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ABSTRACT
In this paper, we considered the possibility of using electric-
ity harvested from the microwave field leaked from commer-
cial microwave ovens. Our experimental results showed that
the leakage received by a dipole antenna was about 0 dBm
(1 mW) at a point 5 cm in front of the door. A rectenna
consisting of a dipole antenna and charge pump can convert
the leaked microwave energy into a DC current. When a mi-
crowave oven is operated for 2 min, 9.98 mJ of energy was
harvested. We demonstrated that this energy is sufficient for
powering a digital cooking timer to count down for 3 min and
beep for 2.5 s. The operation of other kitchen devices was
also demonstrated.
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INTRODUCTION
Power supply is always an issue for the perpetual operation
of electronics devices. Low-power electrical devices used
at home, such as wristwatches, toys, and kitchen tools, are
powered by button cell batteries, which act as a disposable
power source. However, button cells are used because they
are convenient for the manufacturer rather than benefit the
end users. The capacity of button cells is limited to sev-
eral hundred milliamp-hours depending on the electrochem-
ical system used. Although button cells are intended for use
in low-power consuming devices with long service lives, the
users still need to replace them regularly. Hundreds of stan-
dard cells exist. Users often find it difficult to choose the
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Figure 1. Concept of energy harvesting from microwave oven leakage.

right one at the retail store. Moreover, even though mercuric
oxide button cells are no longer used, some batteries still con-
tain small amount of mercury for anti-corrosion. Therefore,
battery recycling associations suggest for users to recycle the
used button cells, which also increases the end-user’s time
and effort spent.

Thanks to the reduced power consumption of electronics de-
vices, quite a few battery operated devices such as kitchen
tools only consumes a few dozen microwatts. This reduced
power requirements are accelerating power harvesting from
various ambient energy. For instance, power consumption
of a cooking thermometer (Tanita TT-533-GR), humidity and
temperature meter (Dretec O-226 WT) are 23.9 and 70 µW,
respectively. Off-the-shelf wireless sensing platform such as
Texas Instruments eZ430–RF2500 sensor can sense tempera-
ture data and send it to a remote sink node using only 200 µJ
and current consumption in sleep mode is about 1 µA [13].
As energy efficiency continues to improve, the energy re-
quirements to power electronic devices will continue to drop;
this in turn means it is feasible to power more devices by a
small amount of energy of about a few dozen microwatts.

In this paper, we present the feasibility of harvesting and stor-
ing a small amount of leaked energy from a microwave oven
and operate low-power devices without battery in a domestic
environment. As shown in Figure 1, a combination of an-
tenna and rectifier can be used to collect a few hundreds of
microwatts of energy from the leakage electromagnetic field
of a microwave oven and store the energy in a capacitor. By
accumulating this energy over time, we can use it to provide
power to low-power devices.

There are several advantages to harvest leakage from mi-
crowave ovens: (1) most households own a microwave oven;
(2) leakage power from a microwave oven is much stronger
than any other sources at home; (3) the leakage power is
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wasted, and harvesting the leaked power does not affect heat-
ing operation of the oven; (4) a power harvesting device,
called a rectenna, can be manufactured at extremely low cost;
and (5) microwave ovens are usually located in kitchens with
many battery-operated tools, such as a weight scale, a timer,
and thermometers.

We note that harvesting small amounts of energy from am-
bient radio waves is not a new idea. Recently, WARP [9,
11] and other ambient energy harvesting wireless sensor net-
works [8, 14] have proposed power harvesting from broad-
casting TV towers. The leakage from a microwave oven is
also well known, especially from the perspective of electro-
magnetic compatibility [7]. To the best of our knowledge,
however, there have been no reports presenting system-level
quantitative characterization results on how much energy can
be harvested from microwave oven leakage.

Our contributions are summarized as follows. We extensively
measured the leakage level from microwave ovens in terms of
the variation for models and manufacturers, frequency, oper-
ation time, and contents. In addition, we fabricated an energy
harvesting circuit rectenna specially tuned to the power level
and frequency of the microwave oven. We demonstrated that
the power harvested by the rectenna can actually be stored in
a capacitor and reused to power a wide variety of low-power
devices such as thermometers, digital weight scales, and gas
sensors. Through the measurement, we also found the vari-
ation of leaked energy depends on the contents and status of
the contents in the microwave oven chamber. This result sug-
gests the possibility of inferring the cooking state out of the
microwave oven.

RELATED WORKS
Energy harvesting is being actively researched in the hope of
realizing energetically autonomous wireless sensor networks.
Most wireless sensor network platforms come with an MCU,
flash memory, RF transceivers, and an A/D converter for sen-
sors. These components typically consume several dozen
milliwatts for operation. The nodes form an ad-hoc network
and deliver the data. Most existing “energy harvesting en-
abled” wireless sensor network platforms use this architecture
[8, 9] and consume a few tens of milliwatts. When sufficient
energy cannot be scavenged from the ambient environment, a
node needs to remain dormant for a while.

The use of radio waves as a means to transfer electricity
was attempted by Nicola Tesla in the early twentieth cen-
tury. This far-field wireless power transmission technique is,
in principle, similar to ambient RF energy harvesting. Pas-
sive RFID[6, 10] and space-based solar power (SBSP)[2] are
also categorized as far-field wireless power transmission tech-
niques. In passive RFID systems, a transponder (RFID card)
is only activated when it is within the interrogation zone of
a reader. The power required to activate the transponder is
supplied to the transponder through the coupling unit. Long
range RFID systems operate at UHF frequencies of 915 MHz,
2.5 and 5.8 GHz. Since transponder chips consumes no more
than 5 µW and the transponder is designed to be powered by
the interrogator, there are fewer challenges in terms of power

Maximum Value Frequency Make, Model
A 295.5 µW/cm2 2465 MHz Whirlpool, TMH16XSD–2
B 6194.7 µW/cm2 2472 MHz Haier, MWM11100TW
C 246.8 µW/cm2 2445 MHz Sharp, R55TS
D 400.7 µW/cm2 2445 MHz Panasonic, NN–S446BA
E 363.6 µW/cm2 2457.5 MHz Kenmore 721.8911980
F 206.1 µW/cm2 2465.5 MHz National, NE–EZ2

Table 1. Maximum leakage level of microwave ovens.

level and range compared to harvesting from microwave leak-
age.

A highly efficient rectifier and antenna (rectenna) were inten-
sively developed for SPSS and so on [4, 5]. SPSS is a con-
cept of generating electricity in space using photovoltaics and
delivering the power to the ground by microwaves. However,
the RF power density and rectenna operating point remain vir-
tually constant with time; they require minimal power man-
agement circuitry to extract peak power.

WISP is a promising platform that employs battery-free sens-
ing [12]. WISP is compliant with the EPC Class 1 Generation
1 protocol – i.e., WISP sensor tags harvest energy from a stan-
dard RFID reader and reflect the reader’s signal to transmit
the sensed data. This approach inherently requires an RFID
reader, which often requires a constant power supply. The
experimental results showed that an antenna (5 dBi) designed
for TV applications and four-stage power harvesting circuit
can be used to scavenge 60 µW of power [11].

PL-Tags are battery-less tags that can be excited wirelessly
by using an existing phenomenon from power lines. It ex-
ploits electrical transient pulses that result from the switching
of electrical loads over a power line [10]. This approach is
unique in that it requires very little additional infrastructure.
However, electromagnetic noise such as transient pulses does
not travel very far through air. Thus, the effective distance
between a tag and power line is limited to several meters.

MICROWAVE OVEN AND ITS LEAKAGE
In this section, we review mechanism, regulation, and actual
leakage power of microwave oven that are important for de-
signing a power harvester. A microwave oven is a kitchen
appliance that heats foods using electromagnetic radiation in
the microwave spectrum. Dielectric substances such as water
contained in food are rotated by a high-frequency alternating
electric field, and friction heat is generated as a result of the
rotation. Most microwave ovens operate at 2.4 GHz, which
is one of the industrial, scientific, and medical (ISM) radio
bands.

The Center for Devices and Radiological Health (CDRH) of
the United States Food and Drug Administration (FDA) de-
fines performance standards for microwave ovens with regard
to the leakage level and safety features. According to Title
21, CFR, Part 1030[1], the power density in the proximity
of the external oven surface shall not exceed 1 mW/cm2 at
any point 5 cm or more from the external surface of the oven
measured prior to acquisition by a purchaser and, thereafter, 5
mW/cm2 at any such point. We measured several home mi-
crowave ovens. Narda SRM–3000 was used to measure the
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Figure 2. Maximum power density of indoor environment (75 MHz–3
GHz).

Figure 3. Spectrogram of power leakage from microwave oven.

maximum power density radiated when 275 mL of tap water
was heated in the microwave oven for 30 s as specified by
[1]1. The measurement results in Table 1 show the leakage
levels are below the regulation limit.

Figure 2 shows the measured maximum power density in an
indoor environment. The measurement was taken at a univer-
sity laboratory. We could observe the power density of some
outstanding communication and broadcasting systems. How-
ever, all of the power densities were below 100 µW/cm2,
which is 100–1,000 times smaller than the leaked power from
the microwave ovens. The maximum leakage power was al-
ways measured at the front door panel for all of the target
microwave ovens.

In terms of power harvesting, average power density is also
important measure to estimate the feasibility. However it
turned out that measurement of absolute value was difficult
because the frequency and value of the strongest power fre-
quently changes. Figure 3 shows the measured spectrogram
when the microwave oven NE–EZ2 was in operation2. As
shown in Figure 3, the peak frequency changed slightly over
1 A number of inexpensive “home” microwave meters may not be
accurate enough for survey work; these inexpensive meters usually
cannot be calibrated to meet the standards.
2 A dipole antenna fabricated on a printed circuit board was con-
nected to a spectrum analyzer Tektronics RSA–3408B by a coaxial
cable. The monopole antenna was positioned 5 cm away from the
door of the oven.

time. This is very different phenomenon compared to what
you see in communication and broadcasting signal. More-
over, as seen in the spectrogram in Figure 3, the maximum
value is not continuous in time domain too. The spectrum an-
alyzer indicates the channel power is -0.48 dBm (0.9 mW).
We would note that this value is instantaneous value this
screenshot was captured rather than a constant value.

DESIGN AND IMPLEMENTATION OF RECTENNA
In the introduction, we noted that a rectenna can be manu-
factured at extremely low cost. This is because the simplest
rectenna consists of low cost components such as an antenna,
a diode, and a capacitor. The size of the harvester is small
enough that it could be integrated inside most devices. Even
though the manufacturing cost is low, the design and imple-
mentation of a circuit for harvesting power from microwave
power still require higher engineering skills. One reason is
that the power level of a microwave oven is much lower than
that of wireless power transmission. The incoming power
transduced across the antenna is in RF form and induces a
very low voltage across the antenna terminals. Harnessing
this power requires it to be rectified and stepped up to an out-
put voltage of 1.8 V or higher, at which most electronic de-
vices such as embedded processors and sensors can operate.

Rectifier Design
The Dickson charge pump is a voltage multiplier widely used
for ambient energy harvesting applications. It converts AC
electrical power from a lower voltage to a higher DC voltage
using a network of capacitors and diodes. There are a num-
ber of considerations needed to design the best charge pump.
Using an ideal four-stage Dickson charge pump (5 × multi-
plier), an input voltage of 1.0 V will generate an output of 5.0
V. However, a number of factors reduce the output voltage
(e.g., threshold voltage, forward voltage drop of diode, para-
sitic capacitance to ground). The input power level and load
affect the conversion efficiency.

An alternative approach to multiplying power while main-
taining high conversion efficiency is the use of a DC–DC in-
tegrated charge pump. Recently, Parks et al. demonstrated
a combination of a simpler rectifier and low-power DC–DC
converter (Seiko S-882Z IC)[9]. We believe this approach
will provide practical power management for duty cycle con-
trolled devices such as sensor networks.

The objective of our study was to characterize the power leak-
age from a microwave oven and show the feasibility of us-
ing it as a substitute for button cell batteries. Therefore, we
fabricated a Dickson charge pump as a first step toward this
goal. The RF charge pump circuit was designed and opti-
mized using the LT-SPICE simulator and optimized for oper-
ation in the 2.46 GHz frequency band. The circuit schematic
is shown in Figure 4. The topology comprised a five-stage
charge pump configuration as this offered the best tradeoff
between the voltage gain and loss for non-IC based designs
using discrete components onboard that contain higher par-
asitic losses. Another design using an eight-stage RF charge
pump topology suffers 2.5 times as much loss as the five-stage
pump[3].
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Figure 4. Schematics of a charge pump.

Figure 5. 2.4 GHz rectifier fabricated on
FRP4 board (Type A).

Figure 6. Measurement
setup.

We designed two slightly different rectifiers with different op-
timal load sizes. Type A was designed so that the conver-
sion efficiency would reach its maximum at a load resistance
value of about 750 Ω (Figure 5). Type B was optimized for a
load resistance value of about 10 kΩ. The topologies of both
charge pumps were based on Dickson charge pump. The dif-
ference was the choice of diode.

Antenna
Choice of correct antennas type will also increase the amount
of power harvested. The antenna converts the incident electric
field in the air to an electrical RF sinusoidal signal. Antennas
come in many different shapes and sizes. Given two anten-
nas, the ratio of power available at the input of the receiving
antenna Pr to output power to the transmitting antenna Pt is
given by the Friis equation,

Pr = Pt +Gt +Gr + 20 log10

(
λ

4πR

)2

(1)

whereGt andGr are the antenna gains of the transmitting and
receiving antennas, respectively; λ is the wavelength; and R
is the distance. Therefore, the gain of an antenna is a measure
of its overall effectiveness in transducing an incident electric
field across it into a usable electrical RF signal from a partic-
ular direction. Typical gains are listed for currently available
linear antennas in Table 2.

In general, there is a tradeoff between the gain and angu-
lar beam width, which means that a higher gain antenna has
narrower angular beams. The choice of antenna depends on
the relative position between the power source and power re-
ceiver. When harvesting power from a TV tower, high-gain
antennas such as log periodic antennas are more useful, as
seen in [9]. However, the electromagnetic field leaked from
microwave ovens shows a significant spatial and temporal
change in front of the door. Thus, antennas with wider beam
widths, such as monopole and dipole antennas, are preferable.

Antenna Type Gain (dBi) Bandwidth
Dipole 1.76 High

Monopole 3 High
Microstrip Patch 6–9 Low

Log Periodic 4–9 Medium
Arrays 6–15 Low
Horn 20 Low

Dish Antennas 61 Medium
Table 2. Gain and bandwidth of different antenna types.
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Figure 7. Conversion efficiency vs. input power level.

MEASUREMENT EXPERIMENT

Objective
The ultimate question for the feasibility of power harvesting
from microwave oven leakage is how much power is har-
vested per day and how far the receiver can be from the oven.
The power leakage from a microwave oven is not intention-
ally designed specifically for power harvesting. Thus, thor-
ough characterization is necessary to exploit the power as an
energy source. We took measurements in an experiment us-
ing the rectifier presented in the previous section as shown
in Figure 6. The results showed that the incident power the
rectifier can harvest significantly changes depending on the
distance from the oven, cooking time, and food contained in
the chamber.

Conversion Efficiency
The standalone conversion efficiency of the charge pump was
tested. Figure 7 shows the conversion efficiency of the charge
pump A and B. The charge pump was connected to a vector
signal generator (Rohde & Schwarz SMJ100A). The output
of the rectifier was connected to a resistor. The output power
was calculated from the voltage measured across the resis-
tor using a digital oscilloscope. As shown in Figure 7, the
conversion efficiency significantly changed depending on the
input power level and load connected to the output terminal.
Note that this measurement was conducted by connecting the
chargepump directly to a signal generator to show the trend
caused by the input power and conversion efficiency. Accu-
rately speaking, what these figures tell is nothing but the con-
version efficiency changes depending on the input power and
output load. The conversion efficiency itself may change de-
pending on the impedance of the antenna for harvesting. By
improving the impedance matching, the peak conversion effi-
ciency can be increased to up to 70%.
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Figure 8. Time change of output voltage and contents in the chamber.

Observation of temporal variation of harvested power
The next measurement was taken using a Type A charge
pump. A dipole antenna was connected to the input of the
charge pump, and a resistor of 470 kΩ was connected to the
output. A capacitor of 1.5 µF was also connected in paral-
lel to the load resistor. The voltage across the resistor was
measured using a digital oscilloscope. The antenna was lo-
cated 50 cm away from the center from the door of the mi-
crowave oven to avoid coupling of the metal shell of the oven
and antenna. The rest of the measurement was conducted
using National NE-EZ2. The microwave oven was operated
at a maximum power of 700 W. During the operation, one
of the following items was placed in the oven chamber: (a)
empty cup, (b) 200 ml tap water in a glass, (c) ice (200 g), (d)
frozen fried rice (180 g), (e) frozen dumpling, and (f) cooked
spaghetti (100 g). The results are shown in Figure 8. These
measurements results imply several important facts regard-
ing energy harvesting from microwave oven. First, temporal
variation of the output voltage is always present. The out-
put voltage was quite stable when the power was directly fed
by a signal generator during the measurement of standalone
conversion efficiency. Possible causes for the large temporal
variation observed during the measurement are summarized
below.

(1) As seen in all cases except Figure 8 (b), a periodic “spike”
was observed every 5.79 or 11.58 s. This cycle coincided
with the rotation of the turntable in the chamber. Most entry-
class microwave ovens have a rotating turntable to disperse
the microwave energy across the content in the chamber. The
cycle of the turntable in the National NE-EZ2 was about 12
s. The electromagnetic field generated by a magnetron trav-
eling into the chamber is reflected when it hits a wall inside
the chamber and attenuated when it hits dielectric substances
such as water molecule. Each electromagnetic field directed
to slightly different directions experiences a different attenua-
tion, delay, and phase shift while traveling inside the chamber.
Thus, the changing locations of objects on the turntable can
result in significant constructive or destructive interference in
the chamber.

(2) The output voltage varies depending on the condition of
the contents in the chamber. As shown in Figure 8 (b), the
voltage slightly decreased when the water in the glass started
to boil 90 s after operation. When water began to boil, the
surface of the water became ruffled. This motion of the wa-
ter surface disturbed the electromagnetic field. Figure 8 (c)
shows another interesting phenomenon peculiar to microwave
heating. The output voltage was higher when the glass con-
tained ice and decreased as the ice melted. The temporal
variation was stable by the time all of the ice turned to wa-
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ter. The principle for how content in a microwave oven be-
haves is based on the microwave heating phenomenon. Ac-
cording to the theory of microwave heating, friction result-
ing from molecule alignment and migration of charged ions
in rapidly alternating electromagnetic field generates heat
within foods. Therefore, the efficiency of power absorption is
related to the dielectric property of the substance. The power
observed by the dielectric material is theoretically calculated
by P = 0.556× 10−12 · εr · tan δ · f ·E2, where εr is the di-
electric constant, tan δ is the dissipation factor, f is the heat-
ing frequency, and E is the electrical field intensity. Here,
εr and tan δ differ for each material as well as the status of
the material. For example εr and tan δ of water at 20 ◦C are
about 80 and 0.2 respectively, while those of ice are 3 and
0.001, respectively. Therefore, when only ice was present
in the chamber, the energy was not absorbed by the ice and
leaked out of the front door. When the surface of the ice was
covered with a small amount of water, the water started to
absorb the microwave energy, which accelerated the melting
of the ice. Figure 8 (c) demonstrates a good example of the
phenomenon. In case of frozen (d, e) and cooked (f) foods,
the change in output voltage due to the status of change was
not obvious. We believe that this is because the ice contained
in the food rapidly became water vapor, which did not affect
the overall absorption of microwave power in the chamber.

Available Power over Time vs. Distance from Oven
Figure 9 shows the average power consumption over 120 s in
front of the center of the door panel. The chamber was empty.
According to the measurement results, the total energy con-
sumed by a resistor of 50 kΩ over 120 s at distances of 5, 20,
50, and 100 cm were 540, 126, 42, and 6 µW, respectively.

The harvested power decreased with increasing distance from
the oven. The drop was more significant when the distance
was within 20 cm. This is because the antenna was within the
near field region, where the microwave source and receiving
antenna electromagnetically interfere with each other. At dis-
tances of more than 30 cm, the energy decayed according to
the Friis equation.

OPERATION OF LOW-POWER DEVICES USING THE HAR-
VESTED ENERGY
Figure 10 shows the power consumption of a cooking ther-
mometer (Tanita TT-533-GR), a humidity and temperature
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Figure 10. Digital kitchen devices and their power consumption.

meter (Dretec O-226 WT), a weight scale (Pearl life, D-12),
and a digital kitchen timer (Tanita TD-379-BK). Each device
has different power requirements. The average power con-
sumptions of a cooking thermometer and humidity meter are
23.9 and 70 µW, respectively. The power consumption of the
thermometer and humidity meter are almost equal to the har-
vested power within 15 and 60 cm from the microwave oven.

Note that, instead of connecting these devices at the output
terminal of the charge pump, it is more desirable to connect
a larger capacitor having a capacity such as 1000 µF to sus-
tain the sudden increase often found during the operation of
the load device and decrease in leakage power level. A ca-
pacitor with a size of C [F] can hold an energy of 1

2CV
2 [J].

A power consumption of 100 µW lasting 2 s is equal to 200
µJ. If a capacity of 1000 µF is connected to the charge pump
and charged up to 1.7 V, the capacitor’s terminal voltage after
consumption of 200 µJ is still 1.58 V, which is higher than
the ideal battery level of button cells such as LR44.
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Figure 11. Kitchen devices operated by harvested energy.

Figure 11 shows those devices in operation. The weight
scale and digital kitchen timer are trickier. The weight scale
constantly consumes 10 mW from a 3 V power supply of
CR2032. In order to operate the scale for 9 s, an energy of
90 mJ is necessary. This energy is almost equal to the total
amount of energy that the Type A charge pump can collect in
120 s from 5 cm in front of the door.

The overall power consumption of a digital kitchen timer is
relatively small. The power consumptions when it is counting
down (or up) and in an idle state are 34.4 and 18.4 µW, re-
spectively. However, once it starts beeping, it consumes 1.39
mW. Thus, when a capacitor of 1000 µF holds 10 mJ, the
kitchen timer can count up about 4 min and 22 s (9.0 mJ) or
count down 180 s and beep for 2.5 s (9.7 mJ).

Operation of such kitchen devices is actually more chal-
lenging than operation of wireless sensor network nodes.
For instance, Texas Instruments eZ430–RF2500 sensor node
contains an MSP430F2274 micro controller, and CC2500
transceiver with SimpliciTI protocol stack and a temperature
sensor. This sensor can sense temperature data and send it to
a remote sink node using only 200 µJ and current consump-
tion in sleep mode is about 1µA. Hence, as long as a sensor
node wakes up intermittently, the sensor node can do sensing
once in half an hour for 2.5 hours using 10 mJ of energy.

Accumulation to capacitor
As explained previously, the conversion efficiency of the
charge pump changes depending on the output load resis-
tance. We also measured the total accumulated power over
120 s using a Type A rectifier and dipole antenna (Figure 12).

The maximum energy stored at the capacitor was 9.98 mJ at
5 cm away from the door. The measurement results showed
that the total amount of energy stored by the capacitor can
be decreased down to 15% of the optimal power revealed in
Figure 9.

DISCUSSION
The measurement results can be summarized as follows. All
of the leakage must be suppressed to less than 5 mW/cm2

according to regulations. In reality, the leakage level was a
maximum of 500 µW/cm2. The instantaneous power levels
received when a dipole antenna was used was about 0 dBm
(1 mW). The maximum average power the resistor could con-
sume was 88.7 mJ, while a capacitor of 1000 µF could store
9.98 mJ after 2 min of operation (Figure 13).
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Figure 12. Total energy accumulated over 120s.
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Figure 13. Summary of available energy.

Effect on antenna type on efficiency
Based on a calculation, the efficiency of converting the
energy received by antenna into a DC energy is 0.54
mW/0.9mW=60%. However, we would note these numbers
include a lot of uncertainty. The received channel power
of -0.48 dBm was instantaneous value measured at a spec-
trum analyzer whose input impedance is 50 Ω. Therefore the
amount may vary depending on the impedance of the antenna
used. Especially, the charge pump is designed to match with
a dipole antenna. Moreover the interference between antenna
and microwave oven causes impedance change in antenna in
such a close distance as 5 cm. Most critical reason is the
electrical field strength constantly changes as seen in Figure
3. In general, antenna’s sensitivity changes depending on the
frequency.

We have conducted one more experiment about the differ-
ence of the chagepump, antenna, microwave oven, and con-
tent in the oven. The measurement was conducted using a
microwave oven C (Sharp, R55TS). Type-A rectifier is con-
nected to a dipole antenna and Type-B rectifier is connected
to a high gain antenna (TRENDNET TEW-AO14D, 14 dBi).
The microwave oven are operated for two minutes with and
without a glass of water in the chamber. See Figure 14 for
the result. Though the microwave oven was different, amount
of energy stored at a capacitor after 120 s at 5 cm away from
the door was 6.85 mJ (Type-B, Empty), 6.09 mJ (Type-A,
Empty), 5.36 mJ (Type-B, Water) and 3.38 mJ (Type-A, Wa-
ter), respectively. In this case, the energy decrease caused
by presence of water is minor than National. It is also re-
markable that use of high-gain antenna can significantly in-
crease the harvested power at longer distances. However, it
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also shows high gain antenna doesn’t contribute to the in-
crease of the harvested power much compared to a dipole an-
tenna when it is located close to the microwave oven. One
of the reason is high gain antenna is more susceptible to in-
terference with the body of microwave oven. Even though
there is always much uncertainty when measuring electro-
magnetic field under practical settings, the measurement set-
tings we chosen were not too optimistic, we believe. In fact,
we could further improve the accumulated energy from leak-
age of microwave ovens especially by using more sophisti-
cated impedance matching. The amount of energy stored in
the capacitor after 2 min of operation was only 15% of the
ideal case. This is because the conversion efficiency changes
depending on the load resistance. If the energy being received
and used for a load is already known, power management cir-
cuits, such as those in [9], will improve this accumulation
drastically. When the duty cycle of the microcontroller in the
device can be explicitly controlled, the optimal duty cycle can
be determined [13]. In addition, when an array of rectennas
can also be used to double the available power[4].

The large temporal variation during the operation of mi-
crowave oven shown in Figure 8 also implies possibility of in-
ference about contents and its cooking state in the microwave
oven chamber. According to the experiment result, average
and standard deviation of an output voltage when a glass of
water are different depending on the state when an ice is
heated in the oven as seen in Figure 15. This fluctuation is
caused by the change in electromagnetic property of the food
(permittivity and loss tangent). The pattern also changes de-
pending on the shape of the content (e.g. ice v.s. water). Since

the amount of the content also affects the absolute leakage
amount, there still needs thorough investigation under fully
controlled conditions on many parameters. However this ex-
periment result imply that external sensing devices may de-
tect what’s cooked and how they are cooked. Such informa-
tion will be essential information to track daily eating behav-
ior of patients afflicted with lifestyle-related diseases. Com-
mercially available high-end microwave ovens can identify
the contents and its cooking state by exploiting various sens-
ing technologies including a weight sensor, infrared tempera-
ture sensors and a humidity sensor. Such sensing information
is used to adjust the cooking time and output power depend-
ing on the content and its cooking state but such information
is cannot be exported to other devices.

CONCLUSION AND FUTURE WORK
We demonstrated the feasibility of harvesting several hun-
dreds of microwatts of electricity from the leaked electromag-
netic field of a microwave oven. The instantaneous power
levels received when a dipole antenna was used was about
0.9 mW. The maximum average power a load resistor could
consume was 64.8 mJ, while a capacitor of 1000 µF could
store 9.98 mJ after 2 min of operation. The amount of
harvested power was similar even though a combination of
charge pump, antenna and a microwave oven was different.

The energy accumulated over 2 min was found to be sufficient
for the operation of some of low-power kitchen tools for a
few minutes and operate wireless sensor node for 2.5 hours.
The amount of energy stored in the capacitor after 2 min of
operation was only 15% of the ideal case. We could further
improve the accumulated energy from leakage of microwave
ovens by using more sophisticated impedance matching and
power management methods.
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