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1 | INTRODUCTION

The Internet of Things (IoT) technology enables various
objects including sensors to connect to each other and
transfer data between them without any human inter-
vention. Examples of those objects are indoor sensors:
occupancy sensors and motion sensors for controlling
light systems, temperature sensors as well as humidity
sensors for monitoring the environmental conditions,
and smoke detectors for fire alarms. Many IoT devices
are installed on the ceiling indoors. Power is supplied to
those 10T devices to operate device functions and also
data communication. Energy harvesting is a good power-
supplying technology for IoT device applications because
no power line is required to install the devices on the
ceiling [1, 2].

Jung-Hwan Hwang

A novel energy harvesting technique that uses conducted electromagnetic
interference as an energy source is presented. Conducted EMI generated from
fluorescent light using a switched-mode power supply was measured and
modeled as an equivalent voltage source. Two types of rectifier circuits—a
bridge rectifier and a voltage doubler—were used as the harvesting devices for
conducted EMI source. The matching networks were designed based on the
equivalent model, and the harvested power was improved. The implemented
energy harvester produces a regulated power over 68.9 mW and current over
15.1 mA while a regulated voltage can be selected between 3.3 V and 5 V. The
proposed system shows the highest harvesting power indoor environment and
can provide enough power for the Internet of Things devices.

conducted EMI, energy harvesting, rectifiers, Schottky diodes, switched-mode power supply

Many studies have considered various ambient
harvesting sources such as solar, thermal, and vibration
ones for indoor energy harvesting. Solar energy
harvesting is the most common technology because a
photovoltaic (PV) cell is cost-effectively producing high
energy. An indoor application of solar energy harvesting,
however, has limitations in that its harvesting energy is
significantly reduced [3]. To overcome this limitation,
hybrid approaches have been proposed to collect energy
from two or more sources indoors in such a way that
selects one of them [4], adds all of them [5], or does both
simultaneously [3,6]. Even multi-source harvesting,
however, produces power, not more than a few mWs due
to the inherent weakness of the indoor energy sources.

More power can be harvested from a fluorescent light,
which is the most commonly used artificial light indoors.
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Thermal energy from illuminating light or spurious elec-
tromagnetic (EM) waves radiating from a fluorescent
light can be a source for energy harvesting. The
harvesting from a fluorescent light has two types: porta-
ble and fixed types, respectively. The thermal energy
harvesting using PV cells corresponds to the portable type
[3,7-9]. Spurious EM waves are radiated from a fluores-
cent light, and those radiated waves are received for
energy harvesting using an antenna [10]. This energy
harvesting also corresponds to the portable type. In the
fixed type, the same spurious EM waves are received by a
fixed antenna that is installed right beneath a fluorescent
light [11,12]. Another fixed type harvests power from
magnetic fields that are formed around a power line,
which is connected to a fluorescent light [13,14].

This paper presents a harvesting technology using a
conducted signal that flows on the surface of a fluores-
cent lighting device. The conducted signal originates
from conducted electromagnetic interference (EMI). As
shown in Figure 1, the energy harvester proposed in this
paper is electrically connected to the surface of the fluo-
rescent light through the adhesive conductive electrode.
When a switched-mode power supply (SMPS) inside is
operational, an EMI signal is generated and coupled to
the metal surface composing the fluorescent light. As
shown in Figure 1, this EMI signal is received at the
energy harvester and then transformed into power. The
proposed harvesting technology is advantageous in that
harvesting power reaches several dozens of mWs, which
is much higher than harvesting power in previous fixed-
type harvesters. The rest of this paper is organized as
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follows. Section 2 presents measurement and analysis
results on the conducted EMI signal of a fluorescent light
that is used as a harvesting source in our study. Section 3
models the harvesting source based on the source mea-
surement results, and designs circuits composing an
energy harvester. Section 4 measures harvesting power
using the designed harvester and then compares it with
previous studies. Finally, Section 5 concludes this paper.

2 | MEASUREMENT AND
ANALYSIS OF CONDUCTED EMI
SIGNAL

In fluorescent light, an SMPS converts a 60-Hz alternat-
ing current (AC) into a low frequency (LF) one between
30 kHz and 100 kHz. The converted LF current starts an
electronic ballast inside the fluorescent light. The fre-
quency conversion causes radiation of EM waves out of
the SMPS. An EMI filter reduces this radiation [15], but a
part of the EM waves still leak out of the SMPS. The
leaked EM waves are coupled with a metal body of the
fluorescent light such as a lampshade, and finally, the
coupled signal generates a conducted current on the sur-
face of the metal body. This conducted current is received
and processed by an energy harvester. In this way, energy
harvesting is possible from the conducted EMI signal in
the fluorescent light.

The energy harvesting proposed in this paper is similar
to the harvesting from spurious EM waves in [11,12]. The
proposed harvesting, however, requires no antenna.
Instead, the energy harvester requires electrical contact
with the metal body of a fluorescent device. As shown in
Figure 1, the conductive adhesive electrode can be used to
make electrical contact between the metal body and the
energy harvester. The conducted current flows along the
conductive path on the surface of the metal body without
any free-space loss that is experienced by a radiating sig-
nal. As a result, more power can be harvested in compari-
son with the energy harvesting from spurious EM waves.
No antenna requirement is also beneficial, because a
large-sized antenna is required if spurious EM waves in
the LF band are to be received for the energy harvesting.

Prior to designing the energy harvester, the conducted
EMI signal was measured using the measurement setup
shown in Figure 2. The fluorescent light was placed
inside an anechoic chamber along with the spectrum
analyzer and the oscilloscope. The fluorescent light had a
nominal input power of 64 W. To receive the conducted
EMI signal, the conductive adhesive electrode was
attached to the lampshade of the fluorescent light. The
electrode included a conductive area of 10 x 10 mm?,
and this conductive area was electrically connected to the
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lampshade. The conducted EMI signal received at the
electrode was measured using the spectrum analyzer and
the oscilloscope, respectively.

Figure 3 shows the measurement results. Each sub-
figure shows the conducted EMI signal in the frequency
and time domains, respectively, which were measured
using the spectrum analyzer and the oscilloscope, respec-
tively. As shown in Figure 3A, two peaks exist at about 40
kHz and 60 kHz, respectively. Such peak frequencies are
reasonable because SMPS in fluorescent lights converts a
60-Hz AC into an LF one between 30 kHz and 100 kHz.
The same EMI signal was measured using the oscilloscope
in the time domain after setting the oscilloscope to have a
50-Q input impedance as in the spectrum analyzer. As
shown in Figure 3B, the conducted EMI signal is continu-
ous and periodic. The periodic property is caused by the
fact that the conducted EMI signal has the highest peak at
about 60 kHz as shown in Figure 3A. As shown in
Figure 3B, the conducted EMI signal has a high amplitude
of about 1 V even with a low load impedance of 50 Q.

According to the EN 55015 standard in [16], all light-
ing equipment should meet the conducted emission limi-
tation, which is 110 dBuV in the quasi-peak level below
90 kHz. Figure 3A shows the conducted emission limita-
tion of the EN 55015 standard. For the fluorescent light,
the conducted EMI signal satisfies the emission limita-
tion while having the conducted EMI signal about 1 V as
shown in Figure 3B. This means that the fluorescent light
can be a powerful harvesting source within the range of
the conducted emission limitation.

3 | DESIGN OF ENERGY
HARVESTER FOR CONDUCTED EMI
SIGNAL

Figure 4A shows the structure of the energy harvester
proposed in this paper. As shown in Figure 4A, the signal
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FIGURE 3 Conducted EMI signal measured in (A) frequency
domain and (B) time domain

of the conducted EMI source is connected to the
matching network. The conducted EMI signal is received
at the energy harvester through the matching network.
The rectifier circuit then rectifies the conducted EMI sig-
nal. Finally, the down converter converts the rectified sig-
nal into a regulated voltage and current to supply power
to the resistor load.

3.1 | Model of harvesting source

The energy harvester can be designed only after a
harvesting source is modeled. Figure 4B shows the
source model that is composed of the source voltage Vg
and the complex source impedance R¢; + jXcj, respec-
tively. The source resistance Rc; includes a resistance
added by the conductive adhesive electrode shown in
Figure 4A. The source impedance cannot be measured
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directly while the voltage source exists at the same time.
Instead, the source impedance can be determined using
an optimization process. As shown in Figure 4B, the
unknown source impedance is connected to the rectifier
circuit, which is described in the next section. The recti-
fier circuit is terminated with an arbitrary load resis-
tance. In our study, the load resistance is set to 50 Q.
Prior to the optimization process, the power is measured
at the rectifier load after connecting the rectifier circuit
to the fluorescent light through the adhesive conductive
electrode. The optimization process is then applied to
the circuit in Figure 4B. The source impedance is opti-
mized to make the power at the rectifier load close to
the measure power. The source impedance R¢r + jXci is
determined to minimize difference between the two
powers.

As shown in Figure 4A, the harvested power Pyayv is
defined as the power at the rectifier output. The maxi-
mum Ppav, Puavmax, is obtained using the determined
source impedance and the maximum power transfer the-
ory as follows.

Vel
4Rep

1)

Pyavmax =

As shown in Figure 3A, the conducted EMI signal
is composed of multiple sinusoidal signals that have a
different amplitude, respectively, depending on its
frequency. From the superposition theory in [17], the
source voltage resulting from summation of n sinusoidal
signals can be approximated with an envelope that is
expressed

From (1) and (2), the maximum harvested power can
be calculated for the conducted EMI signal from a fluo-
rescent light. Our study considers only one sinusoidal sig-
nal at 60 kHz. This is because the harvesting from a
single tone signal makes it easy to design the rectifier cir-
cuit and the down converter in Figure 4A. Also, the con-
ducted EMI signal in Figure 3A has the highest voltage at
60 kHz, so such single-tone harvesting results in a
enough power to drive IoT sensors. After the optimiza-
tion process, the source impedance is determined to be
1230-j 4910 while the source voltage is 20.72 V. From
these values and above equations, the maximum
harvesting power Pyav max is calculated to be 87.25 mW.
Each circuit in Figure 4A is designed using the source
model in Figure 4B.

Figure 4B shows the source model of the conducted
EMI signal. The source model is composed of the resis-
tance Rc; and the reactance Xcj. Rc includes the resis-
tance added by the conductive adhesive electrode. The
source model was developed from the measurement
results shown in Figure 3. Rcy and X¢; were determined
using the optimization process provided by ADS from
Agilent Technologies. In the circuit simulation, the
source model was connected to the rectifier circuit with-
out the matching network. Rcy and Xy were optimized to
minimize the difference between the simulated and mea-
sured powers. The simulated power was obtained at the
rectifier output with a 50-Q load while the measured
power corresponded to the power at 60 kHz in Figure 3A.
The source was modeled with a single frequency of
60 kHz because the conducted EMI signal has the highest
voltage at 60 kHz as shown in Figure 3A. Using the
source model in Figure 4B, each circuit in Figure 4A was
designed.

3.2 | Rectifier circuit

The rectifier is a key device for energy harvesting from
the conducted EMI signal. A full-wave rectifier has a
higher efficiency than a half-wave one. In this paper, two
types of full-wave rectifiers were employed and com-
pared: a bridge rectifier and a voltage doubler. As shown
in Figure 5A, the bridge rectifier is composed of four
diodes. It is widely used for rectifying an LF-band signal
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FIGURE 5 Rectifier circuits: (A) bridge rectifier and
(B) voltage doubler

due to its capability to handle high power [18]. Figure 5B
shows the voltage doubler that consists of a pair of series-
stacked half-wave rectifiers. In comparison with the
bridge rectifier, the voltage doubler is advantageous in
that it uses just two diodes while rectifying a full wave.
Less number of diodes results in less power consumption
and consequently, higher efficiency [19, 20].

For the rectifier, a diode type should be determined
considering its threshold voltage because the threshold
voltage affects efficiency especially when the rectifier
handles a low power. In our study, the rectifier uses
Schottky diodes that have a low forward voltage drop
while supporting fast switching. A Schottky diode model
should be selected considering the input voltage of the
rectifier circuit. When the conducted EMI source has the
same output power, a high input impedance of the recti-
fier results in a high incident voltage to the rectifier;
hence, a Schottky diode model having a high breakdown
voltage should be used for the rectifier circuit. The
HSMS-280x series from Avago Technologies has a high
breakdown voltage of over 70 V [21]; hence, the HSMS-
2808 was selected for the bridge rectifier and the HSMS-
2802 for the voltage doubler, respectively.

Figure 6 shows the output voltage and power of the
rectifier that were measured and simulated, respectively,
using the source model in Figure 4B. In the simulation,
each rectifier shown in Figure 5 terminated its output
with a resistor load having increasing resistance. As
shown in Figure 6A, the measured output voltage of the
bridge rectifier exceeds over 60 V. If the load resistance
increases, the measured output voltage of the voltage
doubler reaches up to 70 V. The output voltage is mea-
sured with a load resistance of up to 150 kQ to avoid
breakdown and failure of the Schottky diode. The source
model for the simulation has the minimum error over
the load impedance range for maximum output power.
Consequently, the output voltage error increases over a
high impedance load of 100 kQ2. As the output power
decreases, the inaccuracy of the source model is negligi-
ble. As shown in Figure 6B, the maximum powers are
almost the same for the bridge rectifier and the voltage
doubler, respectively. The maximum harvesting power
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FIGURE 6 Measured and simulation results of rectifier circuit
on (A) voltage and (B) power

reaches to 36.22 mW with the bridge rectifier and
37.97 mW with the voltage doubler, respectively. The
load resistance at the maximum power is different for
the bridge rectifier and voltage doubler, respectively,
because each rectifier provides a different source imped-
ance to the resistor load. The harvesting powers are
enough high to operate IoT devices but can be increased
further placing a matching network before the rectifier
circuit.

3.3 | Matching network

The matching network shown in Figure 4C reduces sig-
nal reflection between the conducted EMI source and the
rectifier circuit. During the matching network design, the
inductor Ls over 10 mH is impractical because a high
inductance reduces the self-resonance frequency of the
inductor below the LF band, at which the matching net-
work is operated. The matching network was designed to
have Lg less than 10 mH. In our study, the Coilcraft
LPS6235 series was selected for the inductor model due
to its low DC resistance and low profile [22]. As before,
the matching network was designed using the optimiza-
tion process provided by ADS.
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For the rectifier circuit, its output power was simu-
lated after inserting the matching network between the
conducted EMI source and the rectifier. As before, the
rectifier terminated the output with a resistor load having
increasing resistance. Figure 7 shows the simulation
results of the output power of the rectifier. In comparison
with Figure 6B, the maximum output power in Figure 7
dramatically increases over 60 mW for the bridge rectifier
and 80 mW for the voltage doubler, respectively. This is
because the matching network reduces the signal reflec-
tion between the conducted EMI source and the rectifier
circuit. For the bridge rectifier, its output power is
smaller than that of the voltage doubler. This is because
Ls in the matching network needs to be higher than
10 mH to reduce the signal reflection completely, but
such Lg is impractical due to the low self-resonance fre-
quency as described previously.

Another reason for the lower maximum output power
with the bridge rectifier is its structure. As shown in
Figure 5A, the bridge rectifier consists of the four
Schottky diodes. The input voltage to be rectified is
reduced during the forward conduction by the amount
equal to the sum of the threshold voltages of the two
diodes. The forward voltage drop, however, is reduced by
half at the voltage doubler because only one diode
reduces the input voltage during the forward conduction.
These results are consistent with the fact that the bridge
rectifier is not suitable for low power applications [17].

3.4 | Voltage down converter

As shown in Figure 4A, the voltage down converter is
used for the final stage of the energy harvester. This
down converter provides a regulated output voltage of
3.3V or 5.0V. Considering the range of the harvested
power from the conducted EMI source, LTC 3632 from
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FIGURE 7 Simulation results of rectifier output with
matching network

Linear Technology was selected as the down converter
model [23].

Figure 8 shows the fabricated energy harvester that
consists of the matching network, the voltage doubler,
and the voltage down converter, respectively. Each har-
vester is the same except for the type of the rectifier cir-
cuit. The fabricated energy harvester has a compact size
of 57 x 25 mm?, so it is easy to attach to a lampshade of
fluorescent light.

4 | MEASUREMENT RESULTS

As shown in Figure 4A, the power at the output of the
rectifier is defined as the harvested power, Pyay, While
the power at the output of the voltage down converter as
the regulated power, Prgg. The fabricated energy har-
vester shown in Figure 8 was attached to the lampshade
of the fluorescent light, and then Pyay and Prgpg were
measured, respectively. As shown in Figure 8, the har-
vester has the port to measure the rectifier output. Pyay
was measured at this port. Figure 9 shows the measured
Pyavs and Pgrggs for the energy harvesters that use the
bridge rectifier and the voltage doubler, respectively. As
before, Pyavs and Prpgs were measured as increasing the
load resistance. As shown in Figure 9, the output power
of the rectifiers with the down converter, Pyavssyv and
Pyavsov could be measured at a fewer number of the
load resistances than that without the down converter,
because the rectifier output voltage is too low when the
load resistance is smaller than a specific resistance. Due
to such a low voltage, the voltage down converter does
not work, so Pyavssv and Pyavsey cannot be measured.

57 mm

Conducted
interference

Voltage down
converter

Conducted
interference

(B)

FIGURE 8 Fabricated energy harvester using (A) the bridge
rectifier and (B) the voltage doubler
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In addition to the measured output power without the
down converter, Figure 9 shows the simulated ones in
Figure 7 for comparison.

As shown in Figure 9, the measured output powers
without down converter are almost the same as the simu-
lated ones. As shown in Figure 9A, the maximum output
power with the down converter for the bridge rectifier,
Pyavsav and Pyavsov is higher than that without the
down converter. Such a power increase is attributed to
the inductance component provided by the voltage down
converter. As described in the previous section, the
bridge rectifier requires the matching network to have
the higher inductance, Lg, over 10 mH in order to reduce
the signal reflection further between the conducted EMI
source and the rectifier circuit. As shown in Figure 4A,
the rectifier circuit is serially connected to the inductor of
the matching network. The voltage down converter uses
an inductor having a high inductance, and this inductor
increase the inductance when the matching network
looks into the rectifier circuit. As a result, the voltage
down converter provides an additional inductance to the
matching network resulting the reduction of the signal
reflection; hence, as shown in Figure 9A, the maximum
Pyavssv and Pyaysey are larger than the maximum
power without the down converter.

ETRI Journal-W] LEYJ—7

As shown in Figure 9B, the maximum output powers
of the voltage with the down converter, Pyayssy and
Pyavsov are slightly higher than that without the down
converter. The maximum powers of the two types of rec-
tifiers are almost the same. Figure 10 shows the compari-
son of the output power of the bridge rectifier and the
voltage doubler. In all cases, the maximum output pow-
ers for both the bridge rectifier and the voltage doubler
are theoretically the same under the condition of a large
input voltage where the voltage drop by the threshold
voltage is negligible. The maximum difference between
each output power compared to the average output of the
two rectifiers shows less than 1.2%.

As shown in Figure 7, however, a large difference of
22.8 mW in the output power between the two types of
rectifiers with the matching network. This difference is
caused by the difference in the input impedance of the
two rectifiers and the limited inductance available in the
low-frequency band. The input impedance of an n-stage
voltage multiplier is reduced by 1/n times that of a half-
wave rectifier [23]. The voltage doubler has the half
capacitive reactance of the bridge rectifier. The bridge
rectifier requires a higher inductance to reduce the reflec-
tion from the conducted EMI source. Due to the limited
inductance of a practical element, the bridge rectifier has
less output power. The inductor used in the voltage down
converter serves as part of the matching network, hence
two rectifiers have the same maximum output power. As
a result, if the elements required for the matching net-
work are available, it is assumed that the maximum out-
put power that can be obtainable by the two types of
rectifiers should be similar. Considering the limitations
of available matching elements, the easy design of the
matching network by controlling the number of stages,
and the independence from the selection of the voltage
step down converter, a voltage multiplier has an advan-
tage as the conducted EMI harvester.
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TABLE 1 Summary of measurement results

Parameters Unit
Output voltage of energy harvester \%
Load resistance, Ry oaq" Ohm
Max. regulated power, Preg” mwW
Max. regulated voltage, Vgeg® A%
Max. regulated current, Iggg” mA
Conversion efficiency of down converter %

See Figure 4A for meaning of symbols.

Bridge rectifier Voltage doubler
3.3 5.0 3.3 5.0
150 471 150 328
70.3 75.8 68.9 75.5
3.27 5.00 3.23 4.99
21.5 15.2 21.4 151
85.6 89.1 81.9 87.4

TABLE 2 Comparison with other studies on fixed-type energy harvesting from fluorescent light
[13] [11] [25] [26] [12] Our
Source type MF MF MF MF EF CE
Source current for MF or power for EF 85A 30 W 10 A 90 W 64 W 64 W
Harvesting (regulated) power (mW) 50 0.6 63.72 7.5 0.8 68.9-75.8

Abbreviations: CE, conducted EMI; EF, electric field of spurious EM waves; MF, magnetic field around current wire.

The proposed conducted EMI energy harvesting has
been successfully implemented enough to power various
IoT devices. As shown in Figure 1, the adhesive conduc-
tive electrode is used to capture the conducted EMI signal
and install the harvesting board on the conductive part of
the fluorescent light. The regulated output voltage
directly drives the IoT devices.

Table 1 summarizes the measurement results of the
energy harvester in our study. In addition to the maxi-
mum Pggg, it presents the voltage, Vrgg, and the current,
Ixgg, respectively, both of which are defined in
Figure 4A. All the measurement results correspond to
when the voltage down converter regulates it output volt-
age to 3.3V. Table 1 also presents the measurement
results when the regulated voltage is 5.0 V. As the regu-
lated voltage increases to 5.0 V, the conversion efficiency
of the down converter increases, which is inherent prop-
erty of the voltage down converter according to [24].

Table 2 presents the comparison of the measurement
results with previous studies. As the current or power of
the harvesting source decreases, the harvesting power
also decreases. The energy harvester in our study, how-
ever, results in the highest power even though the source
power is in the medium range. In our study, the energy
harvester provides the regulated power over 68.9 mW
and current over 15.1 mA, respectively. Such the regu-
lated power and current are enough to operate IoT
devices including temperature and humidity sensors, but
also Zigbee and MiMax nodes for data communication
[2]. As a result, the proposed harvesting technology is
practical in that the harvesting performance is enough to

operate IoT devices without combination with other
types of harvesting sources such as solar, thermal, and
vibration ones.

5 | CONCLUSION

This paper proposes an energy harvesting that harvests
from a conducted EMI signal on the surface of a fluores-
cent light. The source of the conducted EMI signal was
modeled from the measurement results, and the source
model was used to design the energy harvester including
the matching network, the rectifier circuit, and the volt-
age down converter, respectively. The energy harvester
uses two types of the rectifier circuits: the bridge rectifier
and the voltage doubler, respectively. The energy har-
vester produces the regulated power over 68.9 mW and
current over 15.1 mA. In comparison with previous stud-
ies, the regulated power is highest while the harvesting
source has the medium-range power. The proposed
harvesting technology is advantageous in that the energy
harvesting can be achieved simply by attaching the
energy harvester on the surface of a fluorescent light
while the regulated power and current produced by the
energy harvester are high enough to operate various IoT
devices supporting data communication.
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