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Abstract
PLT, or power-line telecommunications, refers to a method of networking digital
equipment within the home by means of the mains power distribution system.
Power-line adaptors are commercially available to plug into the 13 amp wall sockets.
At the ‘transmit’ end, an adaptor converts Ethernet data frames into a high frequency
RF signal using a wideband modulation technique. The RF signal travels along the
mains wiring to a second ‘receive’ adaptor, which converts the signal back into
Ethernet data frames.
The mains power infrastructure has obvious attractions for data distribution — it is
readily accessible and does not involve any expense other than that of the adaptors.
However, power lines were not designed with such use in mind, and some of the RF
is radiated into the environment. The resulting interference is clearly of concern to
broadcasters and listeners alike. As some adaptors are capable of working at up to
300 MHz, even the VHF/FM and DAB bands are at risk.
A previous White Paper [1] looked at radiated interference levels in typical
environments, but no attempt was made to relate the interference to the signal
power on the mains. This White Paper partly fills the gap by describing a ‘Box’ that
allows the signal power to be measured. Although such a function might seem
mundane, there are a couple of challenges to be met: the signal needs to be
separated (safely) from the mains voltage and the measurement must remain
accurate at 300 MHz. The second of these is particularly difficult, as the signal
passes through a 13 A plug and socket — designed for 50 Hz rather than 300 MHz!
With the Box constructed, some measurements have been made with PLT adaptors
running at various data-rates. The signal spectra are illustrated here.
There is further work to be done, and it is hoped eventually to develop a model to
relate the above measurements to the radiated interference levels.
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Introduction

PLT, or power-line telecommunications, refers to a method of networking digital equipment
within the home by means of the mains power distribution system. Power-line adaptors are
commercially available to plug into the 13 amp wall sockets. At the ‘transmit’ end, an adaptor
converts Ethernet data frames into a high frequency RF signal using a wideband modulation
technique, orthogonal frequency-division multiplexing (OFDM). The RF signal travels along the
mains wiring to a second ‘receive’ adaptor, which converts the OFDM signal back into Ethernet
data frames for compilation at the receiver computer. In practice, the two adaptors are identical
and their roles as transmitter and receiver are interchangeable.
The mains power infrastructure has obvious attractions for data distribution — it is readily
accessible and does not involve any expense other than that of the adaptors. Moreover, the use of
OFDM, with its long symbol periods and guard intervals, can overcome the effects of interference
and multipath distortion that would otherwise be troublesome. It is remarkable that adaptors are
now available that work from nearly-DC up to 300 MHz, although 30 MHz is more common. All
this through cables that were intended for 50 Hz mains!
Of course, as with any free gift, there is a problem. Power lines were not designed with high
frequencies in mind. Unlike the coaxial cable used in typical television distribution systems,
screening is not intrinsic, with the result that RF is radiated. The 30 MHz upper limit neatly
covers the HF (or short-wave) band, whilst 300 MHz includes VHF/FM and DAB. Clearly this is
a concern for broadcasters and listeners alike. The adaptors attempt to minimise the problem by
sending balanced — equal and opposite — signals along the live and neutral conductors, but
radiation cannot be prevented altogether, even if the mains wiring is ‘ideal’.
Experiments have already been carried out by BBC R&D to measure the radiation from a PLT
network during an FTP file transfer. [1] The environment was a calibrated pseudo TEM-cell—
actually a specially adapted screened room [2]. Although the transfer rate was only about
12 Mbit/s, the presence of PLT still raised the ambient noise floor at VHF by some 30 to 40 dB.
Measurements were largely restricted to VHF, because a calibrated HF antenna was not available
at the time. However, it was clear that HF emissions could also be troublesome.
If the problem is to be fully understood, two things are necessary apart from the practical
measurements. A model of a ‘typical’ mains distribution system needs to be developed so that
radiation levels can be related to PLT signal power; and — obviously — the signal power
developed by the adaptors must be determined in the first place. This second point presents a
challenge, as the signal somehow needs separating from the mains voltage in a safe manner. A
means of doing this is described here, and the opportunity is taken of illustrating typical spectra of
the PLT signals.
2 The PLT Measurement Boxes
The device that has been developed to measure the PLT signal is referred to, perhaps inelegantly,
as a ‘Box’. ‘Adaptor’ might have been a better word, but that would have caused confusion with
the PLT adaptors themselves. To make life slightly more complicated, there are two Boxes — a
‘Transmitter’ Box for measuring the total power generated by the transmit adaptor, and a
‘Receiver’ Box for sampling the signal voltage without absorbing significant power. The idea is
for the second device to be used non-invasively on a working system.
It is only fair to mention that the Transmitter Box has proved by far the more useful of the two.
One cannot measure the power generated by the transmit adaptor in isolation, as transmission only
takes place when the adaptor has a companion to speak to. The Transmitter Box needs to be
designed with this in mind, and it then rather takes over the function of the Receiver Box.
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2.1
The Transmitter Box Circuit
The circuit diagram for the Transmitter Box is shown below. Note that the design is
symmetrical about earth, with the live and neutral feeds possessing identical components.
The 230 V mains power is applied on the right-hand side of the circuit, and the adaptor
(metaphorically) plugs into the left-hand side. Although not clear from the diagram, SK2
is a coaxial plug for connection to the measurement device.

T1

Figure 1: Circuit Diagram of the Transmitter Box
Inductors L1, L2 and L3, L4, in the live and neutral feeds, offer negligible impedance to
the 50 Hz mains, but block the RF emerging from the transmit adaptor on SK1. The wide
frequency range means that a single component is not adequate here. If an inductor
presents sufficient impedance at low frequencies, its self-capacitance is likely to spoil the
performance at the top end of the band. After some experimenting, L2 and L4 were split
into pairs of 10 µH components, and L1 and L3 were then changed for 0.1 µH.
Despite PLT devices having been available for some years, standards for them are still
being drawn up.1 However, the characteristic impedance of the mains will almost certainly
be taken as 100 Ω. Transformer T1 impedance-matches 100 Ω balanced to 50 Ω
unbalanced, since most professional test equipment is designed for 50 Ω systems. The
turns ratio needs to be √2:1. Miniature surface-mount components are readily available.
R1, R2, R3, R4 and R6, R7, R8 are 3 dB attenuators. Although not essential, such
attenuators are beneficial for mitigating the effects of poor impedance matching: the
source impedance of the adaptors is not well defined, and it is optimistic to assume that the
transformer will be close to ideal at the highest frequencies.
Safety is an obvious concern, and precautions must be taken against failure of the
transformer, even though this is a mains-rated component. C1 and C2 provide isolation
from the mains, and high-value resistors R9, R10, R11, R12 offer discharge paths once the
mains is removed. The capacitors must be Y-class components specially designed for this
application. They are of metal-film construction, and are self-healing and fire-retardant.
The final important point to mention is the presence of the 2.4 kΩ resistors shunting
inductors L1, L2 and L3, L4. As mentioned earlier, a signal ‘leak’ of this sort is needed to
allow communication between transmit and receive adaptors.
1

See [3] for the final draft of an HF emissions standard; this is under vote at the time of writing. The corresponding
standard for VHF is still under development.
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2.2
The Receiver Box Circuit
The Receiver Box was designed to allow measurement of the RF signal present on the
mains, but this time with the PLT system working normally. Its circuit diagram is shown
below. This looks similar to the Transmitter Box circuit, except that the isolating
inductors L1, L2 and L3, L4 are missing.

T1

Figure 2: Circuit Diagram of the Receiver Box
Since the Box must not significantly alter the RF characteristics of the mains, R15 and
R16 are made large enough not to cause appreciable load, but not so large as to introduce
excessive attenuation. Assuming that SK2 is terminated in 50 Ω, the voltage loss is 40
times: ×10 in resistors R13–R16, √2 each in L1/L2 and R6–8, and ×2 in the termination.
2.3
The Transmitter Box Build
The prototype unit was built into a die-cast aluminium box, because of the material’s
robust nature and good screening properties. It was of course necessary to ensure that the
box was securely earthed and PAT-tested! The circuitry was initially made on a small
piece of prototyping board with due attention to creepage distances and so forth.
Subsequently, a small printed circuit board was designed. The circuit board was supported
on four nylon pillars within the box. Some pictures are shown below and overleaf.

1A fuse

Mains input

13A mains socket for
PLT adaptor

RF output

Figure 3: Transmitter Box, Exterior
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Earth pin from mains
input to chassis

Earth pin to chassis

Figure 4: Transmitter Box, Internal Layout
The live and neutral feeds from the adaptor socket to the board were initially a twisted
pair, cut down to the shortest possible length. However, better results were obtained with
two coaxial cables, each having a characteristic impedance of 50 Ω. Taken together, these
cables should behave as a balanced 100Ω transmission line.
Close-ups of the printed board are shown below. Note in particular the on-board fuse and
the use of an earth-plane on the underside of the board. As is obvious from Figures 3 and
4, the original idea was to mount the fuse-holder on the box. Although this was
satisfactory for the Transmitter Box, the additional wiring caused poor performance of the
Receiver Box at the top end of the band.

Figure 5: Close-up of the Printed Circuit Board
The same printed board was used for the Receiver Box and populated accordingly.
2.4
The Receiver Box Build
The build for the Receiver Box was very similar to that for the Transmitter Box, and not
much needs to be said. Because L1/L2 and L3/L4 are not used, the circuitry is no longer
isolated from the mains input. Consequently, obtaining reasonable impedance matching
across the band was particularly difficult, even with wiring lengths reduced to the
minimum possible and the fuse-holder removed. However, as there is no control over the
characteristics of the mains distribution system, this is perhaps an academic point.
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2.5
Calibration Using a Network Analyser
The performance of each Box was checked by connecting the Box to a network analyser
and measuring the through- and return-losses. One would hope for a constant through-loss
over the frequency range of interest, preferably in agreement with the calculated value.
The return-loss is a measure of the impedance match, and would be infinite in an ideal
world. In a practical system, where source and cable impedances might be unknown, a
poor return-loss results in an uncertain through-loss.
The main difficulty in making such measurements is to provide a suitable connection to
the Box. There is little choice but to use a 13 A mains plug, since this is what the adaptors
use. Some allowance then needs to be made for the RF properties of the plug, which was
never designed with high frequencies in mind. A simple resistor network was built into a
plug as illustrated below.

Signal
Generator

Plug

Figure 6: The Resistor Network, as Built into a 13 A Mains Plug
The network provides the signal generator with the required 50 Ω load, yet offers a 100 Ω
source impedance to the Box. The connection to the generator is then made through a
short length of coaxial cable, which can be seen emerging from the plug on the right. Also
visible are two small capacitors added in an attempt to improve the return loss at high
frequencies. Needless to say, suitable precautions were taken against anyone misusing this
arrangement by plugging it into the mains!
The calculated loss introduced by the resistor network and the Transmitter Box is 14 dB:
8 dB within the network, and 6 dB within the Box. Some care is needed when quoting the
loss in dB, as the Box has unequal input and output impedances. In this case, –6 dB is
equivalent to quarter power but not half voltage. With the same precaution in mind, the
loss in the Receiver Box should measure 37 dB. A 100 Ω termination must be placed at
the mains input to the Box, since the internal circuitry is designed to offer a high
impedance.

Figure 7: The Transmitter Box Connected to a Network Analyser
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Alterations to the circuit were made in an attempt to improve the impedance match
between the external connections and the circuit board. However, these mostly had
negligible effect. The worst offender appeared to be the series inductance within the plug
itself — hence the addition of the small capacitors shown in Figure 6. These were
connected from live and neutral to earth, and served to neutralise the inductance over a
limited frequency range. After some experimentation, 3.3 pF was chosen as the best value.
The above approach is only strictly valid if the 13 A mains plug really is the cause of the
mismatch. If the socket is the culprit, then the capacitors should be fitted to that instead.
Unfortunately, there is no way of separating the sins of the plug and socket, and hence
there will always be some uncertainty about the load presented to the adaptor.
The through- and return-losses are shown below. In both cases, the vertical scale is 10 dB
per division and the frequency range is 0 to 500 MHz.

Figure 8a: Transmitter Box Through-Loss

Figure 8b: Transmitter Box Return-Loss

These are encouraging results: the through-loss is within 3 dB of its target value from DC
to 350 MHz, and the return loss is better than 10 dB over the same range. It would be
optimistic to expect anything better from a 13 A mains plug! The return-loss maximum at
about 270 MHz is the effect of the 3.3 pF capacitors.
Some corresponding measurements for the Receiver Box are shown below. In this case,
the small capacitors fitted to the mains plug were 2.2 pF.

Figure 9a: Receiver Box Through-Loss
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Figure 9b: Receiver Box Return-Loss

3 Measurements Made on the PLT Adaptors
Now that the Boxes have been calibrated, they can be used to make measurements of PLT spectra
and power levels. As an example, a pair of commercially available adaptors were used to
undertake a TCP file transfer by uploading from a PC to a server. These particular adaptors were
chosen because they worked at both HF and VHF — although, as will be seen, their criteria for
selecting HF and/or VHF were obscure. The measurements were made in the RF screened room
at BBC R&D. A picture of the equipment involved is shown below.
Lighting mains feed
‘Spur’
Receiver adaptor
Tablet (client)
Spectrum analyser
Laptop (server)

Transmitter box to mains

Figure 10: Equipment in Screened Room Set up for TCP File Transfer
The transmitter PLT adaptor was plugged into the Transmitter Box, which itself was plugged into
the mains, and the receive adaptor was plugged direct into another mains socket. Network cables
connected a tablet PC to the transmitter adaptor and a laptop PC to the receive adaptor. The
laptop PC was configured as the server with the tablet PC as a client, and a TCP file transfer from
client to server was initiated with Iperf, a tool that measures the quality of the data link.
By entering the right commands into batch files at the client and server ends, Iperf can extract the
bit transfer rate at intervals of 1 second. Other Iperf tests include parallel bit transfer, or transfer
with increased TCP window size, such that more data can be buffered without validation from the
receiver (server).2
If the transmitted power from the adaptor is to be measured, the adaptor must obviously be
performing a data transfer through the mains. Hence a 2.4 kΩ resistor was added in parallel with
each pair of isolating inductors on the circuit board (see Figure 1), to leak the OFDM output from
the adaptor on to the mains. A compromise is needed here: high resistor values reduce unwanted
loading of the transmit adaptor, but the increased attenuation between the adaptors lowers the data
transfer rate. To demonstrate this effect, measurements were also made with 300 Ω resistors in
parallel with the inductors.
3.1
Measurements Made on the Wideband Adaptors (1)
The ‘Wideband’ PLT adaptor was chosen for most of the experiments, since it has the
ability to work at both HF and VHF. The wide bandwidth allows a data transfer rate of up
to 1 Gbps. By contrast, most other available adaptors work at HF only, limiting the datarate to about 100 Mbps.

2

A UDP file transfer is also available. However, it was found that, during a UDP transfer, the bit-rate can
inexplicably drop to a few kbps. Hence only TCP file transfers were used in the experiments.
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For the initial tests, the Transmitter Box was plugged in to a spur of the ring main, whilst
the receive adaptor was plugged into a socket on the ring main proper. A TCP file transfer
was initiated between transmit and receive adaptors. The bit-rate was extracted every
second, whilst a spectrum analyser connected to the RF output of the Transmitter Box
displayed the transmitted power as a function of frequency.
Figure 11 shows that, for a bit-rate of
22 Mbps, the adaptor only transmits at
VHF (between 50 MHz and 300 MHz) and
not at HF. Presumably the bandwidth at
VHF is sufficient for HF not to be needed.
According to the spectrum analyser
display, the transmitted power is about
–30 dBm in 1 MHz bandwidth. The total
power in 250 MHz is 24 dB greater. Since
the loss within the Box is nominally 6 dB,
the actual total power is about 0 dBm.

Figure 11: Spectrum of PLT Signal for a Bit-Rate of 22 Mbps
When the bit-rate was pushed up to 29–30 Mbps, transmission now took place at HF
instead of VHF, with a power of about –5 dBm in 1 MHz bandwidth — an actual power of
about +15 dB, assuming 25 MHz overall bandwidth and a loss of 6 dB within the Box.
The higher bit-rate has seemingly coerced the adaptor into switching to HF. However,
upon repeating the transfer at 30 Mbps, the adaptor switched back to VHF! Figure 12
below shows the adaptor working at HF only.
Two VHF ‘pulses’ are shown on the
figure. The adaptor probably transmits
‘idle’ signals in the inactive band to
determine whether the band would be
available for transmission.3

VHF pulses
pulses
VHF

Some care is needed when using a
spectrum analyser to measure such
signals, since the total power is much
greater than the power in a limited
(1 MHz) bandwidth — it is easy to
overload the analyser. The reference
level setting should be at least as great as
the total signal power.
Figure 12: Spectrum of PLT Signal for a Bit-Rate of 29–30 Mbps
Figure 15 overleaf shows the effect of using the spectrum analyser’s ‘maximum hold’
facility. Although both HF and VHF signals appear to be present, the adaptor was actually
transmitting at VHF, with the HF band idling. This could be demonstrated by removing
the maximum hold, when the HF signal ‘disappeared’.
3

There was some speculation as to whether the idle signal involved a few carriers permanently ‘jumping’ about the
band, or whether it comprised all carriers being present simultaneously in short bursts. The spectrum analyser
would give a similar display in both cases.
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The maximum hold spectra at VHF and
HF are very similar to the spectra in
Figures 11 and 12 respectively. Hence it
seems that the sub-carriers within each
band are transmitted at constant power,
regardless of whether the band is active or
idling. Of course, in the idle band, most
carriers are disabled at any one time —
hence the apparent lack of signal when
the maximum hold is removed.

Figure 13: ‘Maximum Hold’ Spectrum for a Bit-Rate of 29–30 Mbps
The data-rate can be pushed beyond 40 Mbps by transferring via two parallel streams.
Figure 14 below shows the result of increasing the rate to 60–70 Mbps, with the window
size at the client and server end raised from 8 kbytes to 62.5 kbytes.

The spectrum analyser display now shows
continuous transmission at both HF and
VHF.
Assuming transmission is at
constant power per carrier, it is most likely
that the bits per sub carrier remain
constant. Therefore, the adaptor must
cope with the increased bit-rate by
increasing its bandwidth to include both
HF and VHF.

Figure 14: Spectrum of PLT Signal for a Bit-Rate of 60–70Mbps
3.2
Measurements Made on the Wideband Adaptors (2)
For the experiments just described, the transmit adaptor was plugged into the Transmitter
Box, which itself was plugged into a ‘spur’ in the screened room; the receive adaptor was
connected direct to the lighting ring. Some further experiments were made with the
Transmitter Box and receive adaptor both being plugged into the lighting ring, to provide a
more direct connection between the adaptors.
The standard bit-rate for a single-stream data transfer, with an 8 kbyte window size at the
client and server end, was on average about 50 Mbps, compared with an average of
30 Mbps with the earlier adaptor configuration. Figure 15 overleaf shows the result of
increasing the window size to 62.5 kbyte and transferring two parallel bit-streams. The
bit-rate was then about 120 Mbps.
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The spectrum analyser display shows that
the adaptor now only transmits at VHF,
even when the bit-rate is as high as
120 Mbps.

Figure 14: Spectrum of PLT Signal for a Bit-Rate of about 120 Mbps
3.3
Measurements Made on Other Adaptors
As mentioned in the Introduction, most currently available adaptors are only capable of
working at HF. A typical result is illustrated below, with the system set up to transfer
parallel bit-streams with a 62.5kbyte window size. A maximum bit-rate of about
21.6 Mbps was achievable.
The average power was measured by
setting the spectrum analyser to ‘channel
power’ mode: the power was measured in
blocks of 8 MHz, and the contributions
summed to give the total. In idle mode,
the power was about +9 dBm — a
surprising amount.
With the adaptors transmitting at the client
and server end, in parallel bit-streams, the
power increases to about +13 dBm. These
levels compare with those for the HF/VHF
adaptor in HF-only mode.
Figure 15: Spectrum of PLT Signal from an HF-only Adaptor for a Bit-Rate of 21.6 Mbps
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4 Conclusion
This White Paper has described a pair of ‘Boxes’ for measuring the signal levels generated by
PLT adaptors. One Box measures the total power generated by the transmit adaptor, whereas the
second Box samples the voltage appearing on the power line. Despite the unavoidable use of a
13 A mains plug and socket as signal interface, good results are achievable up to 300 MHz: the
Transmitter Box provides a response within 3 dB of its nominal value over the HF and VHF
bands. There is some slight uncertainty here, as the 13 A plug used when testing the Box is
obviously not identical to that built into the adaptors.
The Transmitter Box has been used to measure the power and spectral characteristics of the signal
from a commercially available HF/VHF adaptor. The adaptor can transmit in either band or both,
depending on circumstances. Where there is significant loss between transmit and receive
adaptors, the transmit adaptor usually selects either HF or VHF, but selects both at higher datarates. With less loss between the adaptors, impressive data-rates are possible — 120 Mbps was
achieved. Curiously, at 120 Mbps, only VHF was selected. Power levels were around 0 dBm at
VHF and +15 dBm at HF.
Where one channel is inactive, some channel-sounding signals continue to be transmitted in it.
These are easy to see by using the ‘maximum hold’ facility of the spectrum analyser.
Some limited measurements were also made with HF-only adaptors. In the particular example
quoted, the power was about +13dBm.
More work needs to be done, to relate the radiated signal level with the PLT power present on the
mains. However, some early measurement and simulation work indicates that the results are
consistent with the interference levels reported in [1].
5
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