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1. INTRODUCTION
Fringing electric and magnetic field sensors are widely used
for non-destructive measurements of material properties. A
simple conventional fringing field sensor consists of a sensor
head, a current or voltage source, an impedance measure-
ment circuit, and data processing/data acquisition capability.
The sensor head is usually a patterned array of electrodes or
windings on an electrically insulating substrate. The voltage
or current signal is applied to these electrodes and creates,
respectively, electric or magnetic fields in the space around
the electrodes or windings. These fields penetrate into the
materials near the electrodes or windings. Changes of dielec-
tric and magnetic properties of materials affect the distribu-
tion of these fields. The impedance measured between the
electrical terminals of the sensor head is a function of the
material electrical and geometric properties and the electric
and magnetic fields. This general principle allows design of
sensors for a very broad spectrum of applications including
relating changes in electrical properties to physical proper-
ties such as temperature, density, defects, moisture, etc.

This chapter provides theoretical background, principles,
and examples of design of sensor elements, and description
of the most common applications for two types of fring-
ing field sensors, namely, the fringing electric field (FEF)
sensors and fringing magnetic field (FMF) sensors. These
two types of sensors share many common features and are
treated in parallel in the subsequent sections.

2. Theoretical Background

2.1. Maxwell’s Equations

All classic electromagnetic phenomena are described by
Maxwell’s equations. The differential form of Maxwell’s
equations in linear dielectric and magnetic media is

Gauss’s Law for E-Field: � · �� �E� = � (1)

Gauss’s Law for H -Field: � · �� �H� = 0 (2)

Faraday’s Law: � × �E = − �

�t
�� �H� (3)

Ampere’s Law: � × �H = �J + �

�t
�� �E� (4)

Law of Conservation of Charge: � · �J + ��

�t
= 0 (5)

where �E is the electric field, �H is the magnetic field strength,
�J is the current density, � is the charge density, � is the
magnetic permeability, � is the dielectric permittivity, and
t is time. The magnetic permeability � and dielectric per-
mittivity � can be time and space varying in (1)–(5). Under
most sensor application conditions the electromagnetic wave
radiation wavelength, �em = c/f where c = 1/

√
�� is the

speed and f is the frequency of electromagnetic waves, is
much longer than sensor periodicity � of the sensor geo-
metrical structure. For example, a 600 MHz electromagnetic
wave has the free-space wavelength of 50 cm. The spatial
wavelength of the periodic sensor structures is the distance
between the centerlines of the adjacent electrode or winding
finger belonging to the same electrode or winding, typically
of millimeter order. For quasistatic approximations to be
valid, the sensor spatial wavelength has to be much smaller
than the radiation wavelength, i.e., � � �em.
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2 Fringing Electric and Magnetic Field Sensors

2.2. Electroquasistatics

The operation of fringing electric field sensors is gov-
erned by the electroquasistatic approximation to Maxwell’s
equations. In this approximation, the electric field energy
stored in the system is much larger than the magnetic field
energy, and the electric field �E is approximately irrotational
�� × �E = 0�. This occurs when the system is capacitive and
the time variations are sufficiently slow that the time vari-
ation on the right hand side of (3) is neglected. Under the
electroquasistatic conditions, Maxwell’s equations reduce to:

� · �� �E� = � (6)

� · �J + ��

�t
= 0 (7)

� × �E = 0 (8)

� × �H = �J + �

�t
�� �E� (9)

Figure 1 shows a schematic diagram of a generic model-
based fringing electric field sensor. The sensor is comprised
of a set of four coplanar electrodes: the driving electrode,
the sensing electrode, the guard electrode, and the ground
electrode. As the name suggests, the driving electrode is
used to excite the sensor. Typically, the driving electrode
is connected to an AC voltage source, represented by VD

in Fig. 1. The sensing electrodes are either connected to a
voltage measurement circuit or current measurement circuit
depending on the detection technique used for the applica-
tion. When the material under test is present in the near
vicinity of the sensor electrodes, the electric fields originat-
ing from the driving electrodes penetrate through the bulk
of the material under test and then terminate on the sensing
electrodes. The dielectric properties of the material under
test alter the distribution of the field lines. Hence, the poten-
tial or current at the sensing electrodes is also a function
of the material’s dielectric properties. Thus by studying the
variation of sensing current IS or sensing voltage in the
time or frequency domain, material properties can be esti-
mated. To prevent interference from external stray electro-
magnetic fields, a metal layer in the plane just below the
driving and sensing electrodes serves as a ground plane. If
there are multiple sensor heads on the same substrate, then
guard electrodes are used to prevent “cross-talk” between
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Figure 1. Generic fringing electric field sensor with interdigital pattern
of electrodes [1, 2].

sensors. These electrodes primarily suppress the interaction
between adjacent sensor heads. The guard electrodes are
either grounded or can be maintained at the same potential
as the sensing electrodes.

Electroquasistatic interdigital dielectrometry sensors use
spatially periodic electrode structures to generate spatially
periodic electric fields that penetrate into adjacent materi-
als under test with dielectric permittivity � and conductiv-
ity 	 . The electric field distribution in the Z–X plane of a
generic interdigital fringing field sensor in air (�= �0, 	 = 0)
is shown in Fig. 2. The outer driving electrodes in Fig. 2
were excited at 1 V and the center sensing electrode was
grounded. The shape of the electric field is independent of
frequency while the amplitude depends on the ratio 
�/	 .
Figure 3 shows the variation of the electric field along the
normal passing through x = �/4. The electric field along the
Z axis decays approximately exponentially. Hence, the vari-
ations in the permittivity of the media closest to the surface
of the electrodes have greater impact on the field distribu-
tion than those farther away. The fields die off as 1/r3 in the
far field as a point electric dipole, where r is the distance
between the point dipole and the field position.

Figure 4 shows the electric potential along the same
axis as that for Fig. 3. The electric scalar potential obeys
Laplace’s equation with the electric field penetration depth
of the order of �/2�, where � is the spatial periodicity of
the electrode structure.

Because the electric field has zero curl in (8), �E = −��
where � is the electric scalar potential. When � = 0 and �
is spatially uniform, (6) reduces to Laplace’s equation

� 2� = 0 (10)
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Figure 2. Field distribution of a generic fringing electric field sensor in
air. The outer driving electrodes were excited at 1 V and the center
sensing electrode was grounded. Each electrode was 0.1� wide with 0.4�
wide gap between electrodes.
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Figure 3. Variation of the non-dimensional magnitude of the electric
field as a function of z along the x = �/4 line midway between sense
and drive electrodes. The drive electrodes were maintained at VD = 1 V
and the sense electrode was grounded.

The potential as a function of position for z > 0 can be
written as a Fourier series

��x z� =
�∑
n=1

�n cos�knx�e
−knz +�0

z

�
 kn = 2n�

�
(11)

The coefficients �0 and �n can be found by evaluating (11)
at z= 0, where the potentials are constant on each drive and
sense electrode, and must be solved by numerical techniques
in the space between the electrodes.

2.3. Magnetoquasistatics

The operation of fringing magnetic field sensors is governed
by the magnetoquasistatic approximation. In this approxi-
mation, the magnetic field energy stored in the system is
much larger than the electric field energy, the system is
inductive, and the time variations are sufficiently slow that
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Figure 4. Variation of the non-dimensional potential as a function of z
along the x = �/4 line midway between sense and drive electrodes. The
drive electrodes were maintained at VD = 1 V and the sense electrode
was grounded.

the displacement current density on the right side of (4) is
negligible. Under magnetoquasistatic conditions, Maxwell’s
equations reduce to:

� · �� �E� = � (12)

� · �J = 0 (13)

� × �E = − �

�t
�� �H� (14)

� × �H = �J (15)

� · �B = 0 (16)

Figure 5 shows a schematic diagram of a generic fring-
ing magnetic field sensor. The sensor consists of two sets
of windings, the primary and secondary, generally on a sub-
strate under the material under test. When electric drive
current ID passes through the windings, it induces eddy cur-
rents in the conducting material under test. Magnetic per-
meability of the material also results in an increase of mutual
inductance between secondary and primary windings. The
open-circuit secondary winding voltage is given by the time-
rate change of magnetic flux passing through the secondary
winding due to the current in the primary winding.

Quasistatic magnetometry sensors often have spatially
periodic windings to generate spatially periodic magnetic
fields that penetrate into adjacent materials under test.
Because the divergence of �B in (16) is zero, a magnetic vec-
tor potential can be defined as

�B = � �H = � × �A (17)

For ohmic conducting material, so that �J = 	 �E, substituting
(17) into (15) with � and 	 held constant yields a diffusion
equation for �A

� 2 �A− �	
� �A
�t

= 0 (18)

where we use the gauge condition � · �A = 0. For the sensor
in Fig. 5 in the sinusoidal steady state at radian frequency 
,

o
y

z

x

H

ID

ID

Vs2

Vs1

Material
under test

Primary
winding

Secondary
winding 2

Secondary
winding 1

Figure 5. Generic fringing magnetic field sensor with meandering pat-
tern of windings [1–3]. (Reprinted with permission from [1], A. V.
Mamishev et al., Proceedings of the IEEE 92(5), 808–845 (2004). © 2004,
IEEE.)
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we neglect variation with the y coordinate so that the vector
potential is of the form

�A = Re�Ây�x z�e
i
t� (19)

so that (18) reduces to

� 2Ây − i
	�Ây = 0 (20)

where Ây is the space varying complex amplitude of Ay .
Then the solution of (20) is the Fourier series

Ây�x z� =
�∑

n=1 odd

An cos�knx�e
−�nz (21)

where the complex spatial decay coefficient is

�n =
√
k2
n + i
	� =

√
k2
n + 2i/�2� kn = 2�n/� (22)

with � = √
2/�
�	� known as the skin-depth.

Such sensors are used for measurements of conductiv-
ity, complex magnetic permeability, and material thickness
for single and multiple layered magnetic and/or conducting
media. Typical non-destructive testing and evaluation appli-
cations include gas turbine component quality assessment
[4]; cold work quality assessment and fatigue characteriza-
tion [5, 6]; and quality control measurements of aircraft pro-
peller blades [7].

2.4. Spectroscopic Systems

All dielectric and magnetic materials consist of electric or
magnetic dipoles. When subjected to an external electric or
magnetic field, these dipoles re-align so as to partially neu-
tralize the effect of the external field. This re-alignment of
dipoles occurs to a varying extent for different materials.
Thus, the dielectric or magnetic response of each material
across the frequency spectrum is different, and in most cases,
unique. The study of this response variation is known as
dielectric or magnetic spectroscopy.

The dielectric or magnetic response of a material is gener-
ally quantified in terms of its complex dielectric permittivity
or magnetic permeability. The complex dielectric permittiv-
ity �∗�
� or magnetic permeability �∗�
� is usually repre-
sented as,

�∗�
� = �′�
�− i�′′�
� (23)

�∗�
� = �′�
�− i�′′�
� (24)

where �′�
� and �′�
� are the real parts representing capac-
itive or inductive energy storage and �′′�
� and �′′�
� are
the loss.

For all materials, the loss factor is a function of excita-
tion frequency. The loss factor mechanisms are schemat-
ically shown in Fig. 6. For a few low-loss materials and
non-polar materials the variation in the loss factor with fre-
quency is predominantly due to distortion in the electron
clouds. Hence, the magnitude of variation of loss factor is
negligibly small.
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Figure 6. Mechanisms influencing the loss factor of a moist material
over a wide range of frequencies f (Hz). (a) DC conductivity, (b)
Maxwell–Wagner polarization, (c) dipolar polarization of water bound
to the matrix of the material, (d) dipolar polarization of free water [8].

The polarization of molecules arising from their reori-
entation with the imposed electric field is the most impor-
tant phenomenon contributing to the loss factor in the radio
and microwave frequency ranges (107 to 3 × 1010 Hz). This
includes the dipolar polarization due to bound and free
water relaxation. At infrared and visible light frequencies,
the loss mechanisms due to atomic and electronic polariza-
tion (collectively known as distortion polarization) are the
dominating loss mechanisms [8].

The description for the process for pure polar materials
was developed by Debye in 1929 [9]. The Debye dielectric
relaxation model is the simplest way to analyze polarization
in purely polar materials. The complex dielectric permittivity
for the Debye relaxation model with a single relaxation time
� and DC magnetic susceptibility �0 is

�∗�
� = �0

(
1+ �0

1+ i
�

)
(25)

so that

�′�
� = �0

(
1+ �0

1+ �
��2

)
(26)

�′′�
� = �0�0
�

1+ �
��2
(27)

The model assumes that the relaxation process is gov-
erned by first order dynamics, and hence can be character-
ized with a single time constant. The model can be derived
using basic laws of polarization and conduction [10]. Mag-
netic materials have analogous frequency dispersion in the
complex magnetic permeability.

3. INSTRUMENTATION

3.1. Architecture

The success of any kind of sensing technique depends heav-
ily on the ability to accurately measure the sensed voltages
or currents without influencing them. Though the actual
circuit used for measuring the voltages and currents differ
with application and personal preferences, the main build-
ing blocks remain the same. Figure 7 shows the schematic
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Figure 7. Schematic representation of the constituent blocks of a
generic measurement circuit.

representation of the generic measurement circuit used with
fringing field sensors. The measurement circuit can be bro-
ken down to four circuit blocks: (a) Input Buffer, (b) Signal
Conditioning Circuit, (c) Signal Processing Circuit, and (d)
Output Buffer.

The most important part of any measurement circuit is
the input buffer. In any cascaded system, such as the one
shown in Fig. 7, the contribution of the very first stage to
the overall noise factor of the system is the highest of all
stages. Hence, when designing measurement circuits, a very
low noise instrument amplifier with unity gain is usually used
as the very first stage. One of the main requirements of the
input amplifier is that it does not load the sensor beyond
the sensor’s driving capability. That is, the input impedance
of the buffer has to be very high.

The second stage of the measurement circuit is the sig-
nal conditioning stage. Here the signal from the buffer is
usually amplified in both power and voltage. The strength-
ened signal is then conditioned by passing it through a set
of filters to remove extraneous frequencies. The most com-
mon approach is to cascade a low pass filter set to filter
all the frequencies below the frequency of interest, and a
high pass filter to filter out any frequency above it. This in
effect creates a band-pass filter. The main reason for adopt-
ing a two-filter approach rather than a single band pass filter
is that it is possible to tune the cutoff frequencies of each
of the filters by varying just one circuit component. This is
a major advantage in spectroscopic systems, where the fre-
quency of interest is not a constant, and the circuits have to
be designed to accommodate a range of frequencies rather
than just one frequency.

The third stage of the measurement circuit is the sig-
nal processing stage. This stage primarily extracts the infor-
mation from the measured signals. The most common way
to implement this stage is to use a microcontroller or a
microprocessor. The exact architecture and the require-
ments of the signal processing circuit depend on the appli-
cation requirements.

The fourth and final stage of the circuit is the output
buffer stage. The main purpose of the output buffer is to
electrically isolate the preceding stages from the rest of the
system components. The output buffers are designed to have
very high driving capabilities, and are usually designed with
high power components. In cases where power is an impor-
tant issue, the output impedance of the buffer is designed to
match the input impedance of the subsequent system blocks.

3.2. Multiple Channel Systems

Multiple sensor heads are used in measurement systems that
require data from multiple physical locations on the material
under test, or which require data at different penetration
depths. The design of the data acquisition system for such

applications is more complicated than that for single sensor
heads.

There are two principal approaches to the design of mul-
tiple channel systems. One method uses a dedicated mea-
surement system for each of the sensor heads. The other
approach is to share a single measurement circuit between
multiple sensors using time domain multiplexing (TDM).
Figure 8 shows the schematic representation of one such
TDM system.

All the sensors are connected to a multiplexer circuit. The
output of the multiplexer unit is then connected to a mea-
surement circuit, the output of which is then demultiplexed
into individual output channels. The input multiplexer is
often a low impedance, non-bounce static relay. The output
demultiplexer is a digital switch in the case of digital out-
puts or is again a static relay in case of analog outputs. The
operation of the system is controlled by a master timer.

The multiple dedicated measurement circuit is most use-
ful where simultaneous monitoring of multiple sensors is
required. However, the cost of such a system increases pro-
portionally to the number of sensors.

TDM measurement systems are used when the sensors
need not be measured at exactly the same instant of time.
These systems tend to be much less expensive than the
dedicated channel systems. However, TDM systems cannot
be used to measure fast varying signals, as the acquisition
speeds are limited by the switching speeds of the multiplexer
and demultiplexer. It is a good design practice to introduce
redundancy in the measurement circuit in the case of TDM
systems to improve their reliability.

3.3. Sensing Circuits

Irrespective of the sensor head design, the control architec-
ture, and the associated electronics for evaluating any prop-
erty of the material under test, one needs to measure the
terminal quantities across the electrodes of the sensor, and
interpret them as variations in the complex dielectric per-
mittivity or magnetic permeability of the material by use of
an equivalent lumped element circuit. The variations in the
permittivity and permeability can then be mapped onto the
physical material property through calibration-based algo-
rithms. The circuit used to measure the terminal property
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Figure 8. Schematic representation of a multiple sensor data acquisi-
tion system.
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of the sensor can be broadly classified into two major cate-
gories, voltage sensing circuits, and current sensing circuits.
The operation of each kind of circuit is explained in detail
in the following sections.

3.3.1. Voltage Sensing Circuits
As the name suggests, this family of circuits help determine
the variations in the complex dielectric permittivity and mag-
netic permeability of the material under test by measuring
voltages across the sensor electrodes.

A sinusoidal AC voltage, VD, is applied between the
driven electrodes and ground in a fringing electric field sen-
sor. Due to the potential difference, the electric fields orig-
inate from the driven electrodes, pass through the bulk of
the material under test and terminate at the sensing elec-
trodes. Thus by measuring the voltage across the sensing
electrode and ground, VS , the properties of the material can
be deduced. Usually, to prevent ambient electromagnetic
fields from interfering in the operation of the sensor, a metal
plane below the substrate plane of the sensor electrodes is
grounded. Figure 9 shows the schematic of an interdigital
fringing electric field sensor connected to a voltage sensing
circuit.

One of the disadvantages of this sensing method is that
there is a potential difference across the substrate between
the sensing electrodes and the ground plane. Hence some
charge is lost in the parasitic coupling between the sens-
ing electrodes and the ground. This can be a non-negligible
source of error in micro sensors where the current flowing
through the circuit is on the order of a few fA. Figure 10
shows the guard plane layout of a voltage sensing circuit that
circumvents this problem.

The difference between the setups shown in Fig. 9 and
that shown in Fig. 10 is that the back plane in Fig. 9 is
grounded while that in Fig. 10 the guard voltage Vg is main-
tained at the same voltage as the sensing electrodes. Since
in the latter case there is no potential difference between
sensing electrodes and the back plane there is no drainage
of charges through the parasitic coupling between these two
electrodes.

Sense electrode

Drive
electrode Ground plane

Sensed
voltage

Vs

Driving
voltage

VD

Figure 9. Schematic representation of a fringing electric field sen-
sor connected in voltage sensing configuration with its back plane
grounded.

Sensed
voltage

Vs

Driving
voltage

VD

Sense electrode

Drive
 electrode Guard plane

Vg = Vs

Figure 10. Schematic representation of a fringing electric field sensor
connected in voltage sensing configuration with its back plane guarded.

3.3.2. Current Sensing Circuits
Current sensing circuits are used for measuring terminal
properties of magnetic field sensors and for measuring very
high impedances with electric field sensors. This method is
very sensitive to very low values of current, and hence is the
preferred method for microsensing applications.

A fringing magnetic field sensor, like that in Fig. 5, con-
nected in current sensing mode has the primary or driving
winding connected across an AC voltage source. The sec-
ondary windings are connected in short circuit configura-
tion, Vs1 = Vs2 = 0, with an ammeter in series to measure
the short circuit current. The current flowing through the
primary creates the magnetic field. This magnetic field is
coupled to the secondary or sensing windings, thus inducing
currents in them. When a magnetic material is present in
the vicinity of the sensor, it redistributes the magnetic fields,
thus changing the short circuit current.

For an electric field sensor, an AC voltage is applied
across the drive and ground electrodes. The electric field
lines originate from the driven electrodes, pass through the
bulk of the material under test, and terminate on the sens-
ing electrodes, thus raising the sensing electrode charge. The
sensing electrodes are virtually grounded, and the short cir-
cuit current is measured. The ratio of the input voltage and
the measured current is the sensor transimpedance and is
a function of the dielectric properties of the material under
test. Figure 11 shows the schematic layout of one such cur-
rent sensing circuit.

3.4. Circuit Design

Ground Most of the voltages measured in a sensing sys-
tem are with respect to the ground. In a large measurement
system, there are often multiple virtual grounds. That is,
each section of the system has its own reference potential.
It is important to remember that these ground potentials
may not always be the same. Hence, there exist small stray
capacitances between the virtual grounds. These stray capac-
itances lead to small leakage currents. These currents have
to be considered when designing the measurement system.
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Figure 11. Schematic representation of a fringing electric field sensor
configured in current sensing mode.

Most modern measurement systems have digital compo-
nents, such as analog to digital converters. It is a good design
practice to maintain separate virtual grounds for the ana-
log components and the digital components. This prevents
the high current/voltage power switching components from
interfering with the operation of the digital components,
which operate at much smaller voltages.

Data Acquisition The front end of the data acquisition
system is nearly always an instrument amplifier. Most of
these amplifiers are implemented using operational ampli-
fiers. The operational amplifiers have an inherent frequency
limit of operation, beyond which the gain of the amplifier
starts to drop. This frequency limit, known as the corner fre-
quency, fc, varies as a function of the input impedance, and
is defined as the frequency at which the amplitude of the
output signal drops by 3 dB. For a purely resistive circuit,
the output voltage V of the amplifier is related to the input
voltage e at a frequency f as:

V = e√
1+ �f /fc�

2
(28)

It can be noted from (28), that the higher the corner
frequency, the higher is the accuracy of the measured volt-
age. Hence, it is critical to choose the input impedance
of the amplifier such that all the frequency components of
interest can be measured accurately. Also of importance is
the response speed of the amplifiers. Most modern ampli-
fiers can be programmed to operate in different response
domains by varying their bias currents. The higher the bias
current, the faster is the response of the amplifier. However,
this additionally loads the sensor, and hence it is necessary
to strike a balance between both.

Detailed discussions on the design of individual compo-
nents of the electronic circuitry can be found in [11], and
that of the general concepts of acquisition system design can
be found in [11, 12].

3.5. Advantages of Fringing Field Sensors

3.5.1. One-Side Access
Several inherent advantages of the planar interdigital geom-
etry attract device designers. One of the most important
ones, especially for non-destructive testing (NDT) sensors
and piezoacoustic transducers, is that only a single-side
access to the test material is required. One can penetrate
the sample with electric, magnetic, acoustic, or optical fields
from one side of the sample, leaving the other side open to
the environment, which can allow absorption of gas, mois-
ture, or chemicals that change electrical properties of the
material under test (MUT). A sensitive layer of chemical or
biological nature deposited over the electrodes and windings
can also interact with a gas or liquid environment, allowing
monitoring of concentration of chemicals in such materials
as air, transformer oil, or the human body. In some situa-
tions, the other side of the material sample may be too far
away, or inaccessible due to design limitations for an elec-
trode so that one-sided access is essential.

3.5.2. Control of Signal Strength
By changing the area of the sensor, the number of fingers,
and the spacing between them, one can control the strength
of the output signal. A trade-off between the signal-to-noise
ratio and the minimum sensing area is selected based on the
application requirements. In microchip sensors, the size of
the sensitive area is usually of little consequence, whereas in
imaging devices it plays a major role.

3.5.3. Imaging Capability
Either by moving sensor heads or by forming sensor arrays,
one can interrogate different regions of material under test.
A simple interdigital structure can be moved up and down
to measure the depth profile or float above the material
surface to measure variation of changes at a specified depth.
A combination of both potentially provides a 3D image of
the material under test, but simple interdigital sensors are
rarely used in this manner because it can take a long time
to scan a sample.

4. APPLICATIONS

4.1. Structural Non Destructive Testing

Direct sensing is the easiest and simplest form of sensing. In
this method, the change in the property of interest is directly
measured by the sensors. The most common use of this sens-
ing technique using electromagnetic sensors is to detect the
presence or absence of an object or defect in the field of
interest. Any material, crack, void, or inclusion within the
field of the EM sensor will distort the electromagnetic field
distribution. This distortion can be detected by measuring
the changing impedance of electrical or magnetic sensors.

Perhaps the simplest type of electric field sensor is the
“Stud finder” [13]. These sensors indicate the position of
the studs in a wall without physically penetrating the wall.
This sensor has a single set of driving and sensing electrodes.
The electrodes are held flat across the surface of the wall,
and moved parallel to the floor. In the normal state, i.e.,
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when the sensor is held against just the dry wall, the effective
dielectric constant as seen by the sensor is a combination
of that of the dry wall and air. Since the thickness of dry
wall is relatively small, the effective dielectric constant is
close to that of air. Hence, the measured capacitance across
the electrodes is the least in this position. When the sensor
encounters a stud, the effective capacitance as seen by the
sensor is a combination of that of the dry wall and the stud,
and hence is higher than ambient. By measuring the change
in capacitance as the sensor moves along the surface of the
wall, the position of the stud can be determined. A very
similar application is detection of presence and position of
a passenger in the seat of a car to determine if an air bag
needs to be deployed, and in the fashion in which it has to be
deployed. Here, large electrodes are embedded in the seat,
backrest, and the head rest of the car seats. By measuring
the capacitance changes in each of the individual sensors,
the position of the passenger can be determined [14–16].

A similar application for magnetic sensing is the metal
detector [17, 18]. There are two kinds of metal detectors,
the very low frequency detectors (VLF) and the pulse induc-
tion (PI) detectors. The VLF detectors have two coils, the
transmitter coil and the receiver coil. The transmitter coil is
attached to a low frequency signal generator. When an AC
current flows through the transmitter coil, it generates an
electromagnetic field. These time varying field lines change
the magnetic flux through the receiver coil, thus changing
the voltage across it. This operation is similar to that of an
electrical transformer. The effective inductance of the coil
depends on the conductivity and the magnetic permeabil-
ity of the coupling media. When a non-magnetic metal is
introduced into the field of the sensor, the effective per-
meability of the media is decreased because of the induced
eddy currents. This lowers the value of the inductance, and
hence the voltage across the receiver coil. A magnetic mate-
rial will raise the inductance. By measuring the change in
the voltage across the receiver coil, the presence or absence
of a conducting or magnetizable metal can be ascertained.
In addition to the change in magnetic permeability, in mag-
netic metals like iron, there is both a current induced in
them, which alters the distribution of the magnetic field, and
a magnetization effect. This change in magnetic field distri-
bution changes the flux linkage and thus changes the voltage
across the receiver coil.

Figure 12 shows the schematic representation of an eddy
current sensor. The sensor consists of two sets of coils, the
reference coil and the sensing coil. When a current flows
through each of these coils, in the absence of any conduc-
tive material in the vicinity, the coils are balanced. When a
conductive material is introduced near the coils, the mag-
netic fields from the sensing coils interact with the bulk of
the conductive material and produce eddy currents in the
bulk. The eddy currents flow in such a way as to oppose
the current flow in the sensing coil. This creates an imbal-
ance between the reference and the sensing coils. By using a
bridge circuit, the presence of conductive materials can thus
be indicated.

Figure 13 shows the magnetic field distribution in free
space in the presence of the conductive material (	 = 3�7e7,
�r = 1). The sensing coil and the reference coils each of
radius 0.01 m were excited at 100 Hz using individual 1 A
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Figure 12. Schematic representation of an eddy current sensor [11].

current sources flowing in the Z direction. The skin depth �
is 8.3 mm. The line x = 0 is an axial boundary, i.e., there is
an exact mirror image of the coils and the conductive mate-
rial on the other side of the line x = 0. In the absence of
the conductive material, the isopotential lines are symmetric
about the line y = −0�03 (the mid point between the sensing
and reference coils). When the conductive material is intro-
duced, the eddy currents distort the field distribution near
the sensing coil. This change in field distribution is reflected
as change in terminal impedance of the sensing coil.

Another application of eddy sensors is to detect small
displacements. When the conductive material is displaced
by a small distance, the strength and distribution of mag-
netic fields that interact with the bulk of the material
changes, thus altering the magnitude of the eddy current.
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Figure 13. Magnetic field distribution of an eddy current sensor in free
space. The sensing coil and the reference coils each of radius 0.01 m
were excited at 100 Hz using individual 1 A current sources flowing in
the Z direction. The conductive material (	 = 3�7e7, �r = 1) under test
above the coils, with skin depth � = 8�3 mm distorts the magnetic field
of the sensing coil, while the reference coil measures the ambient.
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The change in eddy current is reflected as a voltage change
across the sensor coil. By measuring the change in voltage,
the magnitude of displacement can be estimated. Similar
arrangements can also be used to detect rotational displace-
ments [19].

Yet another method to detect the presence of a metal is
by use of pulse induction (PI). In this method, a single coil
is used as both the transmitter and the receiver coil. A very
low resistance coil is connected across a voltage source for
a short period of time and is abruptly disconnected using a
switch. The abrupt change in the current through the coil
creates a high intensity voltage spike of opposite polarity in
the coil. This spike decays in an exponential fashion. When
a metallic object is present in the field of the sensor the
object stores a part of the energy in the reflected pulse. This
decreases the decay rate of the spike. Thus, by measuring
the rate of decay, the presence or absence of a metal can be
determined.

Metals such as Nickel are sensitive to high frequencies,
gold to mid frequencies, whereas metals like iron are sensi-
tive to all frequency regions. The PI method can also be used
to differentiate between metals by varying the frequency at
which the coil switches between transmitter and receiver
mode.

Magnetoresistive elements are often used to determine
physical properties of systems. When a current-carrying fer-
romagnetic alloy is subjected to an external magnetic field,
electrical resistance of the alloy changes. The change in
the electrical resistance is a function of the angle formed
between the internal magnetization vector �M , and the vector
of the electrical current �I flowing through it. Hence, when a
strong magnetic field H is applied, the magnetoresistive ele-
ment operates in saturation mode. In this mode, the current
field strength has negligible effect, and hence the resistance
is entirely determined by the direction of the magnetic field.
This is useful in non-contact angular measurement applica-
tions [20].

4.2. Property Estimation

Determining the conductivity profile of a conductor is
important for various industrial applications, such as qual-
ity assurance, coating processes, and surface treatment. The
measurement made using a PI sensor can be further pro-
cessed to derive the conductivity profile of the material. The
conductivity of the material determines the eddy current in
the material. The eddy current in the material influences the
decay rate. Hence by measuring the decay rate, the conduc-
tivity of the material can be estimated.

Eddy current sensors, such as the ones shown in Figs. 12
and 13, can be used to determine conductivity 	 , permeabil-
ity �, or thickness of the material. The skin depth � over
which the eddy current is large is given by:

� = 1√
�f�	

(29)

where f is the frequency of excitation. Hence, by knowing
any of the three variables, the fourth can be determined.
The most common application of this sensor is to detect
variation in the conductivity of the material. This is done by

varying the excitation frequency, f , thus altering the depth
� at which the material is interrogated.

For layered material, the measured decay rate is a func-
tion of the properties of each layer. Since the number of
measured quantities is less than that of the independent
variables, the conductivity distribution cannot be directly cal-
culated by analytical equations. The same holds true for
determining the dielectric profile for multilayered materi-
als. The measured transimpedance is a complicated function
of the dielectric permittivity or magnetic permeability, the
conductivity, and thickness of each layer.

The inversion of physical characteristics of layered media
has been extensively studied [21]. The Gel’fand-Lecitan pro-
cedure is one of the well established methods to determine
the conductivity profile. This procedure relates the reflec-
tion profile obtained from the PI sensor in the time domain
with the characteristic profile through an integral equation.
There are numerous methods to solve this integral equation,
the most common of them being the differential operator
technique. This technique provides an exact solution for the
Butterworth case. Another widely used method is a numer-
ical method that treats the Gel’fand-Lecitan leapfrogging in
a space-time diagram. The characteristic profiles can also be
obtained by adopting a step-by-step approach based on the
electromagnetic wave integral equation in the time domain.
However, for this method to perform satisfactorily, the front
of the response has to be traced accurately.

For many sensors there exists no closed form analytical
solution for the field distribution. Mathematical tools such
as Fourier analysis, conformal mapping techniques (such
as the Schwarz-Christoffel transformation), and finite dif-
ference and finite element analysis are helpful in solving
boundary value problems. Each of these methods have their
own merits and drawbacks. Fourier analysis is the simplest
tool. However, it has an infinite term expansion of the series,
and hence is not always practical. The Schwarz-Christoffel
transformation is the most used method for two-dimensional
analysis of Laplacian field distributions. This method, how-
ever has problems with convergence of the solution for
nonsymmetrical problems. The most involved, but accurate,
numerical methods to solve for the field distribution are the
finite difference and finite element methods. These tech-
niques are often used in two-dimensional as well as three-
dimensional models.

4.3. Process Monitoring

To ensure consistent quality of a product, it is imperative to
continually monitor the manufacturing process. The fringing
field sensors, due to their non-invasive non-contact nature,
are frequently used for this purpose.

4.3.1. Resin Transfer Molding
One of the typical applications of fringing field sensors is in
monitoring for flow front position of fluids. In the control
of Resin Transfer Molding (RTM) processes for the man-
ufacture of thermoset composites [22, 23], it is difficult to
fill the mold uniformly with the resin, without creating air-
pockets, if the flow front is not continuously monitored. To
enable this, fringing electric field sensors are embedded in
the rigid mold along the expected flow lines. When the mold
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is empty, the sensors measure the dielectric permittivity of
the body of the mold, and that of the pre-form. Once, the
resin starts to flow over the sensors, the effective permit-
tivity as measured by the sensors increase. The greater the
area of the sensor covered by the resin, the greater is the
measured capacitance. This increase in effective permittivity
can then be mapped onto the distance covered by the resin.

The increase in effective permittivity or measured capac-
itance can be used to obtain information on the flow. The
first order differential of the distance–time curve provides
information on the velocity of flow. Based on Darcy’s law,
the velocity of flow, along the pressure differential along the
velocity vector, can be used to estimate the viscosity of the
resin as

� = − k

Vx

�P

�x
(30)

where Vx is the average speed of the resin along the x direc-
tion, k is the permeability of the porous medium, � is the
viscosity of the fluid and �P/�x is the pressure gradient in
the x direction.

4.3.2. Thermoset-Curing
Dielectric properties also change dramatically during the
curing process of thermosetting resin matrix composite
materials when the resin transforms from a monomeric liq-
uid into a cross-linked insoluble solid material [24]. Thus,
the same sensor used to measure the flow front of the resin,
can also be used to monitor the curing process [25]. The
curing process is often monitored by measuring the relax-
ation constants of the dielectric. Hence the sensor is excited
at different frequencies to obtain the Cole–Cole plot [26],
which plots the imaginary part of the complex dielectric
constant versus the real part with frequency as a parame-
ter, from which the information on the relaxation processes
can be extracted. For Debye relaxation, given by (25)–(27),
the Cole–Cole plot is a semi-circle. Deviations from a semi-
circle indicate other polarization phenomena such as electric
double layer effects.

With the introduction of lower frequency measurements,
the double layer effects become particularly important. The
role of the double layer in both parallel plate measure-
ments and microdielectrometry measurements were studied
in [27]. A polarization model was developed to explain this
phenomenon. An analytical treatment of the double-layer
impedance based on the continuum-model simulations of
[28] is presented in [29, 30].

4.3.3. Moisture Diffusion
Fundamental analysis of moisture diffusion processes is con-
ducted in [31, 32]. In this investigation, the moisture diffu-
sion coefficients are measured in thin polymer films through
monitoring changes in permittivity. The dielectric properties
are measured within the first 10 �m of the film thickness.
The total film thickness is about 100 �m. By 1992, the fre-
quency range of operation was extended over the range from
0.001 Hz to 100 kHz. The alternation of wet and dry envi-
ronments allows measurement of diffusion coefficients for
both absorption and desorption. Because of electrode polar-
ization double layer effects, the reported measurement was

limited to the single frequency of 10 kHz. The dynamic anal-
ysis relies on the evidence available from the literature that
the dielectric constant changes linearly with moisture con-
tent in polyimides [33] and epoxies [34]. A one-dimensional
diffusion process is modeled with the traditional solution to
Fick’s law [35].

Moisture dynamics in a power transformer oil-paper envi-
ronment were investigated using three dielectric sensors like
that in Fig. 1 on a common substrate with three differ-
ent wavelengths of 1, 2.5, and 5 mm. Such multi-wavelength
sensors can measure distributions of material properties, in
this case measuring moisture profiles in oil-free and oil-
impregnated transformer pressboard as a function of time
and measuring the moisture diffusion coefficient as a func-
tion of moisture and temperature [36–39].

GLOSSARY
Alternating current (AC) Flowing charge carriers in a con-
ductor or semiconductor which periodically reverse direction
as a function of time.
Bias current or voltage A current or voltage that is inde-
pendent of output applied to an electronic device to facil-
itate proper operation by adjusting proper voltage, charge,
or current conditions into the proper operating regime.
Charge density The electric charge per unit area (surface
charge density) or per unit volume (volume charge density)
of an electrically charged body or a region of space.
Conformal mapping A conformal mapping is a transfor-
mation that preserves local angles with a change of variables
so that boundary shapes change to a simpler form allowing
two-dimensional solutions to Laplace’s equation in terms of
the transformed variables.
Corner frequency The cut-off frequency between the pass-
band and stop-band where the signal attenuates by 3 dB.
Crosstalk Electromagnetic interference between two or
more wires.
Current density The amount of current flowing through a
unit cross-sectional area.
Dielectrometry The study of lossy dielectric material prop-
erties.
Dielectric permittivity A constant of proportionality
between electric displacement field �D and electric field �E;
it is a measure of how much a material capacitance changes
when a vacuum gap is replaced by media.
Dipoles An electric or magnetic dipole pair of equal and
opposite electric or magnetic charges separated by a small
distance. A magnetic dipole can also be considered a current
loop with small area.
Direct current (DC) The unidirectional flow or movement
of electric charge carriers, usually electrons in metals for
which the intensity of the current can vary with time, but
without change in polarity.
Double layer effect Charge separation that occurs at the
interface between oppositely charged ions in solution and
an electrode forming two layers of charge separated by a
small distance approximately given by the Debye length. The
ions redistribute to balance the charge held by the electrode,
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resulting in a potential drop confined to the double layer
region in which this occurs; often a fixed charge layer on the
wall and a mobile layer of counter charge in adjacent fluid.
Eddy currents A current induced in a conductor in
response to a changing magnetic field.
Electric field The electric field is defined in terms of the
electrostatic force per charge that would be exerted on a test
charge placed in the field.
Electric scalar potential Also known as voltage, it is a
measure of the potential energy per unit charge.
Electrode A collector or emitter of electric charge, usually
an equipotential metal conductor.
Electroquasistatic Based on low-frequency approxima-
tions to Maxwell’s equations, it assumes that the electric
field is irrotational.
Ferromagnetic Characteristic of exhibiting spontaneous
magnetism originating from the unpaired electron spin in a
material.
Field lines A set of lines drawn such that they are every-
where parallel to the direction of the field.
Filter A circuit that passes or attenuates desired frequen-
cies.
Fringing electric field sensor A capacitive sensor that
does not require two-sided access.
Ground The zero reference level used to apply and mea-
sure voltages in a circuit.
Impedance Opposition to the flow of current when a volt-
age is applied, equal to the ratio of voltage complex ampli-
tude to current complex amplitude. It is a complex value
composed of a real part representing lossy elements and
an imaginary part of energy storage due to capacitive and
inductive elements.
Inductance A circuit element that stores magnetic energy.
Interdigital A digitlike or fingerlike periodic pattern of
electrodes or windings.
Leakage currents Parasitic current flowing across regions
in which no current should be flowing if the material prop-
erties are ideal.
Loss angle The phase angle between the imaginary and
real part of complex permittivity or complex magnetic per-
meability.
Loss factor The tangent of the loss angle which represents
the ratio of the imaginary to the real part of complex per-
mittivity or complex magnetic permeability.
Magnetic field The field that results from moving charges
(currents) or a magnetized material.
Magnetic flux The measure of the strength and direction
of a magnetic field equal to the total magnetic field passing
perpendicular through a surface area.
Magnetic permeability The ability of a substance to
acquire magnetization due to a magnetic field; equal to the
ratio of �B/ �H in linear media.
Magnetoresistive A material in which electrical resistance
changes when subjected to a magnetic field.
Magnetoquasistatic Based on approximations to
Maxwell’s equations, it assumes sufficiently low frequency

that displacement current density is negligible in Ampere’s
law.
Multiplexer A device in which two or more input signals
share one output node.
Mutual inductance A measure of the flux through a circuit
due to the current in another circuit.
Non-polar Characterized by not having a separation of
charge in an electric field such that no positive and negative
poles are formed, as in oxygen.
Penetration depth This term relates to how far an electric
or magnetic field can penetrate into a given material under
test.
Polar Having a pair of equal and opposite charges that
maintain a small separation, such as in water.
Polarization In electrostatics, the contribution to the dis-
placement field D̄ due to the dipole separation of charges;
equal to the number of electric dipoles per unit volume.
Quasistatic When time rates of change are sufficiently
slow that the governing equations are of similar form to time
invariant conditions.
Self inductance Gives the inductance related to magnetic
flux due to current in the same conductor.
Sensor head The sensor area where the sensing electrodes
are located.
Signal conditioning The process and equipment for con-
verting the signal from the sensor to the correct level and
frequency for an analog to digital converter.
Signal processing The manipulation of data to
enhance/extract the representations of physical or electrical
phenomena.
Spatial wavelength The spatial periodicity distance
between the centerlines of adjacent electrode or winding
fingers belonging to the same electrode or winding family.
Spectroscopy The study of a material’s property depen-
dence upon frequency.
Transimpedance From the term transfer impedance, it
refers to the ratio between a voltage change at the output
terminal due to a related change of current at the input ter-
minal.
Virtual ground A point in a circuit that acts as a ground
level potential but does not have any physical connection to
it.
Wavelength The distance between successive peaks or
troughs of a periodic wave.
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