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ABSTRACT This paper is to study the effect of power line communication (PLC) system for power meter
reading on electromagnetic environment. The experimental system of PLC for testing radiated disturbance is
set up. The testing methods match the regulation of FCC Part 15. The simulation model of PLC is established
using method of moment, and its effectiveness is verified by comparing the calculated results with the
measured data. At application sites of power meter reading, the voltage at the beginning of the power lines and
the radiated intensity at typical measurement points in the area are measured under three operating conditions
of PLC system. Data reveal that the voltages are different under three operating conditions, which indicates
that the impact brought by PLC operation is obvious. For the straight power lines, longitudinal distribution
of radiation is fluctuant, and lateral attenuation of radiation is significant and rapid with a perceived range
of 100-150 m. For crossed power lines, radiated distribution fluctuates remarkably. We can effectively predict
the radiated distribution trend of PLC using simulation models. Moreover, multiple tests have shown that
the radiated intensity in the application field is relatively high, because the environmental background noise
plays a particularly large role. Comparing the operation and shutdown of the PLC system, the radiated
contribution value can reach 15 dB at a lateral measuring distance of 10 m. Furthermore, we propose some
recommendations for measurement methods.

INDEX TERMS Electromagnetic environment, electromagnetic measurement, method of moment (MOM),

power line communication (PLC), radiated distribution.

I. INTRODUCTION

Power Line Communication (PLC) is a technology for
transmitting data and media signals through existing power
lines [1]. With the extensive coverage of the power networks,
the advantage of PLC is that it does not need to specially
set up and maintain dedicated communication lines, which
greatly reduces deployment costs and easily be accepted.
Moreover, modern PLC can have a high data rates [2] and
thus applied to smart grids and indoor networking [1], [3].
Compared with the inefficient wireless transmission affected
by the occlusion and reflection of dense buildings, power
meter reading based on PLC technology has been popularized
in China. Additionally, as State Grid Corporation of China
proposed to build the ubiquitous power internet of things in
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January 2019, PLC, as one of the technologies, will have
further development in the future.

Power networks are designed to reduce energy loss and
deliver power reliably, not to transmit high-speed data. For
efficient communications through power lines, numerous
practical challenges must be overcome such as noise, mul-
tipath, interference, attenuation and electromagnetic inter-
ference (EMI) [4], [5]. To date, scholars have carried out
some research to overcome aforementioned challenges. Car-
rier modulation technology and relaying protocol are two
effective strategies [6], [7]. Researches on the relay selec-
tion problem, energy efficiency issues and performance of
PLC systems are also abundant [7]-[11]. In addition, other
special studies of PLC are carried out. The analysis and
modeling of the power line channel are relatively complete,
which is in good agreement with actual measurement and
has wide applicability [12]-[14]. The authors in [15]-[17]
discussed certain noise disturbances in PLC systems and
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proposed effective solutions. Moreover, the electromagnetic
compatibility (EMC) issues has been another key point in
the development and application of PLC. The principle of
radiated EMI and methods to suppress the EMI in PLC net-
works were studied [18], [19]. Limits of radiated disturbance
in international standards are often given in the form of
electric field strength, such as FCC PART1S in the United
States, NB30 in Germany [20]. These international standards
are currently only used as preliminary guidelines and PLC
standards are still under discussion.

Despite many researches done on various technical aspect
of PLC, the content of radiated disturbance measurement
and analysis for PLC systems is still lacking. The radiated
disturbance induced by existing systems in the environment
may affect the normal operation of PLC system. On the other
hand, little research has been done on the radiated distri-
bution characteristics of field PLC. And field measurement
methods of radiated disturbance and PLC standards have not
yet determined internationally. What’s more, in China, some
regulatory authorities doubt the influence on electromagnetic
environment after the deployment of PLCs, and need the
industry clarification. All these indicate that the research
on the radiated disturbance of the PLC system needs to be
done urgently. Different from traditional narrowband PLC,
broadband PLC technology for power meter reading widely
used in China makes remote meter reading more efficient and
convenient. In this paper, the radiation of broadband PLC is
studied. The experimental system of PLC is set up, and we
measure the radiated intensity at typical measurement points
in the area. The PLC simulation model is established using
the moment method (MoM), and the validity of the model is
verified. We carry out a large number of field measurement
work at the application site of power meter reading to obtain
the operating voltage and radiated intensity of PLC. The
radiated intensity is evaluated, and the radiated distribution
trend can be predicted by simulation modeling. The main
contribution of this paper resides in analyzing the practical
radiated distribution characteristics of PLC with measured
and calculated data and putting forward a series of recom-
mendations for measurement methods, which has reference
value for the development of PLC standards.

Il. EXPERIMENTAL TESTING AND ANALYSIS

A. EXPERIMENTAL TESTING

To reduce the influence of the environment on the measure-
ment results, the testing is performed in an open area. Two
stacked horizontal power lines with a length of 100 m and a
nominal cross-sectional area of 2.5 mm? are arranged above
ground. The heights of two wires are 4.2 m and 3.4 m, respec-
tively. At the beginning of the lines (defined as the position
of 0 m), the primary side of a small isolation transformer
(IT) is connected with 220V/50Hz ac power, and the sec-
ondary side supplies power to a DJIGZ23-XLJ101 concentra-
tor (EUT) through magnetic rings, which is to isolate possible
interference from the power networks. At the terminal of the
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TABLE 1. Parameters of N9344C spectrum analyzer.

Parameter Description
frequency 2 MHz - 6 MHz
detector PK
bandwidth 10 kHz
measurement mode sweep
trace Maxhold
0 1/4n 1/2h 3/4n 2=74.48m 100m

EUT
lDL
+ ES ES ES ES

FIGURE 1. Measurement points position.
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FIGURE 2. Experimental system.

line (defined as the position of 100 m), a meter is connected.
The working bandwidth of the whole experimental system
is concentrated in the frequency range of 2.441-5.615 MHz.
An antenna and a handheld spectrum analyzer are used as
measuring equipment. The parameter settings of the spectrum
analyzer are shown in Table 1. Considering the variation of
the working spectrum of PLC system, the radiated inten-
sity measured is based on measuring equipment employing
peak detector function and Maxhold function. The Maxhold
function refers to multiple sweeps and retaining the maxi-
mum value at each frequency eventually, which ensures that
the strongest radiation is captured during the measurement
period. This is very representative for assessing the severity
of PLC radiation.

According to FCC Part15, if the mid-band frequency used
by the EUT does not exceed the lowest frequency injected
onto the power line by more than a factor of two, testing
should be performed at distances of 0, 1/4, 1/2, 3/4, and
1 wavelength of the mid-band frequency from the PLC injec-
tion point on the power line. Thus we choose five measure-
ment points as shown in Fig. 1. The lateral distance (Dr)
between the measurement point and the power line is 10 m.
The complete experimental system is shown in Fig. 2.
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FIGURE 3. Measured radiated intensity of PLC operation and background
noise: (a) measurement point 1/41 and (b) measurement point A.

Under the aforementioned testing conditions, we obtain
the data. From Fig. 3, we can see that the electric field
intensity measured when the PLC system is operating is
significantly higher than the background noise measured
when the PLC system is turned off in the frequency range of
2.441-5.615 MHz. This indicates that the radiation measured
has a certain causal relationship with the work of the PLC
system.

Although the radiated disturbance intensity generated by
PLC can be tested through experimental system or at appli-
cation sites, this alone is not sufficient to study its spatial
distribution characteristics. Therefore, the simulation model
of PLC is to establish using suitable mathematic method.

B. CALCULATION METHOD

The radiated disturbance is mainly caused by high-frequency
signals carried in power line, which is like an antenna. And
it belongs to the category of electrically large. The method of
moment (MOM) only needs to discrete geometrical model
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FIGURE 4. Triangulation for scattered metal.

without space, and there is no need to set boundary con-
ditions. Its computational complexity only depends on the
calculated frequency and the geometric size of the model.
Therefore, the MOM is selected to calculate the radiated
disturbance of PLC in this paper.
The Maxwell equations in the passive region of free space
is
VX E = —jouH (1)
V x H = joweE 2)

Electric field can be computed by [21]

Es = -V — jwA 3)
with the scalar potential defined as
1 e JkR
(b(l‘,l‘/):— - /VJ das @)
drejw Jg R

and the magnetic vector potential as

, 12
A(r,r):E/;J

where R = ’r - r" is the distance between an observation
point r and a source point r’, J is the surface current and k =
w. /e = 2w/ is the wave number. Hence, (3) can be written
as

v —jkR ; —jkR
Eg = . /V-J(r/)e dS—]a)—M/J(r/)e das
drejw Jg R 4 Js R
(6)

A suitable triangulation has been found to scattered metal,
as shown in Fig. 4. One can also see that each edge (for
example edge n) corresponds to two different triangles (for
example triangles AS;" and AS,"). The sign “+” or “—”
indicates that the triangle of the calculated observation point
is marked as “+4” or “—" for nth edge. h,ﬂf is the height
of triangle ASni with edge n as the base. p,jf is the vector
pointing from the vertex, opposite nth edge, to some point
in the triangle. J at any source point 1’ in the triangle can

o—IkR
—dS 5)
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be composed by three vectors pointing from that point to the
three vertices, which can be expressed as follows

3
=D ks ™
n=1

with basis function f,, expressed as

—Z—ﬁ, Py € AS,

f, = oF (®)
+h—i, Py € ASS
0, else

While the scatterer is divided into / triangular units, (6) can
be expressed as

1 . o—JkR
Z [4ne]w /AS, v -J(r) R ds

=1

H —jkR
Jjop ne
—-— r ds 9
o [ ] o
Substituting (7) and (8) into (9), we have
ay \% e kR
Eg = Z _i - / 2. ds
P hy | 4mejo Jas, R
@,
; —jkR
SR 1 2 as | (10)
47 AS;
All
Choosing weight function g,, = f,,, the inner product

between Weight function and Eg is written as

1 +2 kR
= Eg) Ju(—-V.-g5, —— = .
(g Bs) Z" Em 4718jw/ASl_i R
Jjou :I:,o,dqE e kR
+> J gi,—— ds
; " ast b R
(an

From (11), the impedance matrix Z,,;, associated with edges
m and n can be written as

Zyn = Pyn + Amn (12)

where scalar potential matrix ®,,,, and vector magnetic poten-
tial matrix A,,, are expressed as follows

Dy = — (V- g, Dy,) (13)
and
Amn = (g An) (14)
The final expression of the matrix equation is
(Znn] [Jn] = [Vin] (15)
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TABLE 2. Comparison of calculated and measured results.

Frequency (MHz) 2.56 3.27 3.39 4.1 4.24 4.49

0 25.8 35.1 34.1 255 244 283
1/4) 40.3 40.5 38.2 41.3 43.0 444

"(‘lg‘s‘\lf/emem V2. 242 271 308 320 296 299
(dBpV/m) 3/4L 288 295 266 353 358  40.1
A 311 283 311 314 282 300

0 313 295 300 399 407 337

caleulation 14, 324 363 323 385 404 388
(@ByV/m) 2% 267 355 355 351 352 308
3/4n 303 286 318 389 406  38.1

A 335 375 315 371 360 304

0 55 56 -41 144 163 54

, 14, 79 42 59 28 26 5.6
difference 2n 25 8.4 4.7 3.1 5.6 0.9
(dB) 3/4M 1.5 -0.9 52 3.6 48 2.0
A 24 92 04 57 18 04

TABLE 3. Parameters of MS2724C spectrum analyzer.

Parameter Description
frequency 0.7 MHz - 3 MHz, 150 kHz - 30 MHz
detector PK
bandwidth 10 kHz
measurement mode sweep
trace Maxhold
TABLE 4. Parameters of EMI receiver.
Parameter Description
frequency 0.7 MHz - 3 MHz, 150 kHz - 30 MHz
detector PK, QP
bandwidth 9 kHz
measurement mode sweep, scan
trace Maxhold, Clearwire

where V, the scatterer potential distribution, can be obtained
from the measured voltage. Substituting J solving from (15)
into (9), the electric fields can be calculated.

C. COMPARISON OF CALCULATED AND MEASURED
RESULTS

Based on the aforementioned testing conditions, the simula-
tion model of PLC is established using MOM. The model
and testing electric field intensity at several typical frequency
points are compared in Table 2. Data reveal that the cal-
culated results are in good agreement with the measured
results, and eighty percent (ninety percent) of differences are
within 6 dB (9 dB). Although there are very few data with
large differences, the accuracy of the model for predicting
the distribution of PLC radiation in the field still meets the
requirements in industrial applications.

IIl. FIELD MEASUREMENTS AND ANALYSIS

A. FIELD MEASUREMENTS

In China, power meter reading systems based on PLC
are being promoted far and wide. At present, however,
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FIGURE 5. The A-to-N voltages at the beginning of the lines under three
operating conditions. (a) 150 kHz - 30 MHz and (b) 0.7 MHz - 3 MHz.

TABLE 5. Voltages at typical frequency points.

Frequency (MHz) 1.159 1.596 1.898 2.198 2.442 2.753

voltage (V) 0.1356  0.1089  0.1102  0.1539  0.1593  0.1486

TABLE 6. Electric field intensity in lateral direction.

Frequency (MHz) 1.159  1.596  1.898 2.198 2442 2753

10m 598 607 553 669 653 752
30m 491 504 490 544 477 545
electric 50m 443 488 484 533 446 507
fields 70m 502 472 464 491 471 478
(@Buv/m) 100m 472 436 410 436 411 448
150m 454 412 405 404 403 423
200m 462 405 401 402 397 404

the electromagnetic radiation distribution characteristics at
PLC application sites are insufficiently studied. There is no
quantitative understanding of the radiated intensity from PLC
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FIGURE 6. The A-to-N voltages at the beginning of the lines. (a) 150 kHz -
30 MHz and (b) 0.7 MHz - 3 MHz.

systems. And it is inconclusive whether the existing guideline
standards of PLC could be used as implementation standards.

Given all this, we choose several general practical appli-
cation sites of power meter reading based on PLC, one
EUT with 24 to 40 users in the working frequency range
of 0.7-3 MHz, to carry out field research. The horizontal
three-phase four-wire power lines are arranged above ground.
The radius of each line is 4 mm. The spacing between four
lines are 30 cm, 60cm, and 30 cm. And the heights of lines
are 7.3-8.5 m in different sites. Because the sites are not
open enough, it is impossible to carry out the measurement
in full accordance with the recommended testing positions
of FCC Part15. According to the characteristics of locations,
we choose some positions that are close to the EUT, with
few branch lines and relatively open. In order to compare
the radiated intensity in different situations, three operating
conditions of PLC system we set are: 1) handshake between
the central coordinator (CCO) of EUT and the station (STA)
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FIGURE 7. Field measurements for straight power lines. (a) Locations of
measurement points and (b) scene photo.

of electric meter, 2) meter reading between CCO and STA
and 3) without PLC (unplug CCO module). The voltage at
the beginning of the power lines and the radiated intensity at
typical measurement points in the area are measured under
the three operating conditions. The parameter settings of
the spectrum analyzer are shown in Table 3. The parameter
settings of the EMI receiver are shown in Table 4.

1) MEASURED VOLTAGES

The A-to-N (A phase line to neutral line from power lines)
voltages at the beginning of the lines under three operating
conditions in the ranges of 150 kHz — 30 MHz and 0.7 MHz
—3 MHz are measured using the spectrum analyzer, as shown
in Fig. 5. Note that the curves in Fig. 5 are based on Maxhold
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FIGURE 9. Longitudinal distribution of radiation. (a)Using a peak detector
and (b) using a quasi-peak detector.

function, which means that these curves are not working
waveforms of PLC. From Fig. 5, we can see that the voltages
at the beginning of lines are obviously different under the
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FIGURE 10. Field measurements for crossed power lines. (a) Locations of
measurement points and (b) scene photo.

three operating conditions. The voltages under the condition
of meter reading are generally larger than others, which can
be inferred that the strongest radiated disturbance occurs in
this situation. Therefore, what we measure in the rest of
this paper is the radiation or voltage in this situation, unless
otherwise specified. Figure 6 shows the A-to-N voltages
measured at the beginning of the lines based on EMI receiver
employing peak detector function and Clearwire measure-
ment. The operating spectrum of PLC studied in this paper
can be roughly predicted from Fig. 6.

Employing peak detector, scan measurement and Maxhold
function of EMI receiver, a large number of measurements
are performed to find several frequency points with large
voltage in the working frequency range of 0.7-3 MHz, and
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FIGURE 11. Radiated distribution of crossed power lines.
(a) Measurement points F1 to F4 and (b) measurement points 11 to 14.

6 of them are selected as typical frequency points. In theory,
the strongest radiation should also be generated at these fre-
quency points, which is very representative for evaluating the
severity of the electromagnetic environment. The voltages at
typical frequency points are shown in Table 5.

2) RADIATED DISTRIBUTIONS OF STRAIGHT LINES

The radiated distributions of the straight power lines in the
longitudinal direction (along the power lines) and the lateral
direction (perpendicular to power lines) are measured. The
locations of measurement points are illustrated in Fig. 7(a).
The photo taken during the field measurement is shown
in Fig. 7(b).

Using the spectrum analyzer, we obtain the radiated inten-
sity attenuation of PLC within lateral measurement distances
of 10-200 m (A1 to A7 in Fig. 7(a)), as shown in Fig. 8. It can
be seen from Fig. 8 that the fluctuation of radiated intensity
between the lateral measurement distances of 100 m, 150 m
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FIGURE 12. Comparison of radiated intensity of PLC operation and
background noise.

and 200 m is small, which can be considered that the radiated
intensity approaches to the background noise. Based on this,
it can be estimated that when the PLC systems studied in
this paper are working, the lateral operating range of radiated
disturbance generated by straight power lines can be up to
100 m, or 150 m conservatively.

Employing peak detector, sweep measurement and Max-
hold function of EMI receiver, we present in Table 6 the
electric field intensity at typical frequency points when
Dy = 10 m, 30 m, 50 m, 70 m, 100 m, 150 m and
200 m. Excluding individual data affected by the environ-
ment, the radiated disturbance intensity generally decreases
with increasing lateral distance.

In the longitudinal direction (A2, B2, C2, and D2 in
Fig. 7(a)), the measured radiation at typical frequency points
using the peak detector and quasi-peak detector is shown
in Fig. 9 (a) and Fig. 9 (b), respectively. We can see that the
longitudinal distribution of radiation is fluctuant when PLC
system is working. The reasons are: 1) affected by the stand-
ing wave characteristics and 2) affected by the distribution of
meter branches along lines.

3) RADIATED DISTRIBUTIONS OF CROSSED LINES

We choose a more complicated application site, and measure
the radiated distribution in the area where two perpendicular
power lines intersect with each other. The locations of mea-
surement points are illustrated in Fig. 10(a). The photo taken
during the field measurement is shown in Fig. 10(b).

Figure 11(a) and 11(b) respectively show the radiated dis-
tribution trend at measurement points F1 to F4 and Il to
14 employing peak detector, sweep measurement and Max-
hold function of EMI receiver. Statistically speaking, the radi-
ated intensity at these typical frequency points is generally
large, and the data is representative, so these points are shown
and compared with simulation. Since the measurement points
F1 to F4 are located at the edge of the area, the radiated
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FIGURE 13. Comparison of calculated and measured results for straight
lines. (a) Points A1 to A7 with 1.898 MHz. (b) Points A1 to A7 with

2.442 MHz. (c) Points A2, B2, C2, and D2 with 1.898 MHz. (d) Points A2,
B2, C2, and D2 with 2.442 MHz.

distribution can also show a decreasing trend with increas-
ing lateral distance. Just the radiated attenuation rate slows
down due to the influence of crossed lines. However, the
measurement points I1 to 14 are close to both power lines,
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the radiated distribution no longer has a trend of lateral
attenuation like straight power lines, showing fluctuation and
complexity.
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4) ELIMINATE LOW-FREQUENCY ENVIRONMENTAL
INTERFERENCE AND OBTAIN RADIATION CONTRIBUTION
From the former measurements, it is found that the radiated
intensity is always large regardless of the lateral attenua-
tion or longitudinal distribution at certain frequency points
within 0.7-1.5 MHz, and hardly changes with the measure-
ment locations. Therefore, we choose a suitable measure-
ment point position with a lateral distance of 10 m, and
obtain the radiated intensity of PLC and background noise in
0.7-3 MHz, as shown in Fig. 12. The results show that the
electric field intensity significantly fall after the PLC system
is turned off, but there are still some frequency points with
large electric field intensity in 0.7-1.5 MHz, which proves
that there are strong low-frequency interference sources, not
PLC system, in the environment. The data of these interfer-
ence sources should be excluded when studying the radiated
distribution characteristics of PLC systems. It is clear from
Fig. 12 that the electric field intensity when PLC operation
is about 15 dB greater than the background noise at a lateral
distance of 10 m. We define it as the radiated contribution
value of field PLC system studied in this paper.

B. RECOMMENDATIONS FOR MEASUREMENT METHODS
In our analysis, there is a one-to-one correspondence between
the maximum radiation and the maximum voltage during a
sufficiently long measurement time, which is why we insist
on using the Maxhold function. In addition, the maximum
radiation, rather than transient radiation, is representative for
evaluating the severity of the electromagnetic environment of
PLC systems.

In terms of field measurement methods, recommenda-
tions are: 1) the data measured at typical frequency points
shall be based on measuring equipment employing a peak
detector, or quasi-peak detector, and Maxhold function.
2) the data measured within the bands PLC working and
0.15-30 MHz shall be based on measuring equipment
employing Maxhold function, or Clearwire function, and a
peak detector. Contributions can be calculated by comparing
the radiated levels when PLC system is operating and turned
off. Note that after unplugging the CCO module of EUT
(meaning without PLC), it takes at least 15 minutes for field
PLC systems to completely stop communication. In order
to accurately study the radiated distribution characteristics,
the locations of measurement points shall be carefully chosen
according to the environment of application sites (e.g., proper
measurement orientation and distance). Moreover, due to the
changes of users, the measurement time shall also be strictly
controlled. For example, the time interval between two tests
used for comparison should not be too long.

C. SIMULATION ANALYSIS

Using the same calculation method of PLC radiation as
before, simulation models for straight lines and crossed
lines are established respectively. We present in Fig. 13 and
Fig. 14 the trend comparison between calculated results and
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measured data of electric field intensity. It is clear that radi-
ated distribution trend is basically the same. Another obser-
vation one can notice is that, the measured data are generally
larger than the calculation results. This is because the back-
ground noise induced by equipment, systems or environment
other than measured power lines is already large, and cannot
be considered in the simulation model. In terms of numerical
relations, the measured data of PLC radiation are the vector
sum of calculation results and background noise. Using the
modeling method in this paper, the distribution trend of PLC
radiation can be predicted to a certain extent. This is very
useful for evaluating the radiated distribution characteristics
of PLC in harsh electromagnetic environments.

IV. CONCLUSION

In this paper, we measure and analyze the electromagnetic
radiation of the PLC system for power meter reading, which
increases rapidly in China nowadays. The measured radiation
data of PLC experimental system are basic anastomotic with
the calculated results, which indicates that the simulation
method based on MOM is effective. At application sites of
PLC system, the strongest radiation and maximum voltage
are obtained by analyzing the measured data under three oper-
ating conditions. For the straight power lines with one EUT
and 24-40 users studied in this paper, longitudinal distribution
of radiation is fluctuant, lateral attenuation rate of radiation
is rapid. The radiated contribution value is about 15 dB at a
lateral distance of 10 m. And the radiated intensity is close
to the background noise at a lateral distance of 100 m (or
150 m conservatively). For the area where crossed power lines
work together, the radiated distribution with nonuniformity
of PLC is clarified. With the simulation model, the radiated
distribution characteristics of the PLC system can be pre-
dicted. In addition, some recommendations for measurement
methods are proposed.
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