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Radio-Frequency Common-Mode Noise
Propagation Model for Power-Line Cable

K. Y. See, Senior Member, IEEE, P. L. So, Senior Member, IEEE, A. Kamarul, and E. Gunawan, Member, IEEE

Abstract—Electromagnetic-interference (EMI) radiation from a
power-line communications (PLC) network has been a major con-
cern for the widespread use of broadband PLC technology. It is
also well known that the dominant radiation mode of the PLC
network is common mode (CM) by nature. Therefore, for electro-
magnetic-compatibility planning purposes, knowledge of the CM
noise propagation path of the power line in the frequency range
of 1 to 30 MHz is essential to provide insight of EMI radiation
emitted by the power line. Based on a two-current-probe measure-
ment approach, the CM noise propagation model for a three-wire
power-line cable can be derived and represented by an equivalent
two-wire CM transmission line. The equivalent CM noise propaga-
tion model allows us to predict the CM noise current on the power
line with reasonable accuracy. The model will serve as a valuable
tool in the future to identify effective ways to suppress EMI radia-
tion from the PLC network.

Index Terms—Broadband communication, electromagnetic
compatibility, electromagnetic interference, impedance measure-
ment.

I. INTRODUCTION

HE concept of home networking using broadband power-

line communications (PLC) technology is gaining lots of
attention in Europe, Asia, and the United States as utilities and
telecommunication companies (telcos) seek cost-effective alter-
natives to bring broadband Internet services to customers. One
major concern that prevents the widespread use of broadband
PLC systems is the risk of electromagnetic interference (EMI)
to radio communications and wireless services [1], [2] caused by
their generation of electromagnetic (EM) fields from the power
line over which they operate. In recent years, many PLC trials
have been performed in various countries to study the feasibility
of using the low-voltage power distribution network for fast In-
ternet access as well as to quantify the interference potential
at the 1-30 MHz frequency range. The measurement data col-
lected [3], [4] have shown significant levels of radiated emis-
sions from the PLC network.

In recent years, much effort has been put in by several re-
searchers to characterize the radiated emissions associated with
PLC networks, ranging from theoretical characterization to ex-
perimental assessment. Tests have been performed in [5]-[7] to
investigate the relationship between the level of data signals fed
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into the PLC network and the resulting level of radiated emis-
sions. A transfer function, frequently referred to as a “decou-
pling factor” [8], [9], has been proposed to define such a rela-
tionship. Unfortunately, this method of characterization of EM
fields could only provide an estimation of the level of EMI radi-
ation emitted by any arbitrary input signal in the PLC network
but was unable to provide further useful information. Although
itis well known that the radiation mechanism from the PLC net-
work is common mode (CM) by nature, no comprehensive study
has been carried out to characterize and understand the behavior
of CM noise current on the PLC network. Such a study is im-
portant as it provides essential information to explore possible
effective EMI reduction techniques to suppress radiated emis-
sions from the PLC network.

An accurate model of a CM noise propagation path for a
power-line cable carrying PLC signals serves as an effective tool
to predict the CM noise current on the power-line cable and its
associated EM radiation. Although a high-frequency CM noise
propagation path of a power-line cable can be derived numeri-
cally [10], it requires knowledge of the exact layout geometry
of the power-line cable, which is not always possible to obtain,
especially for cables embedded in concrete walls. Unlike the
differential-mode (DM) noise propagation path, the CM noise
propagation path of a power-line cable is more sensitive to its
layout geometry and surrounding materials. In addition, numer-
ical modeling techniques can be computationally intensive if
they are used to model large PLC networks. In this paper, the
CM noise propagation model of a power-line cable is derived
from a two-current-probe measurement approach. Since the CM
noise propagation model is obtained through measurements, the
model derived includes all of the losses of the power-line cables
as well as the effects of different layout geometries.

The paper is organized as follows. In Section II, the con-
cept of an equivalent two-wire CM transmission-line model for
a three-wire power line cable is introduced. Section III details
the theoretical background and the validation of the two-cur-
rent-probe measurement approach. Section IV is devoted to ex-
perimental derivation of the CM noise propagation model of
a power-line cable using the proposed measurement approach,
and the validation of the model. Section V draws the conclu-
sions.

II. CM NOISE PROPAGATION MODEL

Fig. 1 shows a simple PLC system consisting of a power-line
cable and two PLC modems. The CM noise propagating path
of the power-line cable could be represented by an electrical
model as shown in Fig. 2. For simplicity, it is assumed that only
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Fig. 2.  CM noise propagation path of the PLC system.
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Fig. 3. Two-wire equivalent CM noise propagation model of the power-line
cable.

PLC modem 1 transmits a signal with PLC modem 2 acting as
a receiver.

The transmitted signals, in the form of DM signals, propa-
gate on an unshielded phase-neutral pair of the power-line cable.
However, the electrical unbalances of PLC modem 1 (Z; #
Z2)s the Pair of wires (ZPhasc—Ground # ZNoutral—Ground) and
PLC modem 2 (Z3 # Z4), convert a portion of the injected DM
signals into unwanted CM signals [11]. Therefore, from the CM
noise propagation standpoint, the imbalance of PLC Modem 1
can be modeled as a CM noise source. It is accounted for by a
Thevenin equivalent circuit with a CM source voltage Vo and
a CM source impedance Zsc, as shown in Fig. 3.

The imbalance of PLC modem 2 can be represented by its
own internal CM impedance Z1,cy acting as a CM terminating
load. The three-wire power-line cable connecting PLC modems
1 and 2 can be represented by an equivalent two-wire CM trans-
mission line. The thick line is essentially the phase and neutral
wires in parallel, and the thin line is the safety ground wire.

Rest, Lo, Goft, and Ceg are the effective CM resistance per-
unit length (in 2/m), effective CM inductance per-unit length
(in H/m), effective CM conductance per-unit length (in S/m),
and effective CM capacitance per-unit length (in F/m), respec-
tively. Based on transmission-line theory [12], the CM transmis-
sion-line characteristic impedance Zy cv and CM propagation
coefficient v can be obtained as

v =a+jB=/(Rett + jwLes)(Gegr + jwCest) (1)
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and

Reff + ijeff

2
Geff +jwceff ( )

Zo,cm =

where a and [ are the effective CM attenuation constant (in
Nepers per meter) and phase constant (in radians per meter),
respectively. Equations (1) and (2) indicate that v and Zy ¢ are
the characteristic properties of the CM transmission line which
are dependent on the values of Reg, Lesr, Gegr and Cogr, and the
operating frequency w, but are independent of the length of the
power-line cable.

v and Zy cwm can be evaluated by measuring the input im-
pedances of the CM transmission line (at z = 0) with the CM
load terminals (at z = /¢) open-circuited and short-circuited.
Using transmission-line theory [12], the CM input impedance
of a CM transmission line with a length £ and a CM terminating
load Z1,c\ is given by

Zvrom + Zo,cn tanh(y - £)
Zo.om + Zrcwm tanh(y - £)

3)

Zin,cM = Zo,CM -

If the CM load terminals are short-circuited (Zrcn = 0), (3)
becomes

Zis,oM = Zo,om tanh(y - £). 4)

Similarly, if the CM load terminals are open-circuited
(Zrem — o0), (3) becomes

Zio,oM = Zo,cm coth(y - £). 5)

From (4) and (5), we could calculate Zy cy and «y

Zo,cM = \/ Zio,oM - Zis,cM (6)
1 1 | Zis,cm

= — -tanh ! . @)
T Zio,CM

Once Zy,cm and vy are calculated, Regr, Legt, Gegr, and Ceg
can be easily obtained by

Reg = Re(Zocm - ) 8)
Leg = Im (LCM '7> ©)

w

~

Geg = Re 10
& <ZO,CM> (19

v
Cg=Im| ———|. 11
& <ZO,CM -w) an

III. IMPEDANCE MEASUREMENT USING TWO-CURRENT-PROBE
APPROACH

A. Basic Two-Current-Probe Methodology

An impedance-measuring technique using two clamp-on cur-
rent probes was originally employed by Nicholson and Malack
[13] for DM impedance measurement of ac power distribution
in the frequency range of 20 kHz to 30 MHz. Kwasnoik et al.
[14] extended the frequency range of the measurement method
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Fig. 5. Equivalent circuit of the injecting current probe.

up to 500 MHz. See and Deng [15] adopted similar measure-
ment method to characterize the CM noise source impedance of
a switched-mode power supply in the frequency range of 150
kHz to 30 MHz.

Fig. 4 illustrates the basic setup of the two-current-probe mea-
surement system to measure unknown impedance Zx . The mea-
surement system consists of two current probes and a network
analyzer. The two current probes and a decoupling capacitor C'
form a high-frequency coupler to avoid direct connection to the
ac power mains. A pair of short wires from reference plane o’
to reference plane b connects the coupler to Zx. Port 1 of the
network analyzer induces a continuous-wave (CW) signal in the
closed loop through the injecting current probe. Port 2 of the net-
work analyzer measures the resultant current in the closed loop
with a monitoring current probe.

The injecting current probe can be represented by an equiv-
alent transformer circuit as shown in Fig. 5. V},1 is the source
voltage, and Z,, is the source impedance of the injecting probe
from port 1 of the network analyzer. With the injected signal,
the injecting probe induces a voltage V,, and results in a current
I, circulating in the closed loop.

L,, L,,, and M are the primary self-inductance of the probe,
the self-inductance of the wire in the probe volume, and the
mutual inductance between the probe and the wire, respectively.
Vp1 and V,, can be expressed as follows:

Vo1 = (Zp + jwLy)I, — jwMI, (12)
Vw = —jwMI, + jwLy 1. (13)

Combining (12) and (13) and eliminating I,,, we have
Vw = Zyilw — Van (14)
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Fig. 6. Equivalent circuit for the two-current-probe setup.

where
. (WM)? )
a1 = Jwlhy + | =——— 15
M1 = jw <Zp + L, (15)
jwM
Vit = Vor - [ =222 ). 16
M1 1 <Zp +ijp> (16)

Equations (15) and (16) suggest that the injecting current
probe can be represented at reference plane a by a Thevenin
equivalent circuit as shown in Fig. 6. Z,so is the reflected
impedance in the loop due to the monitoring current probe.

From (16), the ratio Vias1/V,1, which is dependent on the
probe properties and the operating frequency w, is given by

Vi JwM
Kgr = = - . 17
R V;)l Zp +.]"-)Lp ( )

If the wire length d between reference planes b’ and b is made
much shorter than the wavelength of maximum frequency of
interest (10 m at 30 MHz), its transmission-line effects can be
ignored. Let Z;,, be the impedance at the reference plane b as
seen by the unknown impedance Zx . Then

Vi = (Zip + Zx) 1w (18)
where Z;, = Zar1 + Zy2 + Zc. Substituting Vasy from (18)
into (17), Z, can be evaluated by

1%
Zx = (KrZ7s) - <V£> s

p2

19)

where Zpo = [Vp2/I,,] is the transfer impedance of the mon-
itoring current probe. V),5 is the voltage received by the moni-
toring probe. The ratio V1 /V,,2 can be obtained through S-pa-
rameters measurement using the network analyzer as follows:

&_5114-1

= 20
Ve~ S 20)

The product KrZp - is a frequency-dependent coefficient
that can be obtained by the following steps: First, remove Zx
and measure Z;;, using an impedance analyzer. Then, replace
Zx with a known precision standard resistor [2s;q and measure
Vp2/Vp1 again with the network analyzer. Finally, Kr Zr2 can
be obtained by

Zip + Zstd

Kripyg = —~—F——.
()]

7

Ve Zx=Zsta

2y
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Safety Ground

Fig.7. Cross-sectional view of the in-house power line. The cable used in the
measurement has 2.5 mm? cross-sectional area, and the diameter of a single
copper strand is 0.67 mm.
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Fig. 8. Two-current-probe setup for measurement of CM input impedance

Zin,cu of cable under test (CUT).

Once KrZr2 and Z;;, are determined, the two-current-probe
impedance measurement setup is ready to determine any un-
known impedance Zx using the network analyzer using (19).

B. Validation of Two-Current-Probe Methodology

Tektronic CT-1 (5 mV/mA, 3-dB bandwidth 25 kHz to 1000
MHz) and CT-2 (1 mV/mA, 3 dB bandwidth 1.2 kHz to 700
MHz) current probes are chosen as the injecting and monitoring
current probes, respectively. The Agilent 4395A Network An-
alyzer is employed for the measurement of the S-parameters.
To check the accuracy of the two-current-probe measurement
method, the following procedure is adopted:

1) Measure Z;, of the measurement setup using an
impedance analyzer.

2) Connect the measurement setup to a known standard pre-
cision resistor (100 €2, carbon film £ 1%) and evaluate
KgrZrs using (21).

3) Several standard precision carbon film resistors (270 2,
560 €2, 1.2 k€2, 2.2 k2, and 3.2 k?) are selected and each
of them is treated as the unknown impedance Zx and is
evaluated using (19).

In general, the differences between measured resistances and

stated resistances of these resistors are found to be less than 7%
in the frequency range of 1 to 30 MHz.

IV. EXPERIMENTAL MEASUREMENTS AND RESULTS
A. Determination of CM Noise Propagation Path Parameters

The power-line cable under study is a stranded, copper core
cable with PVC insulation, as shown in Fig. 7, which is com-
monly used for in-house wiring. For ease of implementation,
the cable under study is not laid in a metal conduit. Fig. 8 shows
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Fig. 10. Measured Z,;, cm of the RF coupling circuit.

the measurement setup of the CM input impedance of the cable
under test (CUT) using the two-current probe approach.

The phase and neutral wires are treated as one single outgoing
conductor, and the safety ground wire is the returning conductor.
The measurement system consists of two current probes (Tek-
tronic CT-1 and CT-2) and a network analyzer (Agilent 4395A).
The two current probes and two coupling ‘Y’ class 0.1 uF ca-
pacitors (one for phase to ground and the other for neutral to
ground) form the CM coupling circuit to avoid any direct con-
nection of the analyzer to the ac power mains.

To ensure that the impedance Z;;, cu of the coupling circuit
remains stable and repeatable, the current probes, coupling ca-
pacitors, and connecting wires are mounted on a printed-circuit
board (PCB) as shown in Fig. 9. The coupling circuit has a rect-
angular loop area of 42 x 55 mm. The given loop size is still
very much smaller than the wavelength of 30 MHz, our max-
imum frequency of interest. Therefore, the transmission-line ef-
fect of the loop can be safely neglected. Z;;, c is measured with
the impedance-measuring function of the 4395A network ana-
lyzer. Fig. 10 shows the measured Z;, cm from 1 to 30 MHz.
Based on the measured characteristics of Z;;,cw, it can be mod-
eled as a resistor of 1.34 (2, an inductor of 143 nH, and a capac-
itor of 0.169 uF in series. With the knowledge of the values of
Zip,cm of the coupling circuit, and the coefficient Kg Z, de-
rived earlier, the two-current-probe setup is now ready to mea-
sure the unknown CM input impedance of the power-line cable.

The length of the power line under test is 6 m and is mounted
at a height of 0.59 m above the concrete floor. The CM input
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Fig. 12.  Setup for verification of the CM noise propagation model.

impedance of the power-line cable is first measured with its load
end open-circuited, and then measured again with its load end
short-circuited. The CM characteristic impedance Zy cy and
CM noise propagation constant 7y of the power-line cable are
evaluated from (6) and (7), respectively. Zy o is found to be at
an approximate value of 105 €2, and the values of v are shown
in Fig. 11. The values of the per-unit length parameters of the
CM transmission line Reg, Lefr, Geft, and Ceg are also deter-
mined using (8), (9), (10), and (11), respectively. Their values
are Reg = 0.156y/f mQ/m, L.g = 525 nH/m, G.g = 4.50f
pS/m, and Ceg = 4.75 pF/m.

B. Verification of CM Noise Propagation Path Model of a
Power-Line Cable

The accuracy and reliability of the CM noise propagation
path model are verified by comparing the calculated CM current
values, which are derived from the model, with the measured
CM current values. The power-line cable is driven by a known
CM source and terminated with a known CM load, as shown
in Fig. 12. The CM source is constructed with two ‘Y’ class
coupling capacitors, an isolating transformer, and a signal
generator. The type of power cable used is similar to the one
used in the previous experiment as shown in Fig. 7, but with
a length of 30 m. The terminating load is the line-impedance
stabilization network (LISN) defined by the standards [16],
[17]. The LISN provides stabilized impedance (for both phase
to ground and neutral to ground) in the frequency range of in-
terest. A Schaffner Chase EMC CSP-8425-1 RF current probe
(100-Hz-to-100-MHz bandwidth) is employed to measure CM
current on the source end (at z = 0) of the power line. This
current probe allows measurement of microamp levels of RF
current in the presence of high-level power current.
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Fig. 16. CM terminating load Zpcwm.

The CM input impedance Z;, cv and CM terminating
impedance Zpcy can be measured and obtained easily using
the two-current-probe setups as shown in Figs. 13 and 14,
respectively. The CM noise source impedance Zscy; can be de-
termined using the two-current-probe setup as shown in Fig. 15.
The actual CM impedance measured by the RF coupling circuit
is Zp, which is Z;,, cm and Zscw in parallel as given by

Zin,cMZscM

Zp = (22)

Zinom + Zsem

Since we have determined Z;, cv and Zp in the early exper-
iments, we can obtain Zgcn using (22). Figs. 16 and 17 show
the values of Z1,cn and Zscw, respectively, which are obtained
using the two-current-probe impedance measurement approach.
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Fig. 19. Comparison of the measured and calculated oy at the source end of
the 30-m power line with 100-mV CM source voltage.

With the knowledge of the CM source impedance Zgcy, CM
terminating load Z1,c, and the previously determined per-unit
length parameters of the CM transmission line Reg, Legr, Getts
and Clg, we can establish a complete CM propagation model
for the 30-m power line. Based on the CM propagation model,
the input impedance Z;, cm of the terminated power line can
be calculated and estimated using (3) by substituting £ = 30 m
into the equation. The CM current Iy at the source end of the
power-line cable can be evaluated by

Ve
Iom = SCM (23)

Zin,cM + Zscum
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Fig. 18 compares the measured and calculated Zj, cwm.
Fig. 19 compares the measured Icy at the source end (at
z = 0) of the power line using the Schaffner Chase EMC
CSP-8425-1 RF current probe and the calculated Icy; using
(23). Both comparisons demonstrate close agreement between
the measured and calculated results.

V. CONCLUSION

Based on a two-current-probe measurement approach, the RF
transmission characteristic of CM noise for any length of power
line can be derived. As the distributed per-unit length CM prop-
agation parameters are derived through measurement, the model
established includes the losses of the power line as well as fac-
tors related to the power-line layout and its surrounding mate-
rials. With the knowledge of CM noise propagation model of the
power line, the level of the CM current on the power line for dif-
ferent cable lengths and different loading conditions can be es-
timated with reasonable accuracy. Further work will be carried
out to establish the CM noise propagation model of a more com-
plex PLC network that involves multiple interconnecting power
lines.
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