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[bookmark: _Toc241300292][bookmark: _Toc250971248][bookmark: _Toc250986544][bookmark: _Toc251589884][bookmark: _Toc241300293]2	Characteristics of radio frequency emission from PLT Systems
2.1	Radiation sources in a PLT system
Household power lines consist of two or three conducting wires, that is, live, neutral, and earth wires, where AC electric power is carried by the live and neutral wires. Similarly, in a PLT system in domestic use, signal power is fed into the live and neutral wires by PLT equipment (modem), and the HF signal current in each wire is intended to be equal in magnitude and opposite in the directions. In most cases, however, the currents in two wires have components flowing in the same direction. Those in-phase components behave like so-called antenna currents that become primary sources of the unwanted radiation from the PLT system.
Similarly, in distribution networks, in-phase HF current components in power line conductors can be regarded as primary radiation sources, if the separation distance between the conductors is much less than the wavelength of the PLT signals.
[bookmark: _Toc223575513][bookmark: _Toc223579795][bookmark: _Toc241300294]2.1.1	Differential-mode and common-mode currents[footnoteRef:1] [1: 	Attachment 1 of “Technical Report on the High Data Rate PLT” issued in Japanese by the Information and Communications Council to the Ministry of Internal Affairs and Communication (MIC), Japan, 2006.] 

In general, PLT signal currents in two power line conductors are intended to be equal in magnitude and flow in the opposite directions to each other. This fundamental current mode is referred to as various technical terms in the transmission line theory, for example, differential-mode, symmetric‑mode, balanced-mode, and transverse-mode. However, if the signal source, power lines, or load are not electrically balanced with respect to the ground and nearby objects or power line wires are geometrically unparallel, the HF currents in the line conductors have components flowing in the same direction. This in-phase current mode is called common-mode, asymmetric-mode, or longitudinal-mode. Thus, the PLT signal current in each conductor can be expressed as a vector sum of differential- and common-mode components, i.e. Id and Ic, as shown in Fig. 2-1 (a). These two mode currents propagate independently along the power lines if they are balanced. However they are coupled at unbalanced elements on the power line network.  
Since differential-mode PLT currents on two closely-aligned conductors flow in opposite directions, generated electromagnetic fields can be cancelled out, resulting in no significant field at positions distant from the power lines. In contrast, the common-mode PLT currents may form loop currents as depicted in Fig. 2-1 (a), producing electromagnetic fields, especially in the MF/HF ranges. At HF and much higher frequency ranges, they may radiate electromagnetic waves in a similar way to monopole antennas or folded dipole antennas. Thus, the common-mode currents are considered to be the primary radiation sources in the PLT system. Therefore it is very important to fully describe the physical generation mechanisms of the common-mode currents on the power line network.
Although, tThe international standard CISPR 22 ed. 6.05.2 (20086) therefore requires to limit only the differential-mode and common-mode currents flowing on the power lines by the limits for the terminal voltages running out of the mains port and telecommunication ports of an IT equipment to on or below 30 dBA under the specified load conditions (i.e., an artificial mains network (AMN), an asymmetric artificial network (AAN) or an impedance stabilization network (ISN))., the same or similar regulatory measures cannot be applied to the PLT case because the PLT modems feed the differential-mode signal into highly unbalanced power line network where the differential-mode and common-mode are strongly coupled. It should be noted that the common-mode currents flowing along the power-line network are the source of the radiated emission, not just the common-mode currents flowing at the outlet. Furthermore the common mode current measured with the AAN (or ISN) would greatly underestimate the converted common mode current and hence the radiated emission since it could be greatly decreased by the common mode impedance of the PLT modem while the common mode current generated at the actual power line network would not be affected by the common mode impedance of the PLT modem.[footnoteRef:2]  Therefore it is very important to fully describe the physical generation mechanisms of the common-mode currents on the power line network. [2: ] 

[bookmark: _Toc223575514][bookmark: _Toc223579796][bookmark: _Toc241300295]2.1.2	Generation of the common-mode PLT current
PLT signal currents in the differential mode (DM) may be transformed into common-mode (CM) currents by two different mechanisms. One is caused by the imbalance in the electromotive force and impedance of a PLT modem, which is called the launched common-mode (LCM) current (shown as the dashed red arrows in Fig. 2-2). The other is caused by the imbalance in the power lines, which is called the converted common-mode (CCM) current (shown as the solid red arrows in Fig. 2-2). The imbalance in the power line network includes (i) the unbalanced load connected to an outlet, (ii) the switch branch which may consists of ceiling lamp(s) and single-pole wall switch, and (iii) singly grounded service wire in some countries, as shown in Fig. 2-2. Note that the unbalanced elements on the power line network are remote from the PLT modems, separated by several metres to a few tens of metres. Therefore the converted common-mode currents must be treated by means of the distributed constant circuit or the transmission line theory.
[bookmark: _Toc241300296]2.1.3	Common-mode current flowing on power lineslaunched at the PLT modem output port[footnoteRef:3] [3: 	] 

Since the lengths of power lines are comparable with a wavelength in the HF band, the differential‑mode and common-mode currents must be treated by means of the distributed constant circuit or the transmission line theory. However, Aan equivalent circuit illustrated in Fig. 2-1 (b) can be applicable at position x and it yields the following expression for the common-mode current at position x:

		,	(2-1)
where the differential-mode and common-mode impedances of the PLT system are:


		  and  ,	(2-2)
respectively, with [image: ].






From these equations, it is found that the common-mode currents are induced from the differential-mode signal currents because of imbalance in the PLT system: imbalance in the power lines, imbalance in the PLT modem (electromotive forcesource voltages,  and , and source impedances,  and ), and imbalance in the connected loads,  and . 
Figure. 2-1 (b) may hold in general in any position along the power-line. According to the transmission line theory, Z1, Z2, and Z3 in equation (2-1) periodically change with x. Hence, the voltage and current in each mode vary with the observation point resulting in standing-wave patterns as illustrated in Figure 2-3. The standing-wave pattern widely varies depending on the characteristics of power lines and their layouts, and the characteristics of the connected PLT modems and loads. , the common-mode current and the imbalance of the power-line networkhave been evaluated  only at an outlet2. The common-mode current evaluated is the common-mode current launched from the PLT modem to the outlet due to the imbalances of both the modem and the power line network2. However the imbalance as seen from an outlet is only a small part of the imbalances existing on the power line.[footnoteRef:4] [4: 	] 

FIGURE 2-1
Transmission line model of a PLT system and its equivalent circuit 
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FIGURE 2-2
Common-mode currents on the power line network
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FIGURE 2-3
Example of standing-wave patterns of the voltage and
current in each mode along a power-line

[bookmark: _Toc223575515][bookmark: _Toc223579797][bookmark: _Toc241300297]
2.1.43.1	Electrical characteristics of in-house power lines as seen from an outlet
As described in the previous paragraph, the voltage and current in each mode change with the observation point along the power-line. It should be noted that In addition, they are easily affected by the characteristics of power lines and their layouts, and by the characteristics of the connected PLT modems and loads. Accordingly, the common- mode and differential-mode impedances and the longitudinal conversion loss measured at wall sockets may not represent the electrical characteristics and potential emissions of the entire in-house power lines. The power line network must be treated as a distributed circuit.  The measured values that follow are “local values” and do not represent values along the entire power line.  However, if a lot of measurement results is collected at many outlets in various houses for various frequencies and treated in a statistical way, itthey may provide useful information on the characteristics of the in-house power lines.
As explained in previous paragraphs, unwanted radiation from PLT systems is usually caused by common-mode currents that are transformed from signal currents (differential mode) in power lines. Thus, the characteristics of the power lines, such as common-/differential-mode impedances and electrical balance, are key factors for analysing the PLT radiation. A large number of measurements were therefore made at wall sockets in various houses including wooden houses and reinforced concrete flats in Japan.
[bookmark: _Toc223575516][bookmark: _Toc241300298]2.1.4.13.2	Impedances of in-house power lines measured at an outlets1
As implied by equation (2-2), differential-mode and common-mode impedances of actual power lines vary widely with the measurement frequency and time as well as position. In addition, they are seriously affected by household appliances and other electrical/electronic equipment connected to the power lines. Therefore, the impedance characteristics have to be treated on a statistical basis.
Figure 2-43 shows the differential-mode impedance of power lines measured at various wall sockets in various houses. From this figure, it is found that, in many cases, the differential-mode impedances of power lines are around 100 . This measurement result agrees well with the CISPR 16-1-2 ed. 1.2 (2006) specifications for the load (i.e. artificial mains network) used in equipment compliance tests. 
Figure 2-54 also gives the common-mode impedance measured at many wall sockets. It is evident that the common-mode impedances are usually greater than 100 . However, CISPR 16-1-2 specifies the common-mode impedance of the test load to be equal to 25 , because such low impedance can emphasize the imbalance characteristics of equipment under test (EUT) as deduced from equation (2-1).
[bookmark: _Toc223575517][bookmark: _Toc241300299]2.1.4.23.3	Imbalance of in-house power lines measured at an outlets1
Figure 2-65 shows data on LCL values measured at a number of wall sockets of various houses in Japan. The LCL (longitudinal conversion loss) is a parameter representing imbalance of a parallel line system, defined by the ratio of the applied common-mode voltage to the differential-mode voltage induced at a multi-terminal port. Well-balanced lines like a telephone unshielded pair cable usually have an LCL greater than 50 dB. The LCL depends on the differential-mode and common‑mode impedances seen from the port. Since those impedances of power lines greatly change with time, frequency, and position, actual LCL values also change in a very wide range from 20 dB to 60 dB, as shown in Fig. 2-65.
FIGURE 2-43
Differential mode impedance measured at wall sockets in dwelling houses

FIGURE 2-54
Common-mode impedance measured at wall sockets in dwelling houses

FIGURE 2-65
LCL measured at wall sockets in dwelling houses

[bookmark: _Toc241300300][bookmark: _Toc241300302][bookmark: _Toc223575519][bookmark: _Toc223579798]2.1.4	Converted common-mode current
[bookmark: _Toc241300301]2.1.4.1 Converted common-mode current generated at the remote unbalanced element4
As shown in Fig. 2-2, the unbalanced elements are remote from the PLT modem on the power line network. Therefore the system must be treated as the distributed constant circuit or the transmission line. The simplest model to analyze such situation is shown in Figs. 2-6 and 2-7. 
FIGURE 2-6 
The simplest model to evaluate the converted common-mode current
[image: ]
FIGURE 2-7 
The simplest model to evaluate the LCL of remote unbalanced load
[image: ]

According to the theoretical analysis of Fig. 2-6, the common-mode current generated at the unbalanced load separated by a distance l from the PLT modem is
[image: ]
where I+DM(0) is the differential-mode current fed by the PLT modem at the outlet,  is the attenuation constant of the differential-mode, and  is given by
[image: ]
where Z0 and Z0c are characteristic impedances of the differential-mode and the common-mode, respectively, and
[image: ]
[image: ]
Note that the converted common-mode current generated at the remote unbalanced element is not reduced by increasing the common-mode impedance of the PLT modem.
The relationship between the common-mode current and the LCL is in general rather complicated due to the multi reflection of the common-mode current between the both ends of the transmission line which is not exactly equivalent in Figs. 2-6 and 2-7 at the outlet. However in the case of diminishing multi reflection due to common mode attenuation and ZDM=Z0 for simplicity, there are simple relationship
[image: ]
[image: ]

and
[image: ]
where LCLE represents the effective loss from the differential-mode current fed at the outlet by the PLT modem to the converted common-mode current generated at the remote unbalanced load, LCLO represents the longitudinal conversion loss measured at the outlet, and c is the common-mode attenuation constant of the power line. Therefore, the LCL measured at the outlet overestimates the effective conversion loss by the amount of the common-mode loss between the outlet and the remote unbalanced element. This is one of the reasons why the outlet LCL is not the effective measure of the imbalance of the power line and cannot be used as the conversion loss from the differential-mode current to the common-mode current generated in the power line network. The other reason is the hidden antenna current in the switch branch which is explained in the followings.
2.1.54.2	Folded-dipole antenna effect of the switch branch
There are many branch circuits connected in parallel with backbone power lines in houses and buildings. At some specific frequencies where the length of a branch approaches half a wavelength, the branch circuit behaves like a folded dipole antenna as illustrated in Fig. 2-78. Then, the resonant branch radiates electromagnetic waves. The magnitude of the common-mode currents in the branch depends on the length and loads of the branch, the location of the connection points, and the impedances of the backbone lines presented at the connection points. These factors vary from branch to branch, and there are as many switch branches as the number of rooms in a house, the worst case scenario would be inevitable. If the connecting point is located at the center of a branch with the length of half a wavelength, Tthe maximum antenna current in the folded dipole, Ic, approaches is twice as large as a portion of the differential-mode current, Id, that can penetrate into the branch as illustrated in Figure 2-7. entering the feed point. Therefore intrinsic conversion loss from the differential-mode current to the common-mode current is -6 dB.
The differential-mode current at the feed point of the folded-dipole antenna is attenuated from the differential-mode current fed at the outlet by the PLT modem by 5 to 10 dB, since the attenuation between two outlets on a common circuit is estimated to be 10 to 20 dB1. As the differential-mode impedance of the backbone lines at the feed point of the folded-dipole is unknown, the partition loss is also unknown. Assuming the loss to be 3 dB, the total effective LCL of the folded-dipole is estimated to be 2 to 7 dB.
This is close to the worst case scenario for a single switch branch. However since there are many such branches in a house, the aggregated emission from many switch branches must be considered and there is no reason to assume all of them are far away from the worst case scenario. Therefore the effective LCL representing the folded-dipole antenna effect of the switch branches in the power line network is estimated to be a few to several dB. Note that the antenna current in the folded‑dipole formed by the switch branch is invisible from the backbone lines and the outlets, and consequently that the LCL measured at the outlet does not include the folded-dipole antenna effect of the switch branches. Therefore the outlet LCL is not can never be used as a barometer of the antenna currents generated in branch lines.the power line network driven by the differential-mode signal current from the PLT modems.
FIGURE 2-78
Folded dipole antenna formed by a switch branch[footnoteRef:5] [5: ] 
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2.1.4.3	Mode conversion at the switch branch
The switch branches convert the differential-mode current into the common-mode current and vice versa even if they do not form the folded-dipole antenna. The switch branch consisting of a ceiling light and a single-pole wall switch shown in Fig. 2-9 (a) is modelled as a transmission line with a series short-stub as shown in Fig. 2-9 (b) and analyzed[footnoteRef:6]. The one of a pair of the differential-mode current entering the switch branch flows through a short-stub of the length l and causes two effects; (i) the short-stub radiates as a folded monopole antenna of the length l, and (ii) the short‑stub delays the phase of the current by 2=2l, where =2/. The former effect is maximized when the length of the short-stub l becomes quarter-wavelength of the signal and the radiating current becomes twice as large as the differential-mode current. The latter effect causes the conversion between the differential-mode current and the common-mode current. The mode conversion factor, the power ratio of the output and the input modes of the series short-stub, is =sin2 and is shown in 
Fig. 2-9 (c). For the typical example of l=3m, the mode conversion factor is 50% (or -3 dB) for 12.5 MHz and 100% for 25 MHz. Note that the conversion factor is fairly large for the entire HF band and the lower VHF band. [6: ] 

The differential-mode current entering the switch branch is partly converted to the common-mode current by the phase shift at the series short-stub. The converted common-mode current travelling along the transmission line of the length L is reflected back 100 % at the load and partly converted back to the differential-mode current at the series short-stub. The differential-mode current experienced the mode conversion twice at the short-stub looks as if it were just reflected by the switch branch although it still generates the common-mode current inside the switch branch. The differential-mode current experienced the mode conversion only once at the series short-stub feeds the common-mode current into the backbone power-line. The external mode conversion factor, the power ratio of the output common-mode and the input differential-mode of the switch branch is = (1-)=sin22/4 and is shown in Fig. 2-9 (c). The external mode conversion factor reaches 25 % or -6 dB. The switch branch strongly couples the differential and common modes.
The external mode conversion effect of the switch branch could be partly observed from the outlet. However since the internal mode conversion factor  and the external mode conversion factor  can be either positively or negatively correlated, the internal mode conversion factor and the antenna current generated inside the switch branch cannot be estimated from the outlet LCL which may partly detect the external mode conversion effect of the switch branch. 
[bookmark: _Toc241300304]FIGURE 2-9
Mode conversion at the switch branch
[image: switchbranch][image: ]
(a) Switch branch consisting of a ceiling light and a single-pole wall switch
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(b) Series short-stub model of the switch branch
[image: Modeconversionfactors]
(c) Mode conversion factors of the series short-stub and the switch branch
2.1.65	Leakage from the in-house power line to the service wires outside the house
In-house PLT systems raise serious concern about interference problems caused by leakage of the PLT signals from houses. Since the service wires outside the houses are unshielded, may extend several tens metres in length at the height of nearly ten metres above ground, the common-mode current on the service wires has stronger potential of causing interferences to the radio services in MF and HF bands. Furthermore the service wires are singly grounded at the service transformers, are highly unbalanced and may convert the differential-mode current into the common-mode current quite efficiently in some countries. Therefore the leakage of both the common-mode and the differential-mode currents from the power line network inside the house to the service wires outside the house must be carefully investigated. Since there are diverged data as shown below, further studies would be required. 
At the interface between access and in-house power lines, there are power meters, circuit breakers, and distribution circuits that may attenuate the PLT signals. Therefore, a number of measurements were carried out on the differential-mode voltages inside and outside houses to evaluate the insertion loss provided by power network equipment such as distribution circuits1. The results shown in Figure 2-8 demonstrate that such network equipment can suppress the PLT differential‑mode signal by more than 20 dB in almost all cases.
FIGURE 2-8
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Another example[footnoteRef:7] in Figure 2-9 indicates that (i) the differential-mode current measured on the service wires just outside the house is 0 to 30 dB smaller than that measured at the output of the breaker inside the house, (ii) the common-mode current measured on the service wires just outside the house is very close to the differential-mode current measured at the same point, and (iii) the common-mode current measured on the service wires just outside the house is 10 to 30 dB larger than the common-mode current measured at the output of the breaker inside the house. The second observation reflects the fact that the service wires are singly grounded at the service transformer in  and the differential-mode current is 100% converted into the common-mode current. The third observation suggests that the radiated emission from the service wires may be 20 to 47 dB stronger than that from the power line inside the house if the shielding effects of the house in Table 2-1 are applied. [7:  “Measurements of the Radiated Electric Field and the Common Mode Current from the In-house Broadband Power Line Communications in Residential Environment III,” by Mr. Kitagawa and Mr. Ohishi, IEICE Tech. Rep., vol. 07, no. 33, EMCJ007-7, pp. -6, March 008.] 

FIGURE 2-9
Differential-mode and common-mode currents inside and outside a house
[image: In-Out-DM-CM][image: ]

2.2	Radiation from a PLT system
2.2.1	Equations for the electromagnetic radiation
As explained in 2.1.1, differential-mode PLT currents on two closely-aligned conductors do not produce significant electromagnetic fields at positions distant from the power lines. However, the common-mode PLT currents may generate electromagnetic fields, especially in the MF/HF ranges.
The electromagnetic field radiated from a common-mode current Ic in free space can be evaluated from the vector potential A given by

			(2-3)
where Ic is the vector of a segment of the common-mode current flowing on the power lines. The vector R is the vector from the point of the current segment to an observation point in the field and R is its magnitude. Using the vector potential, the electromagnetic field (E, H) radiated from the power lines can be calculated from 

			(2-4)

			(2-5)
The vector potential given by equation (2-3) can apply only in the case of free-space environment. Therefore, for evaluating the leakage field from a house equipped with PLT systems, the shielding effects of the building materials and structures should be taken into consideration.
2.2.2	Shielding effectiveness of the exterior walls of a house
Electromagnetic fields radiated from power lines may be shielded to some extent by the exterior walls and ceiling of a house. Hence, numerical analysis using an FI (Finite Integration) code was carried out to investigate the electromagnetic fields of a PLT system leaked from various housings, such as a wooden house and a reinforced concrete one[footnoteRef:8]. In this analysis, the shielding effectiveness was defined by the ratio of the maximum field strength at 10 m apart from the power lines not enclosed by a house to that with the power lines enclosed by the house. The results considerably vary with the structure of house, power line layout, and frequency. The mean values of the derived shielding effectiveness are listed in Table 2-1. However these values have not been verified by measurements. [8: 	“Effect of structure and materials of building on electromagnetic field s generated by indoor power line communication systems”, by S. Ishigami, K. Gotoh, and Y. Matsumoto, in Proceedings on EMC Europe Workshop 007, June 007.] 

Table 2-1
Shielding effectiveness of the exterior wall of a house
	
	Wooden house
	Reinforced concrete house

	2-10 MHz
	17 dB
	27 dB

	10-30 MHz
	10 dB
	27 dB



[bookmark: _Toc241300305]2.1.5.1	Optimistic data
At the interface between access and in-house power lines, there are power meters, circuit breakers, and distribution circuits that may attenuate the PLT signals. Therefore, a number of measurements were carried out on the differential-mode voltages inside and outside houses to evaluate the insertion loss provided by power network equipment such as distribution circuits. The results shown in Fig. 2-10 demonstrate that such network equipment can suppress the PLT differential-mode signal by more than 20 dB in almost all cases.
FIGURE 2-10
[bookmark: _Toc241300306] (
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2.1.5.2	Pessimistic data
The other example[footnoteRef:9] in Fig. 2-11 indicates that (i) the differential-mode current measured on the service wires just outside the house is 0 to 30 dB smaller than that measured at the output of the breaker inside the house, (ii) the common-mode current measured on the service wires just outside the house is very close to the differential-mode current measured at the same point, and (iii) the common-mode current measured on the service wires just outside the house is 10 to 30 dB larger than the common-mode current measured at the output of the breaker inside the house. The second observation reflects the fact that the service wires are singly grounded at the service transformer in Japan and the differential-mode current is 100% converted into the common-mode current. The third observation suggests that the radiated emission from the service wires may be 20 to 47 dB stronger than that from the power line inside the house if the shielding effects of the house in Table 2-1 are applied. [9: ] 

FIGURE 2-11
Differential-mode and common-mode currents inside and outside a house
[image: In-Out-DM-CM]
[bookmark: _Toc241300307]2.1.6	Shielding effectiveness of the exterior walls of a house[footnoteRef:10] [10: ] 

Electromagnetic fields radiated from power lines may be shielded to some extent by the exterior walls and ceiling of a house. Hence, numerical analysis using an FI (Finite Integration) code was carried out to investigate the electromagnetic fields of a PLT system leaked from various housings, such as a wooden house and a reinforced concrete one. In this analysis, the shielding effectiveness was defined by the ratio of the maximum field strength at 10 m apart from the power lines not enclosed by a house to that with the power lines enclosed by the house. The results considerably vary with the structure of house, power line layout, and frequency. The mean values of the derived shielding effectiveness are listed in Table 2-1. However these values have not been verified by measurements.
Table 2-1
Shielding effectiveness of the exterior wall of a house
	
	Wooden house
	Reinforced concrete house

	2-10 MHz
	17 dB
	27 dB

	10-30 MHz
	10 dB
	27 dB
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Working document towards a preliminary draft modification of 

Section 

2 

of Report ITU

-

R SM.2158

,

 

as follows

:

 

2

 

Characteristics of radio frequency emission from PLT Systems

 

2.1

 

Radiation sources in a PLT system

 

Household power lines consist of two or three c

onducting wires, that is, live, neutral, and earth 

wires, where AC electric power is carried by the live and neutral wires. Similarly, in a PLT system 

in domestic use, signal power is fed into the live and neutral wires by PLT equipment (modem), and 

the HF

 

signal current in each wire is intended to be equal in magnitude and opposite in the 

directions. In

 

most cases, however, the currents in two wires have components flowing in the same 

direction. Those in

-

phase components behave like so

-

called antenna curre

nts that become primary 

sources of the unwanted radiation from the PLT system.

 

Similarly, in distribution networks, in

-

phase HF current components in power line conductors can 

be regarded as primary radiation sources, if the separation distance between the

 

conductors is much 

less than the wavelength of the PLT signals.

 

2.1.1

 

Differential

-

mode and common

-

mode currents

1

 

In general, PLT signal currents in two power line conductors are intended to be equal in magnitude 

and flow in the opposite directions to eac

h other. This fundamental current mode is referred to as 

various technical terms in the transmission line theory, for example, differential

-

mode, 

symmetric

-

mode, balanced

-

mode, and transverse

-

mode. However, if the signal source, power lines, 

or load are no

t electrically balanced with respect to the ground and nearby objects or power line 

wires are geometrically unparallel, the 

HF 

currents in the line conductors have components flowing 
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