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Light Emitting Diode (LED) lamps are used as a replacement of “old-fashioned” or
incandescent lighting sources, as they reduce the amount of energy consumed. As a side-
effect of more efficient energy usage they produce electrical noise. This noise reduces the
efficiency of information signal transfer when Power Line Communications (PLC) are used.
This study focuses on the noise signatures of LED lamps which have a direct impact on the
information transfer of the PLC channel. The contribution of this study is that two categories
of noise characterisations are given. First is equations describing the maximum and
minimum bounds of the lamp noise current. This is useful in calculating channel throughput
where an equation for the noise is required. For example, the Shannon-Hartley theorem.
Second is a methodology to determine individual frequencies in the spectrum of harmonics
emanating from the lamp. Both these characterisations will aid in designing communication
schemes for PLC. An unexpected result of this study was to find LED lamps which had
inadequate or no Electromagnetic Interference (EMI) filters. These lamps produce noise in

*In memoriam: 1954 - 2018

orders of magnitude higher than properly filtered LED lamps.

1. Introduction

Light Emitting Diode (LED) lamps or bulbs are used as a
replacement of “old-fashioned” or incandescent lighting sources.
They reduce the amount of energy consumed. As lighting is a main
category in electricity consumption [1], improving efficiency of
light sources are paramount to long term energy savings. Although
LED lighting is more energy efficient its operation produces
electrical noise [2]. This can have a detrimental effect on Power
Line Communications (PLC) [3].

PLC is used in lieu of physical data cable connections or
wireless connections such as Wi-Fi. Since power cables already
connect different nodes possible to communicate, PLC usage is
advantageous where a minimum of added infrastructure is
required. An application of importance is for the Smart Grid [4]. It
is envisaged that a future Smart Grid will control and schedule
loads actively and in real time with PLC. By doing this, energy
transfer via the electrical network will be optimised. In the future,
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households will communicate via the power lines (i.e. PLC) to not
only provide control but also Information and Communications
Technology ICT services. Since the electronics for using PLC is
cheaper and radio spectrum need not to be used, PLC seems to be
the economical option [5].

PLC is used to transmit and receive data across physical power
cables. PLC systems are divided into so called Narrow Band (NB)
and Broad Band (BB) types.

NB PLC is used for control signals with a low data rate and
typically has a carrier frequency of up to 150 kHz [6,7]. BB PLC
is used to convey internet on the power line in lieu of Wi-Fi. It has
carrier frequencies typically up to 30 MHz [8]. For further
investigation, readers are referred to [9-12].

The PLC channel can be viewed as a classical
communications channel. In such a channel, the Shannon-Hartley
equation [13] for information transfer holds or:
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Figure 1: Bock diagram of a typical LED lamp of the type used in this study
C = Blog,(1+ ﬁ) (1) the lamp operation. Lamps measured in this study follow this broad
N

where C is the maximum theoretical channel capacity in bits per
second, B is the bandwidth of the channel in hertz, S the signal
strength or averaged received signal power across the bandwidth
in watts and N is the average power of the noise / interference
across the bandwidth, also measured in watts. The purpose of this
paper is to characterise N, as S and B are usually predetermined as
follows:

* The signal strength S is subject to Electromagnetic
Compatibility standards [14] where a maximum signal
strength is specified.

*  The bandwidth B is allocated by spectrum regulations.

It therefore stands to reason that in (1), C is determined by N
if B and S are fixed. In this paper the noise characteristics of LED
lamps (N in (1)) are investigated and measured. The noise spectra
measured from the lamps can therefore be applied as the channel
noise for a PLC channel.

This paper characterises the LED lamp noise spectra in two
ways:

*  First is to describe the noise spectrum across a band. Two
bands have been chosen: 150 kHz for representing NB PLC
and 30 MHz for representing BB PLC. In both cases the bands
are characterized by equations giving an upper limit for
maximum noise and lower limit for minimum created noise.

*  The second part is to determine unique harmonics in the noise
signature. It is shown that when zooming into the created
noise spectra, certain harmonics (governed by switching and
rectification) stand out and can uniquely be identified.

Results from both of these two vantage points can aid a
designer in estimating channel throughput and designing
modulation schemes for a channel with LED lamp noise present.

An unexpected result of this study was to find LED lamps
which had inadequate or no Electromagnetic Interference (EMI)
filters. These lamps produce noise in orders of magnitude higher
than properly filtered LED lamps. This can have a large adverse
effect on PLC channel throughput.

2. LED Lamp Structure

In this section a generic model of an LED lamp is proposed and
used to explain how interference is created on the power line by
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topology.

Figure 1 shows a high level block diagram of a typical LED lamp
of the type that was measured in this study.

Starting at the left hand side of figure 1, is the source of
220VAC or 110VAC, 50 Hz or 60 Hz. This passes through an EMI
filter. The filter reduces the noise being generated by the LED lamp
as seen on the supply grid. One must not confuse the direction of
main power flow with that of the noise. The main power flow is
from left to right, AC supply to LED while noise is generated by
the lamp circuitry and permeates through to the supply grid (right
to left). A rectifier is used to produce DC from AC. At the rectifier
output is a DC-link capacitor reducing the ripple on the DC link.
A DC-to-DC converter is used to drive the LED. This converter
usually operates with a current output as the brightness of the LED
is determined by current through the LED but with a relatively
constant voltage.

Figure 2 illustrates noise generation in an LED lamp. High
frequency switching noise is produced by the DC-to-DC converter
and present itself on the DC-link current. Conventional wisdom
will have it that this high frequency noise (in the tens of kHz) will
be supplied by the DC-link capacitor and not seen on the line. This
is however not the case. The DC-link capacitor is rated for
50Hz/60Hz and have a large Equivalent Series Inductance (ESL).
The capacitor ESL keeps it from by-passing the high frequency
noise. Subsequently the DC-DC convertor noise travels through
the rectifier (when a rectifying diode is conducting) and presents
itself on the line current — superimposed on the nonlinear rectifier
current shape.

EMI Filters are used to mitigate noise to below compliance
levels [15]. These filters reduce noise from two noise sources. One
is the high frequency noise from the DC-to-DC converter and
another is line rectifier harmonics. It is interesting to note that some
LED lamps have no EMI filters. This was found when using both
local and imported brands. This is apparently done to save costs
and where enforcement of EMI standards is not very strict. Typical
results of LED lamp noise with sufficient EMI filtering vs those
with low or no filter are shown later in this article.

Throughout this article noise from LED lamps is measured as
current. Noise currents are converted to voltages after flowing
thorough line impedances. These impedances are highly network
specific and noise voltages will vary depending on the network

934


http://www.astesj.com/

A. Emleh et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 6, No. 2, 933-941 (2021)

wWww.astesj.com

AC LINE SWITCHING
.~ CURRENT FREQUENCY
NOISE Mm
SWITCHING DC
FREQUENCY O] current
NOISE
DC-DC
LINE RECTIFIER DC LINK CONVERTER
CURRENT CURRENT =
—_ —_—
LED
220v H vl
50/60Hz -I-
Figure 2: Illustration of LED lamp noise generated by the DC-to-DC converter and processed through the rectifier
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Figure 3: Measured input voltage to the LED lamp and current drawn for a 5.5W LED lamp at the AC line side
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Figure 4: Measured harmonics for the input current drawn (figure 3) in a 5.5W LED lamp
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configuration. The results given in this study is worst case as if the
network is short and noise currents are directly converted to
voltages.

3. Rectification

As can be seen in figure 2, DC-link current is converted from
a predominant DC current at the DC-link capacitor to the typical
wave shape of current through a rectifier. For details see [16] and
[17]. The difference between a normally rectified current at the
input to the rectifier is the presence of high frequency noise in a
LED lamp. This is the “switching frequency noise” shown in figure
2. In this study two “types” of noise are investigated; the low
frequency rectifier noise (and subsequent harmonics) and the high
frequency switching noise. This section deals with the rectifier
noise (or creation of rectifier harmonics) while the rest of this paper
deals with the added high frequency switching noise.

As an example, measured time domain line voltage and current
waveforms for a 5.5W LED lamp are given in figure 3. For this
low frequency (50 Hz to 1 kHz) time domain measurement,
voltage and current probes (Tektronix TCP0030) were directly
attached at the line side of the LED lamp. A Tektronix (DPO7254)
oscilloscope was also used in this experimental measurement.

Figure 4 gives the line current harmonics for the current
waveform of figure 3 up to 1kHz. It shows current components
(harmonics) in S0Hz intervals — as the fundamental is S0Hz. It is
important to take note of this spectrum shape as it becomes the
modulating function for the DC-to-DC converter switching
(carrier) frequencies — as showed later in this paper.

4. High Frequency Measurement Set-Up

Figure 5 shows the current measurement setup for higher
frequencies (typically up to tens of MHz). This set-up is different
from that of the previous section where the voltage and the current
were of relatively low frequency (up to 1kHz) and in Differential
Mode (DM) only. In the previous section voltage and current were
directly measured on the incoming line. Higher frequency
conducted noise usually has components in both differential and
Common Mode (CM). Since the PLC channel is differential in
nature, measurements were made in DM and CM discarded. The
CM contribution of the LED lamp noise source was cancelled as

shown by the routing of the power cables through the high
frequency current probe in figure 5.

Also shown in figure 5 is a Line Impedance Stabilisation
Network (LISN). This device supplies the lamp with 220V/50Hz
for power but blocks higher frequency noise from the supply
network from interfering with the measurement side noise that is
generated by the LED lamp. Since it has a high leakage current to
earth, an isolation transformer is used; keeping the LISN from
tripping the protective earth leakage. The LISN also provides a
standardised high frequency noise load impedance to the noise
generating LED lamp.

The high frequency current harmonics produced by the LED
lamp are measured using a Rhode & Schwarz FSH323 Spectrum
Analyzer and ETS-Lindgren 94111-1L 1GHz bandwidth current
probe and processed by a PC.

5. Measurement Results

Using the measurement set-up of figure 5, the noise current of
different LED lamps was measured. Figure 6 shows results for a
measurement span of 30MHz. This span is representative of a
broad band high frequency PLC operating region. Figure 6 also
shows the Electromagnetic Compatibility (EMC) Limits
(according to ENS55015: 2013 for lighting) — for reference.
Background noise levels were conducted with the set-up as shown
in figure 5, but with the power switched off.

Some of the LED lamps do not produce noise current
significantly above the background noise levels. Two of the
measured LED lamps however, produce noise levels comparable
and exceeding the EN55015 limit - implying non-compliance.
Note that in the original EN55015 specification, the noise limit is
indicated in volts generated across the LISN impedance. This was
converted to a current limit by using the DM LISN impedance for
comparison in figure 6.

The large difference in interference produced by different LED
lamps is due to the inclusion (or exclusion) of an EMI filter in the
product. Lamps that produce noise current at levels just above the
background have EMI filters. The FS200 and 3W LED lamps in
figure 6 do not have or have limited EMI filtering and are therefore
noisy.

ISOLATION
AC LAMP
/\/ ‘[ LISN
CURRENT
PROBE
SPECTRUM
COMPUTER ANALYZER

Figure 5: Measurement set-up for higher frequencies
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Figure 6: Noise current measurements for different LED lamps across a span of 30MHz
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Figure 7: Noise current measurements for different LED lamps across a span of 150kHz

With the same set-up as in figure 5, measurements were taken
across a span of 150kHz. This span is equal to the so called
‘CENELEC’ band (or Narrow Band) [14] for low frequency PLC
operation. The results are shown in figure 7. As with the results
across 30MHz (figure 6), measurements of the background noise
floor were done to compare noise contributions of the different
LED lamps.

wWww.astesj.com

Figure 7 clearly shows the switching frequency spectrum of the
DC-DC converter part (see figure 1) of the different LED lamps.
As examples, the FS200 type and a 3W type switch around 40kHz
(switching fundamental). Harmonics are present around 80kHz
(2nd harmonic) and 120kHz (3rd harmonic). The other LED
lamps’ noise spectra that is above the noise floor also follow this
pattern.
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Figure 8: Curve fitting to noise current measurements for different LED lamps across a span of 30MHz

An interesting aspect of the measurements done is that at
higher frequencies (kHz and MHz) the power line noise is not
influenced primarily by the amount of power consumed. It is rather
a function of the quality of the EMI filters and the original amount
of noise produced (pre-filtered). For example, in figure 7, the 1.2W
type G219RD generates more noise than the 10W, G965 type. It
has been found that some LED lamps do not contain EMI filters
(or inadequate filtering) - especially produced for the local market
where EMI regulations are not strictly enforced.

6. Bounds on Interference Through Curve Fitting

To use the interference measurements in an equation (for
example (1)), it is convenient to have an expression for the noise
current. To this end, the worst case noise current spectra (upper
bounds) in figure 6 and figure 7 were curve fitted. A typical low
noise LED lamp from figure 6 and figure 7 were also curve fitted
giving to give a maxima and minima (lower bound) for figure 6 as
well as for figure 7.

The table below illustrates the peak values obtained from all
LED lamps used for experimental measurements in figures 6 and
7.

Table 1: Summary of significant values obtained from figures 6 &7

LED Size Noise Frequency Noise Value (dBuA)
(Watt) (kHz)
Figure 6 Figure 7 Figure 6 Figure 7
1.5 1900 17 -10 13
3 3200 38 25 46
4 1200 67 0 48
5 3000 12 -4 35

wWww.astesj.com

LBl b Ll Laawki 11k " ‘
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| I 1 L i e aealisaid
1.6E+07 1.8E+07 2.0E+07 2.2E+07 2.4E+07 2.6E+07 2.8E+07 3.0e+07
6 1500 52 4 53
10 1600 57 3 40
20 3600 38 47 73

Figure 8 shows the curve fitting results across a 30MHz span
with data taken from figure 6. The expression for the upper bound
noisiest LED lamp (FS200) is:

y = —6.0411n(x) + 141.41 )

The lower bound for a low noise lamp (G219GN) is:
y = —10.811In(x) + 155.85 3)

The y-values are the noise current in dBpA and the x-values the
frequency in Hz.

Figure 9 shows the curve fitting results across a 150kHz span
with data taken from figure 7. The expression for the upper bound
of the noisiest LED lamp (FS200) is:

y=—6-10"15x3+3-107%x% + 0.0005x + 88.236  (4)
The lower bound for a low noise lamp (G965) is:

y = —17.03In(x) + 194.95 (5)

The y-values are the noise current in dBpA and the x-values the
frequency in Hz.

7. Amplitude Modulation

The bounds expressed in the previous section are useful when
uniform noise spectra are used to determine PLC channel
interference across a large bandwidth. This section however,
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Figure 9: Curve fitting to noise current measurements for different LED lamps across a span of 150kHz
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shows how a high frequency carrier signal (for example a single must be shifted or the switching frequency of the DC-to-DC
converter switching frequency harmonic) is modulated by a lower ~ converter or both.

frequency signal (the rectifier harmonic spectrum (see figure 4)).
This leads to determining specific harmonic content as opposed to
the blanket bound description where specific frequencies are not
addressed. This is useful to know when particular frequencies
interfere with the PLC. If this happens either the NB PLC carrier
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Figure 2 shows how high frequency switching noise is
permeated by the DC-to-DC converter to appear at the LED lamp
input. This converter noise is also seen on the DC link current. The
high frequency switching noise is exaggerated in figure 2 for
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Figure 11: Measured line current harmonics around a switching frequency of 54.058 kHz for a 5.5W LED lamp from a 50 Hz supply. The harmonics
surrounding the switching frequency are similar than the rectifier harmonics and spaced in 50 Hz increments

illustration purposes. The DC link capacitor is usually not
sufficient to reduce this noise as the capacitor is large with a
significant Equivalent Series Inductance (ESL).

In the rest of this section it is shown how the harmonics
surrounding the switching frequency are similar than the rectifier
harmonics and spaced in 50 Hz increments. This is graphically
illustrated in figure 10. Using the structure of an LED-lamp as
shown in figure 1 and the extended version showing noise added
from the lamp in figure 2, the harmonics of the line current are
graphically illustrated in figure 10. Figure 11 shows a practical
measurement that is a part of the spectrum shown at the bottom of
figure 10.

The bottom graph of figure 10 is a harmonic interpretation of
the line current seen at the input of the LED lamp. This line current
spectrum is a convolution of two noise source spectra. The first is
the high frequency switching harmonics of the DC-to-DC
converter and the second is the low frequency line rectifier
harmonics. The line current rectifier spectrum is repeated (in
frequency components) by the switching frequency harmonics.
Every switching frequency harmonic is flanked with the positive
and negative of the rectifier spectrum.

To show this theoretically (and to simplify the mathematics), a
single carrier (switching frequency harmonic) is shown to be
modulated by a single low frequency harmonic (rectifier
frequency).

The rest of this section shows theoretically how the process of
figure 10 works. The line current signature frequencies are
illustrated by simplifying the mathematics to use a single
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frequency amplitude modulating a higher single frequency carrier.
Say for example a low frequency wlf=2znf (f=50Hz) is modulating
a carrier of higher switching frequency whf (around 55 kHz). With
reference to figure 2, ohf is representing the switching frequency
noise on top of the DC link current and wlf the line frequency at
the lamp input.

From [18] it can be shown that the first harmonic of an ideal
single-phase rectifier line current can be written as:

DC —link

(0)

Sin( a)// t) (6)

line _ harm 1

T

An idealized constant DC link current of 10 is specified in [18].

A high frequency switching converter will draw a high frequency
current from the source through the rectifier. The DC-link current
(for the first harmonic of switching converter current) is:
lDC—link (t) = Io + Ih/' Sln(a)hft) @)

The modulation index is m= [0/Ihf and generally m >> 1, as
the switching harmonic current is much smaller than 10 in practical

converters. Combining (6) and (7) and using trigonometrical
identities, the idealized single harmonic line current is:

Hy [m sin(@y ) +— cos[(a)h/ @y )t] cos[(a)hf + )t]}
T

®)

[Ii:xe _ harml (t) =

940
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Equation (8) shows an AM signal with fundamental at wlf and
sidebands (of distance wlf) around ohf. This pattern, where the
rectifier harmonics present around the switching frequency and its
harmonics are experimentally shown in figure 11. Note that the
carrier (ohf or f switch) is not present (or suppressed) as with a
conventional AM signal as m >> 1.

If the spectrum is enlarged around the first switching frequency
(54.058 kHz in figure 11) the line current harmonics become
clearly visible in 50Hz increments and is indicative of a switching
converter / rectifier combination. In this case, the carrier (f switch)
is not dominant as with a conventional AM signal.

An EMI signal from a LED lamp can thus be identified by first
finding the switching harmonics. Around the switching harmonics
will be the rectifier spectrum with main components flipped at
f switch + 50Hz, f switch £ 150Hz, f switch = 250Hz and so on
(in the case of a 50Hz line frequency).

8. Conclusion

In this paper it is argued that noise from an LED lamp can
interfere with PLC. The LED lamp noise will have an impact on
the PLC channel throughput. It is argued that high frequency noise
permeates from an LED lamp to the input line over which PLC
takes place.

In this paper only LED lamps with a rectifier and high
frequency DC-to-DC converter combination are dealt with.

A contribution of this study is that result sections for LED-
lamp noise are provided. The noise spectra of LED lamps (across
a band) are described with expressions for upper and lower bounds
giving maximum and minimum interference (NB up to 150 kHz
and BB up to 30 MHz). These are useful when expressing the noise
in channel throughput calculations (such as (1)). It was shown that
some LED lamps radiate above the EMC limit and the interference
level can decrease PLC operations, resulting in reduced data
throughput.

The second contribution of this paper shows how individual
noise harmonics can be identified. The rectifier line spectra
modulate (in AM fashion) around switching frequency harmonics
and appears as spectra with a switching frequency at its centre.
This knowledge is useful for fixed carrier PLC where specific
frequencies are of concern; for example, if a noise harmonic blanks
a valid PLC carrier frequency.

An interesting conclusion arrived at when testing different
LED lamps for noise are that some lamps employ poorly designed
or no EMI filtering.

Using the results from this paper, designers should be able to
estimate some of the adverse effects of LED lamps on the PLC
channel.
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