), the overall suppression of
the fundamental is in the order of 20000 : 1. The suppression of low-
order harmonics was evaluated overall by measuring the attenuation at
700 Hz, equal to 1.18 x 10~*, providing an overall suppression of low-
order harmonics in the order of 2000 : 1. This prevents deterioration of
the dynamic range due to out-of-scale events of low-frequency compo-
nents, that result all confined well within 50 mVpk. The first “useful”
frequency at 2kHz, three times higher than the reference 700 Hz fre-
quency, is characterized by an almost 20 dB reduced attenuation, setting
a clear minimum separation of low- and high-order harmonics. This

20dB factor is due to the 40dB/decade slope characterizing that fre-
quency interval projected onto the ratio of about 3 between 2 kHz and
700 Hz.

4.1.2. Frequency response

The FR H(f) is determined by a swept sine test using a vector
network analyser (VNA). The VNA is an Anritsu model MS2036C [35]
with a minimum frequency of 5kHz; to complete the frequency range
down to about 1kHz a few points were added using an RF signal
generator and a spectrum analyser, and included in the data vector
using interpolation for plotting. A manual measurement then with a
multimeter was carried out for verification taking some readings up to
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Fig. 9. Frequency response measurement setup with VNA Through calibrated
part (in blue), additional elements (in red) and adapter used only for probe A
(in orange). Black dots indicate ferrites (CM on the blue coaxial cables and
differential mode (DM) on the probe wires).

30kHz. The VNA in the following is used in “high-power mode”, so at
3dB of injected signal.

An amplitude-only §,; measurement was carried out using the
setup described in Fig. 9. The §,, forward transmission parameter
corresponds to the fraction of port1 signal (V) that is transmitted to
port2 (V,), which represent the voltage applied to the probe input and
that appearing at the output of the RF probe, respectively. Reflected
waves due to impedance mismatch that represent a source of error are
discussed later in Section 4.2.3.

14
v,

The S, values are then plotted in the following as amplitude-only
frequency response curves.

In the figure it is possible to observe a blue part of the schematic
that is the one compensated by the “Through” calibration (transmission
only). The measuring loop of cables and adapters was kept short (0.5 m
of high-quality semi-rigid RF cable on port 2 and 0.6m of flexible
RG58 cable on port 1), in order to minimize the effect of reflections
due to residual mismatch. When, after the Through calibration, the
loop is broken and the probe is inserted in the middle, the following
adjustments were made (marked in red or orange in Fig. 9, shown later
in Section 4.2.3):

N (3]

+ a 50Q termination was added on channel 1 to replace the termi-
nation provided by port 2 during the calibration; the difference
between the two 50Q values is negligible, in particular for the
frequency range of interest (up to 30 MHz and measured up to
100 MHz);

one N-BNC adapter was removed (used to create the Through
between the N terminated and the BNC terminated lines; the
adapter is kept instead to test probe A, that terminates in a BNC
connector;

one BNC to 4 mm banana sockets was included, approximately of
the same physical length of the removed adapter.

The 50 Q load puts the injecting line in matched conditions and the
probe with its input impedance is derived in parallel next to the added
matched load. Its effect in electric parallel is minimal: the nominal
1500 Q resistive input impedance effect on the 50Q results in 48.4Q,
with a reflection coefficient of 1.6%. The wavelength at the maximum
frequency in the RG58 cable with velocity factor of 0.66 is 6.6m, so
that the 0.6m line length results in a less than 1/10 condition at the
maximum frequency of interest.

First tests were performed on the probeA using the commercial
Testec insulated probe and the results are shown in Fig. 10. It is
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Fig. 10. Frequency response for probeA: dark and light blue curves refer
to the case with no ferrites and different orientation of input wires (always
twisted together); orange and yellow curves showing effect of ferrites with 1
and 2 turns, respectively.

apparent that resonances are present although CM and DM ferrites are
located on the connecting wires. The blue curves (dark and light) refer
to the same setup with only one CM ferrite when changing the path
of the incoming probe wires and no significant change is visible up to
about 70 MHz, although a sharp resonance at 55MHz is easily visible.
This FR resonance appears despite the significant CM impedance of the
coupling wires. It was thus postulated that its origin must be sought in
the DM circuit, for which specific ferrites were added. The dark orange
curve results from including one DM ferrite on each wire, improving
when bring the wire turns to two (dark yellow curve). The ferrites are
Richco mod. RRC-16-8-16 [36] featuring 150 Q at 30 MHz. Such ferrites
cure the problem related to the input stray capacitance, shunting the
signal and causing resonances, by increasing both the CM and DM
impedance at HF with a significantly large resistive component. As
evident, they also suppress the HF dampened resonance at 70 MHz to
80 MHz.

Tests were carried out on probe B with a variable number of turns N
equal to 14, 12 and 9. As expected the centre-band gain is proportional
to N, but the behaviour at HF, instead, is much less intuitive. What
is determinant is the effect of the applied compensation by means of
ferrite beads on some of the turns with a double objective: increase dis-
tributed resistance to dampen resonances that may occur and provide
mutual coupling between non-adjacent turns, realizing a sort of cross-
coupled filter. The latter has been tested experimentally, but no formal
theoretical approach has been attempted. The used beads are Richco
mod. RT-80-60-50 [31], featuring 15Q at 25 MHz, that corresponds to
89nH if assumed purely inductive. This is roughly the same amount of
inductance of one turn and it is believed to allow fine tuning, although
smaller values may be tried too. It is noted that EMI suppression beads
that are commercially available are tailored for the hundreds of MHz
and GHz ranges, so that it is difficult to find small ferrite beads with
a significant resistive components already at 30 MHz, as in the present
case. It must be underlined that turns in the coil are distributed over
the transversal circumference, so coupling is achieved with limited
accuracy of half a turn, depending if the bead is placed on the top or
bottom of the current probe flat surfaces.

Fig. 11 shows the effect of the already used Richco clamp-on ferrites
(RRC type [36]) located on the input wires, having verified the FR by
reversing the connection of the plus and minus polarity. The two blue
curves refer to the case of using one Richco on each wire with just one
turn: reversing the polarity does not change the FR and the circuit is
symmetric and balanced well up to 100 MHz. Conversely the two orange
curves taken without such ferrites show a difference of some dB starting
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Table 5

Tested cases of ferrite beads arrangements for the N = 14 turns coil.
Curve no. 1 2 3 4 5 6 8 9 10 11 12 13 14
45 N N N N Y1 Y2 N N Y2 Y1 N N N N
50 N N N Y1 Y2 N N N N Y2 Y1 N N N
51 N N Y1 Y2 Y2 N N N N Y2 Y2 Y1 N N
52 N N N Y2 Y2 N N N N Y2 Y2 N N N
53 N N N N Y2 N N N N Y2 N N N N

"\ |

)
o
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Fig. 11. Frequency response for N = 14 turns with ferrites (blue curves) and
no ferrites (orange curves) on the input cables; dark and light colour refer to
the two different polarities of the input wires.

from about 15MHz. All tests are from now on done with the probe B
equipped with these two Richco ferrites on the input wires.

The previous statement regarding the positive effect of ferrite beads
on selected non-adjacent coil turns is demonstrated in Fig. 12, where
the magenta curve refers to the case with no ferrite beads and the black
curve is obtained having applied two beads each clamping on turns
5-10 and 6-9 of a 14-turn coil (curve “45” as per the VNA numbering).
This configuration and the others of Fig. 13 are summarized in Table
5.

By comparing the curves of Fig. 13, it appears that curve 50 provides
the best results in terms of bandwidth (the largest, right 31 MHz at
—3dB) and flatness of +0.1dB around —24 dB. Giving up some flatness,
light and dark blue curves in Fig. 11 obtained without ferrite beads
within the winding provide 44 MHz of —3 dB frequency extension at the
price of a +0.6 dB variation of the frequency response around —23.6 dB.
The configuration of curve 50 is the preferred one and will be selected
for the final realization after some additional verifications of stability
with respect to repeated use and geometry of connection.

A demonstration that reducing the number of turns might not lead
immediately to a more favourable situation in terms of resonances
and bandwidth is shown in Fig. 14, where N was reduced to 12. The
four tested cases are all with ferrite beads applied to the turns, as
documented in Table 6.

It must be noted that, although it may be possible to find a sat-
isfactory configuration with a flat and extended enough FR, when
the number of turns is reduced, the granularity increases, and small
adjustments are no longer possibles as adding/subtracting one coupled
turn has very appreciable difference. This is visible in Fig. 14, as
each curve differs from the other by one single symmetric change.
Transitions from curve 56 to 57, for example, consist of removing
one turn from the bead at position 3 and 10: the consequence is an
increase of bandwidth and a slight reduction of the resonance at about
15 MHz. Other attempts to further increase the bandwidth (as for curves
54 and 55) by reducing coupling cause an unsatisfactory reduction of
resonance damping.

Finally a check was done of a much reduced configuration with
N =9 and, among others, two aspects were verified: first, FR stability

was checked when input wires are moved (visible with curves all
overlapped in Fig. 15) and, second, a comparison was carried out with
some measurements taken by using a signal generator and a high-
performance multimeter (Agilent mod. 34401A). These measurements
were corrected for the high input impedance of the multimeter, intro-
ducing a 6.02 dB factor to compensate for the 50 Q loading at the probe
output of the other measurements using the VNA. It is possible to see
a good agreement with maximum deviation occurring at 12kHz and
amounting to 0.58 dB.

4.2. Uncertainty estimate

4.2.1. Input impedance variability

Since the input impedance of the designed probe depends mainly
on the values of the components of the RC branch, it can be easily
calculated with a type B approach using the characteristics of the used
components.

The number of turns had as additional minor requirement to miti-
gate the reduction of the flowing current resulting from the increasing
inductive reactance. The resulting input impedance is thus marginally
influenced by this inductive component at the largest frequency values,
where with N, = 12 and the estimated 70nH for a single turn, the
resulting inductive reactance is 1900 Q at 30 MHz.

The selected resistors are 0.1% and have a 25 ppm/°C temperature
coefficient [37]. Of course better components may be used with a
smaller temperature coefficient, but the low self heating leads to con-
clude that only the environmental temperature changes are relevant
with the lowest temperatures compensated by that small amount of
self heating. An excursion of 20°C around the reference temperature
of about 20°C used for the initial calibration shows only +500ppm
overall. The datasheet confirms a series of tests for environmental stress
conditions (cold, dry heat, damp heat, vibration, bump) with maximum
deviation of 0.1% that is the only prevalent term.

The capacitors C,; and C,, have some influence in the lower portion
of the frequency interval, between 2 kHz and slightly beyond the cut-off
frequency of 10kHz (for the 11 nF and 1.5k2 combination of C, and R,,
respectively). Unfortunately, this type of capacitors does not receive a
characterization of stability with respect to temperature and ageing.
They are tested, however, for preservation of nominal value within 5%
with a series of environmental stress tests (cold, dry heat, damp heat,
vibration, bump) and within 10% with combined electrical stress tests
(1.7 times the rated voltage, here 500 Vrms, for 1000h), well beyond
normal conditions of operation, as per IEC 60384-14 [38].

When approaching the HF portion of the interval, the contribution
of the inductive reactance of the winding and the effect of the added
ferrite beads becomes marginally relevant.

The uncertainty contributions to the input impedance value may be
thus synthesized as:

*exp = 0.1% for each resistor (six in series connection); since
this error term is partially contributed by systematic effects,
taking the uncertainty of the overall resistance R, as the random
combination of each term may be slightly underestimating;

ec = 5% for each capacitor (two in series connection); also in
this case the presence of some systematic error terms due to the
physical behaviour of the component cannot be excluded and we
assume again that the random combination may lead to a slightly
underestimated uncertainty.
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Fig. 12. Frequency response with N = 14:
beads (magenta).

relevance of intermediate ferrite beads on selected turns (black, curve 45) compared to the case with no such ferrite

Table 6
Tested cases of ferrite beads arrangements for the N = 12 turns coil.
Curve no. 1 2 3 4 5 6 7 8 9 10 11 12
54 N N N Y1 Y2 N N Y2 Y1 N N N
55 N Y1 Y2 Y2 N N N N Y2 Y2 Y1 N
56 N Y1 Y1 Y2 Y2 N N Y2 Y2 Y1 Y1 N
57 N Y1 N Y2 Y2 N N Y2 Y2 N Y1 N
-20 T T T T -20 T T T T
25 2 1 25 —
30 1 =30t
om om
S .35¢ 1 T 351
[ ()
S-40r \ S-40r1
S =
g -451 g -45¢
< <
-50 -50
55 1 -55
-60 I I I I -60 I I I I
10°° 102 10™ 10° 10’ 10? 10°° 102 10" 10° 10° 10?
Frequency (MHz) Frequency (MHz)

Fig. 13. Frequency response with N = 14: various configurations of interme-
diate ferrite beads on selected turns as per Table 5 (blue, curve 50; green,
curve 51, purple, curve 52; yellow, curve 53). The most extended frequency
response (curve 50, blue) has —24.25 dB to —24.03 dB variation, i.e. +0.1dB; its
—3dB frequency extension is up to 31.1 MHz.

For both terms the error distribution may be assumed uniform, as
such performance are meant to be guaranteed maximum deviations.
The resulting uncertainty is thus:

e
Ry} = =Ry, = L5

V63 T V25

The formulation of the sensitivity coefficients S and S, consider-
ing the fractional changes expressed by u{R,} and u{C,} is

(o) ey

[Zinl
and both are smaller than unity and equal to 0.5 at the crossover (so
at the cut-off frequency of the RC circuit).
The formula of propagation
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Fig. 14. Frequency response for N 12 turns: various configurations of
intermediate ferrite beads on selected turns as per Table 6 (blue, curve 54;
green, curve 55, purple, curve 56; yellow, curve 57). The most extended
frequency response (curve 57, yellow) has —25.23dB to —24.65dB variation,
i.e. £0.3dB and exactly 1dB less than curve 50 in Fig. 13; its =3 dB frequency
extension is up to 24.8 MHz.

intended with coverage factor k = 1.

4.2.2. Frequency response variability

The FR variability is a combination of the already discussed vari-
ability terms of the passive components plus those characterizing the
TBCP1 current probe. Such variability may be ascribed to ageing and
variable external conditions, such as in particular temperature.

The FR may be divided into two regions: the low-frequency (LF)
portion (up to some MHz), where curves for different turns arrange-
ments are perfectly overlapped, and the HF portion, where some curve
dispersion can be observed approaching the resonance with slightly
different curves for various arrangements of the turns and ferrite beads.

The variability of the LF FR in the kHz and tens of kHz range is
of the same kind of the variability of the input impedance discussed
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Fig. 15. Frequency response for one case with N = 9 turns: repeatability of
connection and comparison with manually measured values (black squares).

above in Section 4.2.1), working as a voltage divider between R, and
X,. Then the variability of the RF current probe must be added (that is
very seldom documented and may be ascribed mainly to the influence
of temperature, not so much for the variation of the geometry, rather
for change of the magnetic permeability of the ferrite core).

The HF FR is mainly characterized by the resonance and by its
tuning using the ferrite beads, as introduced in Section 3.2.

For ferrite materials a slight influence of temperature on perme-
ability may be assumed, usually limited to +10% for a variation of
0°C to 60°C, and in line with the variability of the nominal value.
We have also seen that the used ferrite beads have a reduction of
inductance and increase of resistance that is not further characterized
by the manufacturer and was thus studied experimentally.

Residual variability is expected instead by the geometry of the turns,
i.e. touching or overlapping wires, and parasitic capacitance in general,
for which the added ferrite beads are an element of normalization. For
this reason, when a stable geometry is achieved after fine tuning, turns
should be fixed by glue and the overall probe housing provides control
of capacitive coupling with external elements. The winding geometry
should then be well documented and described, in order to ensure FR
repeatability for the manufactured items.

As for the uncertainty characterizing the measured FR, then, this is
in direct relationship with the setup and instrumentation, as discussed
in the following.

4.2.3. Frequency response setup

The experimental FR verification was carried out by using a VNA
feeding an accessible 50 Q load on port1 (Z;), across which the probe
input terminals are connected. The port2 is connected to the output
of the current probe N connector and experiences the mismatch as
declared by the manufacturer.

The VNA is used in high-power mode, sourcing a swept sine signal
at 3dBm with an IF bandwidth of 100Hz (as a compromise between
speed of measurement and noise floor). With most of the FR amounting
to —40dB to —20dB, the corresponding .S,; transmission magnitude
uncertainty of the VNA may be assigned a value < 0.06dB with k = 1 as
per manufacturer’s datasheet [35]. The datasheet reports such values,
indeed, for an IF value of 10Hz, so that, having adopted the 100Hz
IF bandwidth value, the associated uncertainty term of 0.004 dB due to
noise should be added (although it is apparent that it is not influent,
being much smaller).

The presence of the probe connected in parallel at the receiving
Z; = 50Q load end causes impedance mismatch, as previously ob-
served. The resulting load impedance is Z, = Z,//Zp ~ 485Q
for Zp = 1.5kQ to 1.7kQ (accounting for various realizations, but
equal to 1.5k in the present case), causing a reflection coefficient
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I'; =0.015 to 0.016. The approach was to keep the feeding cable short,
shorter than A/10 at the maximum frequency of 30 MHz to minimize
the standing wave phenomenon, allowing to say that the prevailing
effect is simply that of reducing the received voltage (systematic error),
rather than causing variable and unknown amplitude variation with
frequency.

The reflection at the other end of the line is associated to the VNA
port and the manufacturer declares a better than 30dB source match,
that corresponds to a reflection coefficient I's = 0.032.

The overall voltage mismatch uncertainty may be determined as

U==+Igl; 6)

which ends up in +0.051% for the present case, that is negligible.

The systematic reduction in the measured voltage at the probe
input due to the loading effect can be compensated by multiplying by
1 + Iy = 1.015, by taking the case of Zp = 1.5kQ. Using a single
constant compensation value leads to a slight overcompensation at the
lowest frequencies by effect of the additional capacitive reactance in
series: in the present case with two series-connected 47 nF capacitors,
the real loading effect (and consequential voltage reduction) at 5kHz
would be 0.0123, not 0.015, so with a systematic error of 0.27% if the
previous compensation is applied. This compensation is not applied in
the reported results.

Another potential systematic error term comes from the attenuation
in the wires and coaxial cables (limited to about 0.05 dB, if the typical
RG58 attenuation of 0.05dB/m at 10MHz is considered). This term,
however, is included in the VNA calibration.

More relevant than this and not included in the calibration, there is
the introduced series impedance by using the RRC ferrites to prevent
CM and DM loops: such ferrites add about 80 Q at 10 MHz on each input
wire, resulting in an increased attenuation of 0.9 dB, if compared to the
nominal 1500 Q resistor.

The setup uncertainty with respect to relative movement of con-
nections and unwanted coupling was in fact improved by inserting CM
ferrites on the connecting cables (indicated by large black dots in Fig.
9), DM ferrites (effective also for CM) on the feeding wires from the
BNC-4 mm adapter, and then verified by periodically measuring the
transmission .S,; with the same Through of the calibration over the
entire day of tests. This resulted in a spread of curves of less than 0.2 dB
up to about 20 MHz, increasing slightly beyond that.

The setup elements included in the calibration are shown in the
schematic of Fig. 9 using the blue colour and those introduced for the
connection of the probes are in red (with the N-BNC adapter used only
for probe A in orange). It is observed that the approach is legitimate if
the negligible attenuation and short electrical length of these elements
are considered, valid in the range up to 30 MHz.

Finally, the uncertainty of the manual measurements taken with the
multimeter is quite low. The 34401A for the range of frequencies be-
tween 10 Hz and 20 kHz (bracketing all measurements of Fig. 15 except
the last two) and using the lowest scale of 100mV has an uncertainty
of 0.06%rdg + 0.04%range. As per its manual, these accuracy figures
correspond to a +4¢ interval, so that a k = 4 coverage factor may be
associated. Bringing them down to the usual k = 2, the corresponding
uncertainty is 0.03%rdg + 0.02%range.

Readings have values comprised between 0.42mV and about 50mV,
so that the largest uncertainty contribution occurs at 0.42mV (the 2kHz
value) with a preponderant range contribution to the error, resulting
in 8.5% with k = 2. The uncertainty at SkHz with 2.3 mVis already
reduced to 1.8%. The stability of the signal generator at 10 Vpp and
20 Vpp was verified with the same 34401A when loaded with the 50 Q
termination and found better than 0.3% after a 20-minute warm-up.
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Summary of performance of the proposed ProbeB (version of curve 50 with 14 turns, see Table
5) and comparison with existing voltage probes.

Performance index

Proposed ProbeB

Others

Galvanic insulation Y
Attenuation —24.1dB
Flatness of frequency response +0.1dB
Frequency extension 31.1 MHz
Output noise bandwidth 30 MHz 49pvV
(50Q ref.)
Common-mode influence N
Approximate price® ~370 EUR

N (CISPR probe)

Y (IHV probe)

—30dB (CISPR probe)
—40dB (IHV probe)

+1dB to 1.5dB (CISPR probe)
several dB (IHV probe)
30MHz to 70 MHz

for CISPR and IHV probes
similar (CISPR probe)

> 0.9mV (IHV probe)

N (CISPR probe)

Y (IHV probe)

~700-2000 EUR

a Price of probe B estimated from 330 EUR for TBCP1-200 and 40 EUR for passives, enclosure and

connectors.
5. Conclusion

The proposed voltage probe B exploits the measurement of the cur-
rent flowing through a known impedance branch by using a commercial
RF current probe. In this way it achieves galvanic insulation and low
noise (that of the RF current probe, corresponding approximately to a
50 Q resistor, as it is for many RF probes, including the CISPR voltage
probe).

The minimum input impedance recommended by CISPR is achieved
by selecting a 1500 Q input resistor and the consequential reduction of
the current is compensated by applying N, turns through the RF current
probe (the preferred configuration is with N, = 14 (curve 50) showing a
smaller attenuation and an extended frequency response up to 30 MHz).
This arrangement is not exempt from stray inductance due to the N-turn
coil on the probe ferrite material. An estimate of 60 nH/turn, assuming
an average HF relative permeability of 100, was used during the design
that turned out to be reliable with the experimental verification.

Such composite voltage probe resulted in an attenuation of only
about 24 dB in the centre band, so with a performance improved by
about 6 dB over the CISPR probe (that does not have galvanic insulation
either) and by 16 dB over the simpler solution (indicated as “Probe A”),
using the insulated high-voltage probe (that does not have sufficient
fundamental attenuation and much higher noise).

The attenuation of the fundamental (assumed 50 Hz) and its harmon-
ics is of some relevance in order to optimize resolution and sensitivity
of the connected instrumentation, avoiding large signal excursion at LF
that would require too a large dynamic range. Thanks to the combined
effect of the RC input branch and the desensitization of the RF current
probe towards LF, the achieved 50 Hz suppression is more than three or-
ders of magnitude at 80 dB, enough to bring the fundamental amplitude
down to the tens of mV range.

The side effect of the N-turn winding is the introduction of a HF
resonance, for which small ferrite beads inserted between selected turns
were used, introducing secondary magnetic coupling with additional
losses between non-adjacent turns (this arrangement resembles that of
cross-coupled filters). This control measure is effective if it can be pre-
cisely trimmed with inductive coupling terms of the same amount of the
inductance of one turn. When the number of turns is too low, trimming
granularity appears and the frequency response cannot be shaped as
desired down to a fraction of dB of amplitude, ensuring the necessary
few MHz of frequency extension. Smaller ferrites should be considered
to this aim, although an excessive reduction of the number of turns is
not of interest, having a target centre-band attenuation of —22dB and
a frequency extension of 30MHz. In addition, the used ferrite beads
were selected with a trade-off between the applied inductance and
introduced resistive term, with an extensive experimental verification
for many geometries.
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A consolidated version with 14 turns and coupling between turns at
2/5 and 3/5 of the coil length is considered as the definitive one (curve
50 of the reported results), with very flat frequency response (within
+0.1dB) at —24.1dB of centre gain and extended up to 31MHz, in-
tended as the —3 dB point. Frequency dependent systematic error terms
amounting to about 1dB overall to add to the measured attenuation.

It is acknowledged that the proposed architecture has an intrinsic
limit due to the trade-off between sensitivity and number of turns
through the RF current probe, that limit the frequency response at high
frequency, in particular introducing a resonant behaviour. The insertion
of ferrite beads controls such resonance at the expense of limiting the
frequency extension. Higher sensitivity is not achievable by increasing
the number of turns, as well as further frequency extension without
giving up some sensitivity.

The performance discussed above are synthesized in Table 7 for
clarity and quick reference.

The designed and tested voltage probe finds its application in low-
voltage grids (both DC and AC) for the measurement of conducted
emissions and distortion, more safely than using a non-insulated CISPR
probe and with better performances in terms of attenuation and noise
than commercial insulated high-voltage probes.
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