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Measurement System Without Grounding
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Abstract— Conducted noise originating from power supply
equipment disrupts telecommunication networks, causing prob-
lems such as telecommunication interruptions and reduction
in the speed of communication. Measurement of noise in data
transmission lines at a repair site may require additional work to
secure the electrical ground level for the measurement, because
the data lines are differential pairs and the ground level is not
always accessible. A method to estimate the capacitance between
the measurement equipment and the ground was developed to
allow measurement without access to the ground, i.e., in floating
conditions. The method uses an oscillator and multiple electrodes
to measure the capacitive coupling with the ground under the
floor. A ground-capacitance-estimating device was fabricated and
tested. Its accuracy was further improved by incorporating a
linear function to express the relationship between the output
of the device and the known ground capacitance in the calibra-
tion setting. This calibration procedure and the measurement
procedure at the repair site are described. The noise voltage was
calculated from the estimated ground capacitance and the voltage
reading of the floating measurement equipment. The estimated
ground capacitance was in the order of several tens of pF. The
error of the corrected noise voltage was within 1.6 dB.

Index Terms— Capacitance measurement, conducted noise,
unsymmetric voltage, voltage measurement.

I. INTRODUCTION

CONDUCTED noise from several tens of kHz to several
tens of MHz is generated at switching circuits in power
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supply equipment [1]–[3]. The consequent interference with
communication devices disrupts telecommunication networks
and degrades equipment performance and transmission qual-
ity [4]. Although communication equipment is designed to
tolerate a certain level of conducted noise, the noise level may
exceed the design specification. For example, aged equipment
with deteriorated capacitors generates high levels of noise [5].
When a communication problem occurs and conducted noise
is suspected, the conducted noise is measured at the site. The
common mode current and unsymmetric voltage of conducted
noise are measured with equipment such as an oscilloscope.
The problem is usually solved by using a noise suppressor
that matches the frequency band of the conducted noise or by
replacing the equipment that is emitting the conducted noise.

Some studies have tried to improve the efficiency of these
operations. For example, a probe that can measure the cur-
rent and voltage of conducted noise simultaneously has been
developed [6]. Measurement at a site becomes an onerous task
when an electrical ground needs to be secured to measure the
unsymmetric voltage of the conducted noise. In some cases,
it is necessary to drive a grounding rod into the earth to obtain
the ground for the measurement. If the conducted noise can
be measured without requiring the equipment to be grounded,
the work at the site will be much easier.

Several studies have reported asymmetric digital sub-
scriber line (ADSL) systems that were affected by conducted
noise [7]–[11]. The ADSL is a communication method that
operates on frequencies of 25.875 kHz to 1.104 MHz and
uses twisted pair cables for high-speed data transmission [12].
In this study, a method for measuring the unsymmetric voltage
of the conducted noise in the frequency band of ADSL using
the floating measuring equipment was investigated.

When the floating measurement equipment is used, the mea-
sured voltage is not reliable because there is no direct connec-
tion between the ground of the measurement equipment and
the ground of the data communication equipment and noise
source. The ground of the data communication equipment
and the noise source are usually electrically connected to
conductive materials under the floor or behind the wall, such
as metal parts used for the floor, structural elements of the
building, pipes, or conduits. In this article, we will refer to this
electrical ground as the “ground plane,” and the capacitance
between the measurement equipment and the ground plane as
the “ground capacitance.”
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Fig. 1. Schematic of the measurement setup at the work site.

If we can measure the ground capacitance, we can correct
the voltage reading of floating measurement equipment and
estimate the noise voltage. A common approach for measuring
capacitance is to attach probes to the two sides that form
the capacitance [13]–[16]. However, the ground plane is not
accessible in the present case. We have therefore developed
a ground-capacitance-estimating device consisting of a local
oscillator and multiple electrodes. This device is placed on
the floor of an inspection site, and the ground capacitance is
then estimated by applying a sinusoidal signal to one of the
electrodes and measuring the voltage at another electrode [17].
The unsymmetric voltage and the waveform of the conducted
noise are obtained by correcting the voltage reading of the
floating measurement equipment using the estimated ground
capacitance [18], [19]. This method is based on an equivalent
circuit consisting of multiple capacitors, some with known
capacitances and some with capacitances related to the ground
capacitance. One major drawback of this method is that the
errors in the capacitances used in the estimation lead to an
error in the estimation of the ground capacitance. Further-
more, capacitance errors arise due to the simple parallel plate
capacitor model that does not consider electrical flux lines
spreading out at the edges of the electrodes [20]. In this
article, we propose a method to improve the accuracy of
ground-capacitance estimation by obtaining the relationship
between the output of the estimating device and the actual
ground capacitance in a controlled experimental environment.
The obtained relationship can be applied at the inspection site
to estimate the ground capacitance more accurately.

In Sections II–IV, the unsymmetric voltage measuring sys-
tem that uses the ground-capacitance-estimating device and the
method for estimating the ground capacitance is first described.
This part is mainly taken from [18]. Next, the method for
improving the accuracy is proposed and verified by experi-
ments in Section V. Conclusion is given in Section VI.

II. UNSYMMETRIC NOISE VOLTAGE MEASUREMENT

USING FLOATING EQUIPMENT

A schematic of the measurement setup at the work site is
shown in Fig. 1. The probe of the noise voltage measurement
equipment is attached to the data transmission line between the
communication equipment. The ground of the probe (typically
a short wire with an alligator clip) is left open, because the
ground of the signal is not accessible. Instead, the ground of
the equipment is connected to a conductor plate that is placed

Fig. 2. Equivalent circuit of conducted noise measurement without ground-
ing.

Fig. 3. Model of ground capacitance Cm .

under the equipment. This conductor plate and the ground
plane under the floor form the ground capacitance Cm . The
purpose of the conductor plate is to increase and stabilize the
capacitive coupling.

Fig. 2 shows the equivalent circuit of the setup shown
in Fig. 1. We assumed that the unsymmetric-mode impedance,
which mainly consists of the input impedance of the com-
munication equipment, was sufficiently smaller than the input
impedance of the noise voltage measurement equipment, and
that it did not affect the voltage measurement. The ground
plane is connected to the so-called earth ground; however, this
connection is not relevant in the present discussion because it
is not part of the noise path. Re and Ce are the input resis-
tance and capacitance of the voltage measurement equipment,
respectively. The relationship between the measured voltage
Vm and the unsymmetric voltage Vn of the conducted noise is
given by

Vn = Vm

(
1 + 1 + jωn ReCe

jωn ReCm

)
(1)

where ωn is the angular frequency of the conducted noise
and j is (−1)0.5. With the obtained ground capacitance Cm ,
the unsymmetric voltage of the conducted noise Vn is esti-
mated by (1).

Figure 3 shows the model of the ground capacitance Cm .
We assumed that there are multiple layers of insulators
between the conductor plate and the ground plane. The thick-
nesses are denoted by dg1 − dgN , and the relative values of
permittivity are denoted by εx1 − εxN . The spacer under the
conductor plate is for protection of the plate and is part of the
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Fig. 4. Configuration of the ground-capacitance-estimating device.

layer. The actual floor construction does not necessarily consist
of layers of different materials and may be more complex.

III. GROUND-CAPACITANCE-ESTIMATING DEVICE

A. Method for Estimating Ground Capacitance

This section describes the ground-capacitance-estimating
method reported in [18]. The configuration of the ground-
capacitance-estimating device is shown in Fig. 4. This device
consists of one upper electrode, two lower electrodes, an oscil-
lation circuit, and a voltage measurement circuit. The thickness
and the material of the lower spacer are the same as the
spacer under the conductor plate. The capacitances Cx and
Cy are the ground capacitances of the lower electrodes, and
Cz is the ground capacitance of the upper electrode. C1

and C2 are the capacitances between the upper electrode
and the lower electrodes. The oscillation circuit is connected
to the upper electrode and one of the lower electrodes.
The voltage measurement circuit is connected to the upper
electrode and the other lower electrode. Vout is the output
voltage of the oscillation circuit, Rout is the output resistance
of the oscillation circuit, Z is the input impedance of the
voltage measurement circuit, and Vz is the voltage measured
by the voltage measurement circuit. The basic idea of the
ground-capacitance estimation is to measure the voltage Vz ,
which is related to the capacitances Cx , Cy , and Cz , and obtain
a parameter that represents the ground capacitance.

The capacitances Cx , Cy , Cz , C1, and C2 are given by

Cx = ε0S1

δ
(2)

Cy = ε0S2

δ
(3)

Cz = ε0(S3 − S1 − S2)
d
εr

+ δ
(4)

C1 = ε0εr
S1

d
(5)

C2 = ε0εr
S2

d
(6)

where ε0 is the electric constant, εr is the relative permittivity
of the upper spacer, S1 and S2 are the surface areas of the lower
electrodes, S3 is the surface area of the upper electrode, d is the

Fig. 5. Setup of the ground-capacitance-estimating device at the work site.

thickness of the upper spacer, and δ is an equivalent thickness
of the layers above the ground plane, which is expressed by

δ =
N∑

k=1

dgk

εxk
. (7)

Here we assumed a simple parallel plate capacitor model
where straight electrical flux lines perpendicular to the elec-
trodes are considered and electrical flux lines spreading out at
the edges of the electrodes are not considered.

When we replace the ground-capacitance-estimating device
with a conductor plate of area Sm , the ground capacitance Cm

between the conductor plate and the ground plane is given by

Cm = ε0Sm

δ
. (8)

This equation requires the value of δ from the measured
voltage Vz . In (2)–(6), C1 and C2 are constant values that
can be calculated or measured. Cx , Cy , and Cz are unknown
but are expressed by the same parameter δ. Although it is
possible to obtain δ from Vz by solving the circuit equation
of Fig. 4, we used a circuit simulator to obtain the value of
δ that gave the voltage Vz closest to the measured Vz . This
search procedure was straightforward because the relationship
between δ and Vz was monotonic.

B. Construction of Ground-Capacitance-Estimating Device

The fabricated ground-capacitance-estimating device is as
follows. The upper and lower electrodes were printed with
a silver ink printer on polyethylene terephthalate (PET) film.
A 250 × 120 × 10 mm2 acrylic plate was used for the lower
spacer. A 250×120×10 mm3 hollow box made of cardboard
with a relative permittivity of approximately 1 was used as
an upper spacer. The dimensions of the lower electrodes and
the upper electrode were 100 × 120 and 250 × 120 mm2,
respectively. The output resistance of the oscillation circuit
Rout was set to 50 � and the input resistance RZ and
capacitance CZ of the voltage measurement circuit for Vz

were 1 M� and 24 pF, respectively. A battery-powered laptop
controls the oscillation circuit and displays the measured VZ

through a universal serial bus (USB) interface. The output
signal from the oscillation circuit was a 5-Vp−p sinusoidal
signal. The setup of this device at the work site is shown
in Fig. 5.
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Fig. 6. Experimental setup to measure the ground capacitance in shield room.

IV. EVALUATION OF GROUND-CAPACITANCE-
ESTIMATING DEVICE

A. Preparation of Ground Capacitance
in Experimental Setting

The ground-capacitance-estimating device was evaluated by
measuring the ground capacitance in an experimental setting.
Experiments were conducted in a shielded room with a con-
ductive floor, regarded as the ground plane. The ground capac-
itance for evaluation was prepared by stacking 10-mm-thick
acrylic plates on the floor. The ground-capacitance-estimating
device, or the set of conductor plate and the noise voltage
measurement equipment (3144 Noise Search Tester; HIOKI
E.E. CORPORATION, Nagano, Japan), was placed on top of
the stacked acrylic plates. The ground capacitance was varied
by changing the number of acrylic plates.

We needed to know the effective ground capacitance of this
setting in order to evaluate the performance of the ground-
capacitance-estimating device. We measured the capacitance
by using a signal generator, conductor plate, and the noise
voltage measurement equipment, as shown in Fig. 6. The
method for obtaining the capacitance is as follows.

Solving (1) for Cm we get

Cm = Ce(√
1

ω2
n R2

e C2
e

(
|Vn |2
|Vm |2 − 1

)
+ |Vn |2

|Vm |2 − 1

)(
1

1+ 1
ω2

n R2
e C2

e

) (9)

where Vn is the noise source voltage, which is the amplitude
of the continuous sinusoidal signal at a frequency of ωn

from the signal generator, Vm is the voltage reading of the
noise voltage measurement equipment, and Re and Ce are the
input resistance and capacitance of the voltage measurement
equipment, respectively.

The number of acrylic plates was changed to 1, 3, 5, 7,
and 9. Adding the thickness of the lower spacer of 10 mm,
the total distance between the lower electrode and the ground
plane was 20, 40, 60, 80, and 100 mm. A 3-Vp−p sinusoidal
signal from the signal generator was connected to a bare wire
suspended across a metal jig, and the probe of the noise
voltage measurement device was attached to this line. The
noise voltage measurement equipment was placed on a 250 ×
120 × 10 mm3 acrylic plate whose top side was covered with
a thin electrode that acted as the conductor plate. The ground
of the equipment was connected to this plate. The dimension
of the conductor plate was the same as the dimension of the
upper electrode of the ground-capacitance-estimating device.

Fig. 7. Relationship between thickness of acrylic plate and ground capaci-
tance Cm .

Re and Ce were 1 M� and 177 pF. Ce includes the capacitance
of the coaxial cable of the probe.

The effective noise source voltage |Vn| was measured by
connecting the ground of the noise voltage measurement
equipment directly to the ground plane, i.e., the floor of
the shielded room, to form a closed loop without Cm . The
average ground capacitance Cm calculated from the measured
voltage |Vm| and |Vn| using (9) at frequencies from 10 kHz
to 2 MHz was 56.4, 35.8, 29.8, 27.3, and 25.3 pF for total
plate thicknesses of 20, 40, 60, 80, and 100 mm, respectively.
The capacitances at 1 MHz are depicted in Fig. 7 by black
circles. These capacitances will be used as references in the
evaluation of the ground-capacitance-estimating device.

B. Numerical Analysis of Ground Capacitance in an
Experimental Setting

We also conducted a numerical analysis of the capacitance
of the experimental setting described in Section IV-A. The
analysis model was as follows. The ground plane was modeled
by a conductor plate of 750 × 360 mm2. These dimensions
were determined so that it was sufficiently larger than the
upper conductor plate, which was 250 × 120 mm2. A large
acrylic plate with dimensions of 750 × 360 mm2 and with a
thickness of 10, 30, 50, 70, and 90 mm, a small acrylic plate
of dimensions 250 × 120 × 10 mm2, and the upper conductor
plate, were stacked on the ground plane. The total distance
between the two conductor plates was 20, 40, 60, 80, and 100
mm. The relative permittivity of the acrylic plate was set to
be 3.5. We used electromagnetic field analysis software that
uses the finite element method (Femtet, Murata Software Co.,
Ltd., Tokyo, Japan). The results are 57.5, 35.1, 27.7, 23.9,
and 21.6 pF and are shown by blue squares in Fig. 7. The
capacitances agree with the measured values in Section IV-A,
with errors in the order of a few pF.

C. Evaluation Result of Ground Capacitance
Estimating Device

The noise voltage measurement device and the con-
ductor plate in Fig. 6 were replaced by the ground-
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Fig. 8. Relationship between measured voltage |VZ | and the ground
capacitance Cm .

capacitance-estimating device to evaluate its estimation accu-
racy. The effective voltage |VZ | was measured and δ was
obtained by a circuit simulator. Cm was estimated by sub-
stituting δ and the conductor plate area Sm into (8). The
results at 1 MHz are shown by red triangles in Fig. 7. The
estimated ground capacitances were approximately half of
the capacitances measured and calculated in Sections IV-A
and IV-B, respectively. We presume that this estimation
error was mainly due to the simple capacitor model used
in derivation of (2)–(6). Nonetheless, the result shown in
Fig. 7 suggests that the measurement output of the ground-
capacitance-estimating device represents the capacitive char-
acteristic of the floor at the site.

V. ADDITIONAL CALIBRATION METHOD AND

EVALUATION OF UNSYMMETRIC CONDUCTED

NOISE MEASUREMENT

A. Additional Calibration Method

As suggested in Section IV-C, the estimation accuracy can
be improved by finding a relationship between the output
of the ground-capacitance-estimating device and the actual
ground capacitance. Instead of finding the relationship between
the two capacitances indicated by red triangles and black
circles in Fig. 7, we investigated the relationship between the
voltage |VZ | measured by the ground-capacitance-estimating
device and the capacitance indicated by black circles. In this
way, we can eliminate the process of obtaining δ in calculating
the capacitance indicated by red triangles.

The results at frequencies of 10 kHz, 100 kHz, and 1 MHz
are shown in Fig. 8. These results indicate that the relationship
can be approximated by a linear function. The linear function
was obtained by the least square method. The approximate
functions for other frequencies are given in Table I.

This process for obtaining the approximate functions can
be performed in an experimental environment, such as a
shielded room, prior to inspection and repair work at the site.
It should be noted that the approximate functions are obtained
for particular conductor plate dimensions. Therefore, the same
conductor plate must be used at the site. The procedure at the
work site will be as follows.

Step 1: Place the ground-capacitance-estimating device on
the floor and measure |VZ |.

TABLE I

FUNCTIONS FOR CONVERTING MEASURED VOLTAGE |VZ |
TO GROUND CAPACITANCE Cm

Step 2: Obtain the ground capacitance Cm by substituting
|VZ | into the linear approximate function of the frequency used
in Step 1.

Step 3: Place conductor plate and noise voltage measure-
ment device on the floor, connect the ground of the equipment
to the conductor plate, and attach the probe to the line to be
inspected.

Step 4: Read |Vm| measured by the noise voltage mea-
surement equipment and obtain the noise voltage |Vn| by
substituting |Vm| into (1).

B. Evaluation of Unsymmetric Voltage Measurement System

The unsymmetric voltage measurement method described in
Section V-A was evaluated in a shielded room and in a typical
office room. In the shielded room, the ground capacitance was
changed by using medium-density fiberboard (MDF) plates
instead of acrylic plates. The relative permittivity of the MDF
plate was unknown. The thickness of the MDF plate was
9 mm, and the number of plates was changed to 1, 2, and 3.
The floor of the office room had carpet (with rubber on the
bottom side) spread over metal panels. This is a typical office
floor construction to allow easy routing of computer and power
cables. We did not use additional plates to change the ground
capacitance in the office room.

First, the ground-capacitance estimating device was placed,
and |VZ | was measured at frequencies from 10 kHz to 2 MHz.
The average |VZ | was 0.165, 0.144, and 0.124 V for MDF
plate of thicknesses of 9, 18, and 27 mm, respectively, in the
shielded room, and 0.184 V in the office room. The ground
capacitances Cm calculated by the function shown in Table I
using the voltage |VZ | are shown in Fig. 9.

Next a 3-Vp−p sinusoidal signal at frequencies of 10 kHz
to 2 MHz was supplied from the signal generator as the noise
signal and was measured by the noise voltage measurement
equipment, whose ground was connected to the conductor
plate. This setup is the same as that shown in Fig. 6. In the
office room, the signal generator was placed on the floor,
and the ground of the signal generator was not connected to
anything. The power supply from the outlet was the only direct
connection with the environment.
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Fig. 9. Calculated ground capacitance Cm.

Fig. 10. Measurement and correction result with 9 mm thickness fiberboard
plate.

Fig. 11. Measurement and correction result with 18 mm thickness fiberboard
plate.

The effective value of the measured voltage |Vm| was
corrected to the effective value of the unsymmetric voltage
|Ṽn| by (1) using the ground capacitance Cm shown in Fig. 9.
The ratios between |Vm| and |Vn| and between |Ṽn| and |Vn|
are shown in Figs. 10–13. The ratios are expressed in dB. Zero
dB means that the measured or estimated voltage is equal
to the source voltage. The ratios of |Vm|/|Vn| were 11 dB
or more, while the ratios of |Ṽn|/|Vn| were 1.6 dB or less,
indicating that the noise voltage Vn was successfully estimated
from the voltage Vm , which was measured by the noise voltage
measurement equipment.

The result in the office room is of particular importance,
because it indicates that the ground capacitance estimated
by the proposed method was the dominant impedance in
the noise measurement loop. In other words, although the
signal generator’s ground was not connected to anything, other
impedances in the ground-plane path were sufficiently smaller

Fig. 12. Measurement and correction result with 27 mm thickness fiberboard
plate.

Fig. 13. Measurement and correction result in the office room.

than the impedance of the ground capacitance just beneath the
conductor plate of the measurement equipment. This suggests
that we only need to estimate the ground capacitance at the
point on the floor where the measurement equipment is placed.

VI. CONCLUSION

Methods for measuring the unsymmetric voltage of con-
ducted noise without connecting the ground of the measure-
ment equipment were proposed and evaluated by experiments.
A device consisting of an oscillator and electrodes was
designed and fabricated to measure the capacitive coupling
between the electrodes and the ground. The ground capaci-
tance was estimated by solving the equivalent circuit model
of the device. The estimated capacitances were approximately
half of the capacitances that were verified in an experimental
setting. The error was mainly due to the simple capacitor
model used for calculating the capacitances of the device.
The relationship between the voltage measured in the capac-
itance estimating device and the ground capacitance of the
experimental setting was expressed by linear equations. These
equations improved the accuracy of the capacitance estimation.
Experiments in a shielded room and in an office room showed
that the measurement error of the unsymmetric voltage of the
conducted noise was 1.6 dB or less.
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