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Abstract—This paper demonstrates a flexible nonintrusive
power sensor tag with an interference reduction scheme for ac-
curate electricity monitoring of the household appliances using
typical SPT-2 18 AWG zip-cord power lines. Both current and
voltage sensors with the design of a 50-turn inductive coil and
two capacitive electrodes, respectively, in an area of 1.3 × 1 cm2

are fabricated on a 100-μm-thick flexible polyethylene terephtha-
late substrate as a sensor tag. The tag exhibits a sensitivity of
271.6 mV/A and 0.38 mV/V via active low-pass filter circuits
for the current and voltage detection. A compensation circuit
inputted with the signals of the voltage sensor is applied for the
interference reduction of the current sensor electrically coupled
with the power cord so that the current sensor can achieve over
a 40-dB signal-to-noise ratio for measuring the loaded current of
1 A, 60 Hz on the power line.

Index Terms—Flexible sensor and nonintrusive, household elec-
tricity monitoring, power sensor tag.

I. INTRODUCTION

A S GLOBAL warming effects resulting from CO2 emis-
sion become more severe, most of the countries in the

world are dedicated to the improvement of the energy effi-
ciency. One of the important energy-reservation strategies is
to construct advanced metering infrastructure for the promo-
tion of time-based pricing to reduce peak load, increase the
efficiency of energy use, and improve the quality of electricity
service. With the concept of “Smart Grids” [1], the electric-
ity monitoring systems possessing the demand response (DR)
capability have been reported to be a cost-effective apparatus
to well manage electricity usage in residential areas for energy
reservation [2].

For the pervasive deployment of the DR monitoring system,
robust, low cost, easy to use, and small form factor are the key
features of the power sensing system for monitoring 50/60-Hz
household electricity. A power monitoring system comprises
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current and voltage sensors. The current sensors have been
widely utilized for industrial appliance monitoring applications
and are generally designed with the detection of magnetic
field generated by the electric current flowing through power
cords. Such a current sensor is contactless, very suitable for
the pervasive power detection of household appliances owing to
nondestructive and easy-implementation characteristics. These
current sensors include the Rogowski coil, current transformer
(CT), fluxgate, Hall-effect sensor, magnetoimpedance sensor,
and so on [3]–[5]. The Rogowski coil is designed with a spiral
air-core coil winding around a source conductor for current
measurement based on Faraday’s law of induction. Without
being implemented with a ferromagnetic core, the coil sensor
can exhibit highly linear sensitivity and wide operation band-
width, and it is capable of measuring large current without
saturation [6], [7]. For low current measurement, the Rogowski
coil must be integrated with a high performance amplifier.
For example, Rigoni et al. presented a Rogowski coil with
3626 loops connected to a low noise active filter with gains of
thousands for milliamperes of current detection [8]. Similar to
the geometry of the Rogowski coil, CT is designed with the
coil structure composed of a primary coil, a secondary coil, and
an embedded bulk ferromagnetic ring core [9]. It detects the
current by encircling the source conductor with the sensor coils.
However, the saturation and hysteresis effects on the magnetiza-
tion resulting in detection error should be considered while the
source current contains a dc component or is loaded with the
ac current in a high-frequency regime. Periodical calibration is
required for the CT to keep the accuracy in measurement [3].
Since the Rogowski coil and CT can only detect the current
flowing through a single current-carrying conductor, they are
not useful in the electricity monitoring of household appliances
usually accompanied with a power cable containing two or
three power wires.

Fluxgate current sensors have two coils, which are driving
and sensing coils winding around a ferromagnetic core, re-
spectively, for measuring dc or low-frequency magnetic fields.
Although the resolution can be as low as 10 pT, the inevitable
large size and intricate reading circuit of the sensor to accom-
plish precise measurement make the sensor itself not practical
for being distributed over household appliances. Liakopoulos
and Ahn presented a microfluxgate magnetic sensor fabricated
using UV-LIGA process for achieving a sensing resolution of
10 nT in a volume less than 1 cm3 [10]. Rovati and Cattini
demonstrated a simple and sensitive readout circuit for planar
fluxgate sensors whose sensitivity can be easily set from 13.3
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to 104.9 mV/μT [11]. Nevertheless, large driving current up
to 300 mA, i.e., ∼100-mW power consumption, or 10-kHz
600-mA current injecting into the excitation coil is required
to ensure the saturation of the core for field sensing. The
SQUID magnetometer is another type of fluxgate sensor and
also one of the most sensitive vector magnetometers in the
world. However, it must be operated at very low temperature.
Thus, the necessity of either large power consumption or low
temperature operational environment will hinder these sensors
for long-term operation, particularly in residential applications.

Magnetoresistivity effect can be utilized for magnetic field
detection. The magnetic field-dependent resistance change of
conductive materials, such as anisotropic magnetoresistance,
giant magnetoresistance (GMR), or tunnel magnetoresistance
films, mainly resulted from the spin-orbital coupling effect
[12]. The precise thickness and composition of the multilayered
magnetic structures to ensure the magnetized orientation may
increase the fabrication cost. The phenomenon of magnetore-
sistivity change has also been observed in magnetic Permalloy
whose resistivity change is caused by the influence of the
Lorenz force on the motion of carriers. Although the alloy
can be electroplated and utilized as a low-cost magnetic sensor
material, nonlinear behavior and large thermal dependence
would limit the sensor accuracy.

Hall-effect sensors have been widely applied for dc and ac
magnetic field measurement. Via a constant current flowing
through a thin conductive layer applied with an external mag-
netic field, a voltage generated in the perpendicular direction
can be utilized as an indicator to evaluate the field strength.
In fact, the sensor can be miniaturized using CMOS process
to fully integrate a readout circuit for better performance and
lower manufacture cost. Recently, Frick et al. presented a
silicon Hall current sensor with a differential readout circuit
that can detect a 50-Hz current with 0.5% accuracy in the range
of 250 mA–5 A corresponding to a magnetic field of several
milliteslas [13]. Nevertheless, while the household appliance is
operated, the induced magnetic field around its PVC-insulated
power cable is about an order of magnitude smaller than a
millitesla that is almost equal to the offset voltage of the CMOS
Hall-effect device, i.e., the misalignment voltage at a zero
magnetic field. The Hall sensor therefore requires a delicate
compensation circuitry for the current detection of household
appliances. Although the Hall sensor with higher magnetic
sensitivity, lower equivalent magnetic offset, and noise can be
achieved by integrating a magnetic flux concentrator that guides
the magnetic field in parallel with the chip surface to enhance
the detected signal, the concentrator can be useful unless the
sensor is not placed near any single wire in the zip cord, i.e.,
two-wire power line.

On the other hand, contactless voltage sensors are generally
designed with the electrical coupling mechanism where sensor
electrodes are utilized to collect the charges like a capacitor
and connected to a readout circuit. These voltage sensors
include the electric-field mill, electro-optical voltage trans-
ducer, FET- or varactor-based voltage sensors, etc. [16]–[19].
Wijeweera et al. presented a micromachined electric-field mill
with a moving shutter that can detect both dc and ac fields
[16]. The sensitivity of the mill depends on the mechanical

performance of the shutter requiring a reliable vacuum package
for accurate sensing and long-term operation. Noras presented
a solid-state electric-field sensor based on variable capacitances
capable of detecting 50/60-Hz voltages [19]. The varactors
must be driven with a 1-MHz 10-V signal that requires a
complex high voltage circuitry, while they are miniaturized and
operated with the button cell battery for household electricity
monitoring applications. Although the electro-optical sensor
can provide accurate voltage sensing owing to its high immu-
nity to electromagnetic interference, it is usually accompanied
by a large, complicated, and expensive signal analyzing system
that will make itself impractical for household applications.
Meanwhile, few research works have been presented regarding
the electricity monitoring system combining voltage and cur-
rent sensors together. Kubo et al. showed a voltage/current sen-
sor designed with two air coils and two electrodes for detecting
the power transmission along a single power line applied with
a kilovolt order of power which has been widely used in indus-
trial manufactories [20]. Rowe et al. presented a nonintrusive
load monitoring system by collecting the electromagnetic field
generated from a 12 AWG wire using a FET-based electric-field
sensor and a coil-based magnetic sensor via a readout circuit
[18]. However, these sensing systems are not practical for the
proposed power monitoring purpose because either most of the
household appliances are equipped with the power input port
using a two-wire line or the requirement of the millihertz-order
inductor and 5-cm antenna power makes the sensor too large to
be pervasively used for household appliances.

Basically, the two-wire power line contains two electric
currents flowing in opposite directions, so the magnetic field
around each single wire is quite small. The maximum field
in the power line is perpendicular to the junction of the
two wires. Leland et al. presented a microelectromechanical-
systems-typed ac current sensor using a piezoelectric cantilever
with a magnet mounted and placed on the top center of the
two-wire power cable to get the largest sensitivity which is
0.1–1.1 mV/A [14], [15]. In order to realize small form factor,
reliable, accurate, and ubiquitous current and voltage detection,
we previously demonstrated a nonintrusive, low-cost, and reli-
able sensor tag closely fitted with the power cords of household
appliances for current and voltage detection [21]. Instead of
using a micromechanical structure to detect the maximum
magnetic field, a planar spiral inductive coil is fabricated on a
flexible substrate to sense the current in the two-wire power line
of household appliances based on the detection of magnetic flux
change. Meanwhile, by taking the advantage of good proximity
provided by the flexible tag, capacitive electrodes are also
devised on the same tag for voltage sensing.

Nevertheless, the current sensor still suffered from an elec-
trical interference problem that resulted from the electric-field
coupling of the load on the power cord. Because the proposed
power sensor tag can exhibit better design and process integra-
tion with the existing CMOS technology and has revealed an
alternative low-cost and pervasive current-sensing solution, the
detail design, fabrication, characterization, and practice of the
tag with an interference reduction scheme will be developed
and depicted in this paper for advancing electricity monitoring
systems for widespread use.
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Fig. 1. (a) Scheme of the flexible nonintrusive power sensor tag with good
proximity. (b) Cross-sectional view illustrating the sensing principle of the
current sensor and voltage sensor [21].

II. DESIGN AND FABRICATION OF POWER SENSOR

Fig. 1 shows the proposed power sensor tag designed for
monitoring the electricity of household zip-cord power lines
with the sensing principles addressed as follows.

The power sensor can be divided into two subcomponents:
One is for current sensing, and the other is for voltage detection.
Basically, the current sensor is an inductive coil operated by
Faraday’s law of induction. The voltage sensor comprises two
pieces of metal pads working with the capacitive coupling
mechanism. Since the magnetic and electric fields generated by
the power source have r−1 and r−2 dependence, respectively,
where r is the distance from the sensing elements to the source,
the proximity is the key to realize the high sensitivity of the
nonintrusive sensors.

A. Operational Principle of Current Sensor

According to the simulation of the magnetic field generated
around a standard SPT-2 18 AWG power cord with a 1-A
current input as shown in Fig. 2, the largest time-variant mag-
netic field will exist on the top or bottom sides of the central
area of the two-wire cord. Therefore, an inductive coil tag can
be used as the current sensor with the largest output voltage
signal generated by the electric current flowing through the
power cord, while it is closely attached to the power cord on
the designated location. According to the Biot–Savart law, the

Fig. 2. Simulated magnitude of vertical component of the magnetic flux
around a standard SPT-2 18 AWG power cord with 1-A current input.

magnetic flux density generated from a single current-carrying
power cord is derived as follows [21], [22]:

⇀

B =
μ0I cosωt

2πr
âφ (1)

where B is the magnetic flux density, I is the current inside
the cord, ω is the angular frequency of current, and r is the
distance from the source to a point in space. Thus, in accordance
with Faraday’s law of induction, the induced voltage of the
open-loop current-sensing coil, which is proportional to the
magnetic flux change resulting from the time-variant current
flowing through the power cord, can be further calculated as
follows:

Vin = −
N∑

n=1

dΦn

dt
= −

N∑
n=1

d

dt

∮
μ0 cosωt

πr
Iâφ · dÂn (2)

where Vin is the induced voltage of the coil, N is the total
number of the coil, Φn is the integral of the vertical component
of magnetic flux passing through the nth turn area, and An

is the area of the nth turn of the coil. The detail analysis
has been developed in the previous work [23]. By considering
the dimension of the power cord, the thickness of the flexible
substrate, the linewidth, spacing, turns of the sensing coil, etc.,
the sensitivity can be estimated. In this paper, the sensing coil
is 50 turns designed with 21 μm in linewidth and 21 μm in
spacing in an area of 10× 5 mm2.

B. Operational Principle of Voltage Sensor

Fig. 3 shows the distribution of the electric field in a two-
wire household power cord, where the neutral and fire lines
applied with 0 and 115 V are located on the left and right sides
of the cord, respectively. The result indicates that the electric
field normal to the half circle interface on the right-hand side of
the fire line is the best location with a sensing electrode that can
exhibit the densest electrical flux, i.e., largest induced charge
density, than that in any other location surrounding the power
cord. Therefore, once the proposed voltage sensor comprising
two electrodes pinches a power cord to sense a sinusoidal
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Fig. 3. Simulated electric field around the power cord with 0 V/115 V voltage
applied on left/right line, respectively.

Fig. 4. Illustration of the (a) capacitances between the sensing electrode and
the inner conductor of the power cord, including the cylindrical capacitance part
and fringing capacitance part at each edge, and (b) dimensions of the sensing
electrode.

electric field in the power cord, an ac current can be induced
between the electrode and the inner conductor of the fire line
while a current flow loop is established as shown in Fig. 4

iC =C
dVc

dt
(3)

VM = iCRL (4)

where C and Vc are the capacitance and the voltage difference
between the electrode and the inner conductor of the fire line,
respectively. The induced current is equal to the multiple of
the time derivative of the induced voltage and the capacitance
proportional to the electrode area. The output voltage will
depend on the total resistance of the connected circuit loop. To
determine the characteristics of the voltage sensor, the capaci-
tance between the cylindrical electrode and the inner conductor

of the fire line, as shown in Fig. 4(a), can be estimated as
follows:

CL =

[
N∑

n=1

ln(rn+1/rn)

εr,nε0θ

]−1

(5)

where CL is the partial coaxial capacitance per unit length,
rn is the radius from the fire line center to the interface of
the nth dielectric, i.e., PVC and polyethylene terephthalate
(PET), εr,n is the relative permittivity of the nth dielectric, ε0
is the vacuum permittivity, and θ is the angle that the sensing
electrode covered. It is noted that the fringing effect must
be considered in this case since the ratio of the perimeter to
the area in the sensing electrode cannot be neglected in the
micrometer regime and there is no analytical model regarding
the fringing capacitance of a finite concentric cylinder. Thus,
in this work, an alternative method is employed to estimate the
fringing capacitance by treating the capacitor as a parallel-plate
capacitor as follows [24]:

CF
∼= εr,1ε0

w

h

[
h

πw
+

h

πw

(
2πw

h

)]
(6)

where CF is the fringing capacitance part per unit length,
w is the width of the sensing electrode, and h is the gap
distance between the electrode and the inner conductor surface.
While the voltage induced on the sensing electrode, V1, that is
connected to a resistance load is much smaller than the voltage
on the inner conductor of the fire line, Vin, the ac current in (3)
can be derived as follows:

iC = C
dVc

dt
= C

d(Vin − V1)

dt
≈ C

dVin

dt
while Vin � V1.

(7)

The output voltage can be therefore estimated by introducing
the current ic to the readout circuit. In this case, the dimension
of the sensing electrode is shown in Fig. 4(b). Moreover, the
purpose of the voltage sensor is used not only for measuring the
electricity voltage of the power cord but also for eliminating
the interference noise of the current sensor that will be dis-
cussed later.

C. Device Fabrication

Previously, we developed a flexible fabrication technology to
assemble CMOS chips onto a SU-8 substrate [25]. Since the
proximity is critical to the sensor performance, flexibility for
close contact is a required design feature in the proposed sensor,
and it can be realized by the developed technology to fabricate
inductive coil and sensing electrodes on a flexible substrate
simultaneously. In this paper, a flexible PET substrate instead
of SU-8 glued to a silicon wafer is utilized for the flexible
power sensor fabrication. The PET can have less residual stress
and the same capability as SU-8 for flip-chip bonding with
CMOS chips at a temperature below 250 ◦C at wafer level [26].
In addition, the PET is transparent and mechanically strong
and has good resistance to moisture and chemicals. It is also
inexpensive and can be easily acquired.
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Fig. 5. Schematic process flow of the sensor tag fabrication (die level).

The fabrication process has been introduced previously as
shown in Fig. 5 [21]. The whole process includes the following:
1) PET substrate preparation; 2) Ti/Cu (30 nm/90 nm) adhesion
seed layer deposition; 3) inductor and capacitive electrode
fabrication; and 4) sensor tag realization. It begins with the
PET substrate, i.e., a 100-μm-thick A4 size slide, cutting to
form a circular PET film which is glued onto a 4-in silicon
handling wafer. The wafer is then sputtered with a layer of
Ti/Cu (30 nm/90 nm) as an adhesion/seed layer [see Fig. 5(a)].
The inductive coil area of the current sensor and the electrodes
area of the voltage sensor on the wafer are defined by AZ4620
photoresist using the conventional photolithography technique
and then electroplated with a 2-μm-thick Cu coil and capacitor
electrodes [see Fig. 5(b)]. After the removal of the AZ4620
photoresist by acetone and the Ti/Cu seed/adhesion layer by
buffered HF and Cu etchant, respectively, the Cu surface is
electroless plated with a thin Ni/Au layer for protecting the coil
and electrodes from oxidation and corrosion [see Fig. 5(c)].
The metal patterns are covered with a 2-μm-thick SU-8 layer
left with an opening via hole for air-bridging connection by
photolithography [see Fig. 5(d)]. Another Ti/Cu adhesion/seed
layer is sputtered and covered with a photopatterned AZ4620
photoresist as the mold for electroplating Cu bridge [see
Fig. 5(e)]. After electroplating Cu [see Fig. 5(f)], the AZ4620
photoresist and Ti/Cu layer are removed using acetone and
buffered HF and Cu etchant, respectively. [see Fig. 5(g)]. After
detaching the PET substrate from the Si handling wafer, the

Fig. 6. As-fabricated sensors on a PET substrate. The insets shows good
flexibility of the sensor tag closely stuck onto the tested standard SPT-2 18
AWG power cord.

Fig. 7. (a) Active filter circuit with 80-dB 100-Hz cutoff frequency designed
by TI FilterPro for the current sensor and (b) filter circuit designed for the
voltage sensor with 0-dB 100-Hz cutoff frequency. The inverter is connected
to the voltage sensor for providing a current path to virtual ground.

sensor tag is accomplished by cutting the whole PET into pieces
of the tags [see Fig. 5(h)]. Fig. 6 shows as-fabricated sensors on
the PET substrate, and the inset shows good substrate flexibility
in the sensor tag, which can be closely attached to the SPT-2 18
AWG power cord.

III. RESULTS AND DISCUSSION

A. Device Characterization

The current and voltage sensors are connected to a fourth-
order Butterworth low-pass filter functioning as a low-pass
active filter to characterize the induced voltage from the coil and
electrodes, respectively. The active low-pass filter circuit shown
in Fig. 7(a) is designed with an 80-dB gain (79.5 dB in mea-
surement) and a 100-Hz cutoff frequency by Texas Instruments
FilterProTM software [27] for the current sensor. Another
active filter circuit designed with a 0-dB gain (0.9 dB in mea-
surement) and a 100-Hz cutoff frequency is used for the voltage
sensor as shown in Fig. 7(b). Prior to the filter, the voltage sen-
sor is connected to an inverter to provide a current path directly
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Fig. 8. Measurement setup including a current source for the characterization
of the sensor tag and household electricity supply to verify the sensor tag.

Fig. 9. Measured output voltage of the current sensor versus different input
current at 50/60 Hz in the tested power line.

to the virtual ground that makes the measured sensing output
solely depend on the resistive load. Fig. 8 shows the experi-
mental setup. The current and voltage sensors are characterized
respectively by monitoring the power input in a SPT-2 18 AWG
power cord. The cord is loaded with a 1-A 50/60-Hz electric
current supplied by the current source (ELGAR CW801M) in
a short-loaded state and connected with the household 115-V
60-Hz power outlet in an open-loaded state, respectively, for
the current and voltage sensor characterization.

Fig. 9 shows the output signal of the current sensor ver-
sus different input current flowing through the power cord at
50/60 Hz, and the correlation is linear as predicted in (2).
Fig. 10 shows the output signal of the voltage sensor with
different resistance loads versus the different input voltage
applied on the power cord at 60 Hz. While the loads RL and
RF referred to in Fig. 7(b) are modified from 510 kΩ to 300 or
755 kΩ, the output signals can be scaled by multiplying the
ratio of the present and the former resistance based on (4).
Fig. 10 also shows that the calculated output signal by sub-
stituting the reasonable dielectric constants, which are 5.4 for
PVC and 3.4 for PET, to (3)–(7) can fit the measured results
well. With the design of a 50-turn coil combined with two

Fig. 10. Measured sensing voltage versus different input voltage at 60 Hz by
connecting the power line to a household 115-V 60-Hz electric outlet in an
open-loaded state with resistance divider.

Fig. 11. Waveforms of the current sensor by sensing the power cord loaded
with household 115-V 60-Hz supply before and after interference reduction.

sensing electrodes in an area of 1.3× 1 cm2, the sensor tag
via the reading circuit exhibits a sensitivity of 271.6 mV/A and
0.38 mV/V for detecting 60-Hz electric current and voltage,
respectively.

B. Interference Reduction for Current Measurement of Loaded
Household Appliances

For monitoring the household appliances using the sensor
tag, the interference issue will be critical and observed during
the current measurement of the power cord loaded with the
input of 115 Vrms 60 Hz. Fig. 11(a) shows the output wave-
forms of the current sensor attached to a household appliance
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Fig. 12. Full circuit diagram for the noise elimination method.

where the power cord is plugged into the receptacle but not
loaded with any current. The observed signal of the appliance
in an OFF state mainly comes from the electric interference
resulting from the time-variant electric field surrounding the fire
line. Similar to the aforementioned sensing mechanism of the
voltage sensor, the capacitive coupling effect will also cause
an ac current flowing in the current sensor coil. Therefore,
both inductive and capacitive coupled signals will be induced
simultaneously in the sensor coil with the same frequency. A
similar phenomenon has been found in the current sensor coil
encircling a single power wire for the power sensing of industry
electronics [20]. In fact, several research works have proposed
employing a physical grounded metal shield for suppressing the
electric interference [8], [28]. Instead of increasing the process
complexity by adding the shielding structure, another inter-
ference reduction method combined with the voltage sensor
is proposed to solve this problem as follows: Fig. 12 shows
the full diagram of the current sensor readout circuit. Before
the household appliance is turned on, the output signal of the
voltage sensor is connected to a phase shifter to make the
signal with 180◦ phase shift with respect to the initial output
signal of the current sensor and then connected to a summing
amplifier for the interference reduction of the current sensor by
controlling the ratio of RV /RC . Fig. 12(b) shows the output
signal of the current sensor after the interference reduction, and
the sensor can have an ∼41-dB signal-to-noise ratio while it is
used for detecting the loaded current of 1 Arms, 60 Hz on the
power line. With the interference reduction scheme, the sensor
tag can be widely used for measuring the power cord biased
with high voltage inputs. In this paper, the power sensor tag is
utilized for monitoring the electricity of a hair dryer electric fan
for the demonstration of the sensor tag for the power detection
of household appliances. Fig 13 shows the measurement results.
The detected current sensor signal of 1.76 Vpp, corresponding
to a current input of 2.29 Arms, is almost the same as the one
measured by the current meter. Less than 1% inaccuracy can
be accomplished. For further application, automatic calibration
designed with digital electronic circuits is underway.

Inductive and capacitive coupling structures are two main
sensor bodies in the power sensor. For the capacitive-type
coupling, the capacitance between the sensing electrode and the
inner conductor of the fire line is about 1 pH. The noise VTC

Fig. 13. Waveforms of the current and voltage sensor by sensing a 0.28-Arms

60-Hz electric current from the household 115-Vrms 60-Hz power supply,
respectively.

resulting from the capacitance and the series resistance of the
sensor can be calculated as follows [29]:

VTC =
√

kB · T/C (8)

where kB is the Boltzmann constant, 1.38 • 10−23 J/K, and T
is the working temperature of the sensor. It is ∼4 μV that is at
least two orders of magnitude smaller than the detected signal.
Meanwhile, for the current sensor part, the thermal noise VTI

for the inductive coil can be calculated as follows:

VTI = 2
√

kB · T ·Δf ·R (9)

where R is the coil resistance and Δf is the frequency band-
width [30]. In this case, the inductance and resistance of the
sensor coil are about a submillihertz (0.5 mH) and hundreds of
ohms (600 Ω), respectively. The noise is therefore about several
tens of nanovolts for a bandwidth of 10 kHz, which is also three
orders of magnitude smaller than the detected signal. From the
calculation, the noise level is much smaller than the signal to
be detected, so the sensor will not be susceptible to ambient
temperature variability. Nevertheless, for future applications,
the noise issue should be considered in the customized IC
design for the sensor operation since the equivalent noise of
these reactance components strongly depends on sensor inter-
face circuits.

Table I summarizes the main features of the proposed cur-
rent sensor and representative prior arts. This work compares
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TABLE I
COMPARATIVE RESULTS WITH STATE-OF-THE-ART CURRENT SENSORS FOR LOW-FREQUENCY MEASUREMENTS

favorably in small form factor and low cost and is nonintrusive
by design. Additionally, it provides voltage sensing in the same
package. Therefore, the proposed sensor tag has great promise
for electricity monitoring of household appliances.

IV. CONCLUSION

The electricity monitoring of household appliances using a
flexible power sensor tag with an interference reduction scheme
has been successfully demonstrated. The tag comprises current
and voltage sensors operated by Faraday’s induction law and
capacitive coupling principle, respectively, and fabricated on
the same flexible PET substrate using a flexible wafer-level
chip-scale fabrication process. The characteristics of lower
manufacturing cost, better reliability, and easier implemen-
tation have shown the potential of the flexible nonintrusive
power sensor tag for widespread power detection of household
appliances.

ACKNOWLEDGMENT

The authors would like to thank the Nano Facility Center in
National Chiao Tung University for the support of the fabri-
cation facility and the National Center for High-Performance
Computing for the support of the electromagnetic simulator.

REFERENCES

[1] J. Scheffran and A. Battaglini, “Climate and conflicts: The security risks
of global warming,” Reg. Environ. Change, vol. 11, no. 1, pp. 27–39,
Mar. 2011.

[2] E. A. Arens, D. Auslander, D. Culler, C. Federspiel, C. Huizenga,
J. Rabaey, P. Wright, and D. White, Demand Response Enabling Tech-
nology Development, Phase I Report, Berkeley, CA, USA. [Online].
Available: http://www.escholarship.org/uc/item/0971h43j

[3] P. Ripka, “Electric current sensor: A review,” Meas. Sci. Technol., vol. 21,
no. 11, pp. 112001-1–112001-23, Nov. 2010.

[4] S. Ziegler, R. C. Woodward, H. H. Iu, and L. J. Borle, “Electric current
sensors: A review,” IEEE Sensors J., vol. 9, no. 4, pp. 354–376, Apr. 2009.

[5] C. Xiao, “An overview of integratable current sensor technologies,” in
Conf. Rec. IEEE 38th IAS Annu. Meeting, Salt Lake City, UT, USA,
Oct. 2003, vol. 2, pp. 1251–1258.

[6] A. Radun, “An alternative low-cost current-sensing scheme for high-
current power electronics circuits,” IEEE Trans. Ind. Electron., vol. 42,
no. 1, pp. 78–84, Feb. 1995.

[7] E. Abdi-Jalebi and R. McMahon, “High-performance low-cost Rogowski
transducers and accompanying circuitry,” IEEE Trans. Instrum. Meas.,
vol. 56, no. 3, pp. 753–759, Jun. 2007.

[8] M. Rigoni, J. S. D. Garcia, A. P. Garcia, P. A. Da Silva, N. J. Batistela, and
P. Kuo-Peng, “Rogowski coil current meters,” IEEE Potentials, vol. 27,
no. 4, pp. 40–45, Jul./Aug. 2008.

[9] P. Poulichet, F. Costa, and E. Laboure, “A new high-current large-
bandwidth dc active current probe for power electronics measurements,”
IEEE Trans. Ind. Electron., vol. 52, no. 1, pp. 243–254, Feb. 2005.

[10] T. M. Liakopoulos and C. H. Ahn, “A micro-fluxgate magnetic sensor
using micromachined planar solenoid coils,” Sens. Actuators A, Phys.,
vol. 77, no. 1, pp. 66–72, Sep. 1999.

[11] L. Rovati and S. Cattini, “Zero-field readout electronics for planar fluxgate
sensors without compensation coil,” IEEE Trans. Ind. Electron., vol. 59,
no. 1, pp. 571–578, Jan. 2012.

[12] N. A. Stutzke, S. E. Russek, D. P. Pappas, and M. Tondra, “Low-
frequency noise measurements on commercial magnetoresistive magnetic
field sensors,” J. Appl. Phys., vol. 97, no. 10, pp. 10Q107-1–10Q107-3,
May 2005.

[13] V. Frick, L. Hébrard, P. Poure, F. Anstotz, and F. Braun, “CMOS microsys-
tem for ac current measurement with galvanic isolation,” IEEE Sensors J.,
vol. 3, no. 6, pp. 752–760, Dec. 2003.

[14] E. S. Leland, P. K. Wright, and R. M. White, “A MEMS ac current
sensor for residential and commercial electricity end-use monitoring,”
J. Micromech. Microeng., vol. 19, no. 9, pp. 094018-1–094018-6,
Sep. 2009.

[15] E. S. Leland, C. T. Sherman, P. Minor, R. M. White, and P. K. Wright,
“A new MEMS sensor for ac electric current,” in Proc. IEEE Sensors,
Waikoloa, HI, USA, Nov. 2010, pp. 1177–1182.

[16] G. Wijeweera, B. Bahreyni, C. Shafai, A. Rajapakse, and
D. R. Swatek, “Micromachined electric-field sensor to measure ac
and dc fields in power systems,” IEEE Trans. Power Del., vol. 24, no. 3,
pp. 988–995, Jul. 2009.

[17] C. Li and X. Cui, “An optical voltage and current sensor with electrically
switchable quarter waveplate,” Sens. Actuators A, Phys., vol. 126, no. 1,
pp. 62–67, Jan. 2006.

[18] A. Rowe, M. Berges, and R. Rajkumar, “Contactless sensing of appliance
state transitions through variations in electromagnetic fields,” in Proc.
ACM BuildSys., Zurich, Switzerland, Nov. 2010, pp. 19–24.

[19] M. A. Noras, “Solid state electric field sensor,” in Proc. ESA Annu. Meet.
Electrostat., Cleveland, OH, USA, Jun. 2011, pp. 1–6.

[20] T. Kubo, T. Furukawa, H. Fukumoto, and M. Ohchi, “Numerical estima-
tion of characteristics of voltage–current sensor of resin molded type for
22 kV power distribution systems,” in Proc. ICCAS-SICE, Fukuoka, Saga,
Japan, Aug. 2009, pp. 5050–5054.

[21] Y. C. Chen, W. H. Hsu, S. H. Cheng, and Y. T. Cheng, “A flexible,
non-intrusive power sensor tag for the electricity monitoring of two-wire
household appliances,” in Proc. IEEE Int. Conf. MEMS, Paris, France,
Jan. 2012, pp. 620–623.

[22] D. K. Cheng, Field and Wave Electromagnetics, 2nd ed. Reading, MA,
USA: Addison-Wesley, 1989.

[23] Y. C. Chen, S. C. Yu, S. H. Cheng, and Y. T. Cheng, “A flexible induc-
tive coil tag for household two-wire current sensing applications,” IEEE
Sensors J., vol. 12, no. 6, pp. 2129–2134, Jun. 2012.

[24] V. Leus and D. Elata, “Fringing field effect in electrostatic actuators,”
Technion—Israel Inst. Technol., Haifa, Israel, Tech. Rep. ETR 2004-2,
2004.

[25] T.-Y. Chao, C.-W. Liang, Y.-T. Cheng, and C.-N. Kuo, “Heterogeneous
chip integration process for flexible wireless microsystem application,”
IEEE Trans. Electron Devices, vol. 58, no. 3, pp. 906–909, Mar. 2011.



2070 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 61, NO. 4, APRIL 2014

[26] F. S. Shieu, C. F. Chen, J. G. Sheen, and Z. C. Chang, “Intermetallic phase
formation and shear strength of a Au-In microjoint,” Thin Solid Films,
vol. 346, no. 1/2, pp. 125–129, Jun. 1999.

[27] Texas Instruments, FilterProTM. [Online]. Available: http://www.ti.com/
tool/filterpro

[28] I. A. Metwally, “Self-integrating Rogowski coil for high-impulse current
measurement,” IEEE Trans. Instrum. Meas., vol. 59, no. 2, pp. 353–360,
Feb. 2010.

[29] J. Li and S. M. R. Hasan, “Design and performance analysis of a
866-MHz low-power optimized CMOS LNA for UHF RFID,” IEEE
Trans. Ind. Electron., vol. 60, no. 5, pp. 1840–1849, May 2013.

[30] G. Q. Wu, D. H. Xu, B. Xiong, and Y. L. Wang, “A micromachined
square extensional mode resonant magnetometer with directly voltage
output,” in Proc. IEEE Int. Conf. MEMS, Paris, France, Jan. 20–24, 2013,
pp. 633–636.

[31] C. A. Schulz, S. Duchesne, D. Roger, and J.-N. Vincent, “Short circuit
current measurements between transformer sheets,” IEEE Trans. Magn.,
vol. 46, no. 2, pp. 536–539, Feb. 2010.

[32] G. Y. Chen, T. Lee, R. Ismaeel, G. Brambilla, and T. P. Newson, “Reso-
nantly enhanced Faraday rotation in an microcoil current sensor,” IEEE
Photon. Technol. Lett., vol. 24, no. 10, pp. 860–862, May 2012.

[33] Y. Ouyang, J. He, J. Hu, and S. X. Wang, “A current sensor based on the
giant magnetoresistance effect: Design and potential smart grid applica-
tions,” Sensors, vol. 12, no. 11, pp. 15 520–15 541, Nov. 2012.

Yung-Chang Chen was born in Taiwan. He received
the B.S. degree in electrical engineering from Na-
tional Taiwan Ocean University, Keelung, Taiwan,
in 2006 and the M.S. degree in electronics engineer-
ing from National Chiao Tung University, Hsinchu,
Taiwan, in 2008, where he is currently working
toward the Ph.D. degree in the Microsystems Inte-
gration Laboratory, Department of Electronics Engi-
neering and the Institute of Electronics.

His current research focuses on the
microelectromechanical-systems acoustic device

for hearing aid applications and electric sensors for household two-wire
applications.

Wei-Hung Hsu was born in Taipei, Taiwan, in 1988.
He received the B.S. degree in physics from Na-
tional Chung Cheng University, Chiayi, Taiwan, in
2010 and the M.S. degree in electronics engineer-
ing from National Chiao Tung University, Hsinchu,
Taiwan, in 2012. His thesis focused on the devel-
opment of the power sensor for household two-wire
applications.

He is currently a research staff member with
the Green Energy and Environment Research Lab-
oratories, Industrial Technology Research Institute,

Chutung, Taiwan.

Shih-Hsien Cheng was born in Chiayi, Taiwan,
in 1975. He received the B.S. degree in control
engineering from Feng Chia University, Taichung,
Taiwan, in 1998 and the M.S. degree in electrical
engineering from National Sun Yat-Sen University,
Kaohsiung, Taiwan, in 2000. He is currently working
toward the Ph.D. degree in the Institute of Electrical
Control Engineering, National Chiao Tung Univer-
sity, Hsinchu, Taiwan.

He is also a research staff member with the Green
Energy and Environment Research Laboratories, In-

dustrial Technology Research Institute, Chutung, Taiwan. His current research
interests include power electronics circuit and system design, neural networks,
fuzzy theory, and wireless sensor network.

Yu Ting Cheng (SM’07) was born in Taiwan, China.
He received the B.S. and M.S. degrees in mate-
rials science and engineering from National Tsing
Hua University, Hsinchu, Taiwan, in 1991 and 1993,
respectively, the M.S. degree in materials science
and engineering from Carnegie Mellon University,
Pittsburgh, PA, USA, in 1996, and the Ph.D. de-
gree in electrical engineering from the University
of Michigan, Ann Arbor, MI, USA, in 2000. His
Ph.D. thesis focused on the development of novel
vacuum packaging technique for microelectrome-

chanical systems (MEMS) applications.
He has been in Army service in Taiwan for two years. After finishing

his Ph.D. study in 2000, he became a research staff member with the IBM
Thomas J. Watson Research Center, Yorktown Heights, NY, USA, where he
was involved in several system-on-a-package (SoP) projects. In 2002, he joined
the Department of Electronics Engineering, National Chiao Tung University,
Hsinchu, as an Assistant Professor and has been promoted as a Professor since
2009. His research interests include the fundamental study of materials for
microsystem integration and nano/MEMS applications, SoP, and the design and
fabrication of microsensors and microactuators.

Dr. Cheng was a corecipient of the 2006 Best Paper Award presented at the
13th IEEE International Conference on Electronics, Circuits and Systems. He
has served as a Technical Program Committee member of IEEE NEMS since
2011, IEEE Sensors since 2012, IEEE Transducers 2013, IEEE ISMM 2012,
and APCOT 2012. He is a member of the Institute of Physics and Phi Tau Phi.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


