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Abstract—A simple and accurate model is presented for compu-
tation of the electromagnetic induction (EMI) resonant frequen-
cies of canonical conducting and ferrous targets, in particular, fi-
nite-length cylinders and rings. The imaginary resonant frequen-
cies correspond to the well known exponential decay constants of
interest for time-domain EMI interaction with conducting and fer-
rous targets. The results of the simple model are compared to data
computed numerically, via method-of-moments (MoM) and finite-
element models. Moreover, the simple model is used to fit measured
wideband EMI data from ferrous cylindrical targets (in terms of
a small number of parameters). It is also demonstrated that the
general model for the magnetic-dipole magnetization, in terms of a
frequency-dependent diagonal dyadic, is applicable to general ro-
tationally symmetric targets (not just cylinders and rings).

Index Terms—Induction, magnetization, resonance, sensing.

I. INTRODUCTION

E LECTROMAGNETIC induction (EMI) is widely used for
the detection and discrimination of conducting and fer-

rous targets. In the context of subsurface sensing, EMI is used
to sense buried metal mines as well as unexploded ordnance
(UXO) [1], [2]. Since the conductivity of such targets is typi-
cally many orders of magnitude larger than the conductivity of
soil, the target can usually be analyzed in free space. We con-
sider such an analysis here. Most land mines and UXO exhibit
rotational symmetry, with this symmetry yielding a simplifica-
tion of the EMI phenomenology. In particular, as discussed fur-
ther in Section II, the magnetization tensor of such targets be-
comes diagonal (with regard to a coordinate system with an axis
along the target axis of symmetry). Moreover, we demonstrate
that each element of the diagonal corresponds to a magnetic
dipole moment, oriented either parallel to or orthogonal to the
target axis.

The wideband frequency-domain EMI response of a con-
ducting and ferrous target is characterized by EMI resonant
frequencies, which exist along the imaginary axis of the
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complex-frequency plane [3]. Note that here we use the
plane for complex frequencies, instead of the
plane as in the two-sided Laplace transform [4]. Assuming
an time dependence, a purely imaginary resonant
frequency corresponds to the exponential decay characteristic
of time-domain EMI interaction with conducting and ferrous
targets. As is discussed in Section II, the imaginary resonant
frequencies corresponding to magnetic-dipole modes play an
important role in characterizing the frequency and time-domain
properties of the magnetization tensor.

The magnetization tensor and EMI resonances have been
discussed previously [4]. The principal contribution of this
paper is a recognition that the EMI resonant modes of high-con-
ductivity targets, characterized by purely imaginary resonant
frequencies, are analogous to the resonant modes of high-per-
mittivity, low-loss microwave resonators [5], which resonate
at nearly purely real resonant frequencies. Once this duality
is understood, all of the many techniques developed in the
microwave community for characterization of high-permittivity
dielectric resonators [6]–[8] (operating at nearly real frequen-
cies) can be directly transitioned to the EMI high-conductivity,
high-permeability problem (with resonant frequencies at
imaginary frequencies). Moreover, this understanding yields
an explicit interpretation of the EMI resonant modes in terms
of dipole and higher order magnetic moments, from which the
physical significance of particular EMI modes can be accrued.

Many metal land mines and UXO are composed of parts
that resemble finite-length cylinders and rings and therefore,
the EMI resonant modes of such targets are of interest. Such
targets, as well as more-general shapes, can be analyzed
via numerical algorithms, such as the method of moments
(MoM) [3]. Unfortunately, such calculations are very expensive
computationally, since the size of the MoM basis functions
typically must be small relative to the skin depth [3]. This
requirement significantly limits the size of the targets that can
be considered, and results in significant computer run times,
and computer memory requirements. However, for simple but
important shapes, such as finite-length cylinders and rings,
one can make use of the duality between EMI resonances
and microwave resonances to yield very simple but highly
accurate approximate models. In particular, as detailed in
Section II, we have employed these simple models to calculate
the (imaginary) resonant frequencies of conducting cylinders
and rings, with the computed data compared favorably to data
simulated numerically. In those examples we restrict ourselves
to relatively small targets, for which the numerical analysis is
tractable. The approximate model is applicable to cylinders and
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rings of arbitrary size. A long conducting and ferrous cylinder,
for example, provides a good representation of a UXO, and
therefore we can use our simple model to predict the imaginary
resonant frequencies (time-domain decay constants) of such
targets, as a function of material parameters (conductivity and
permeability).

The remainder of the paper is organized as follows. In Sec-
tion II, we explain the duality between conducting and ferrous
targets at EMI frequencies and high-permittivity resonators at
microwave frequencies. We also elucidate how to transition ap-
proximate models from the microwaves community, for calcu-
lation of the EMI resonant frequencies of finite-length cylin-
ders and rings. In Section III, we compare the resonant frequen-
cies computed via the approximate model with those computed
by rigorous numerical algorithms. A demonstration of how the
model is used to characterize measured data is discussed in Sec-
tion IV, in which we investigate the measured wideband EMI re-
sponse from ferrous cylinders. Conclusions from this work are
discussed in Section V.

II. FUNDAMENTAL THEORY

A. Resonant EMI Model

Consider an arbitrarily shaped highly (but not perfectly) con-
ducting and possibly permeable target, residing in free space.
At induction frequencies [1], [2], the displacement current can
be neglected and the wavenumberinside the target satisfies

, where is the free-space permeability,
is the relative permeability, is the conductivity, and is the
angular frequency. The source-free fields inside the target sat-
isfy

(1)

where denotes either the electric or magnetic fields. This
source-free wave equation can be solved for the resonant
modes of the target, from which the target resonant frequencies
and fields can be computed. A similar analysis is commonly
performed for microwave low-loss dielectric resonators, for
which is nearly purely real (resonators with a high quality
factor [5]), as is the resonant frequency. For the EMI frequen-
cies of interest here, we note that is positive real when
the frequency is positive imaginary. For the time
dependence assumed, this implies that the EMI resonant modes
decay exponentially with time. This is consistent with the well
known late-time characteristics of transient EMI excitation of
conducting and permeable targets [1].

The computation of the real resonant frequencies of mi-
crowave dielectric resonators is of significant interest for filter
design, and therefore there is a vast literature on this subject
[5]–[8]. Moreover, van Bladel [5] has developed an elegant
theory for the modes of microwave resonators of very high
permittivity, with this directly transferable to the EMI reso-
nances of highly (but not perfectly) conducting and permeable
targets. Of more importance from a practical standpoint, simple
algorithms have been developed for calculation of the resonant
modes of high-permittivity rotationally symmetric dielectric
resonators [6]–[8], with that previous work transitioned here for
characterization of the EMI modes of rotationally symmetric

Fig. 1. Cylinder and ring targets for which the approximate model in
Section II-B is developed, each highly conducting and possibly ferrous.

highly conducting and permeable targets. While the restriction
to rotationally symmetric targets is clearly a limitation, such
are of interest for many conducting and permeable land mines
and unexploded ordnance (UXO) [1], [2].

B. Finite-Length Cylinder or Ring Target

We develop below a simple model for the EMI response of
general conducting and permeable rotationally symmetric tar-
gets. However, we initially limit the discussion to the case of
a finite-length cylinder or ring (Fig. 1), for which the model
parameters can be computed explicitly. To analyze the reso-
nant characteristics (with purely imaginary resonant frequen-
cies) of finite-length cylinders or rings, we first consider such
targets of infinite length, followed by imposition of appropriate
boundary conditions at (see Fig. 1). As discussed
above, for purely imaginary frequencies, the infinite-length con-
ducting and permeable cylinder or ring behaves analogous to an
infinite-length low-loss dielectric waveguide (when the low-loss
waveguide operates at real frequencies). If the target axis is ori-
ented along the axis of a cylindrical coordinate system, the ro-
tational symmetry of the targets dictates a azimuthal
variation for the waveguide modes, whereis an integer greater
than or equal to zero. The lowest-order modes have no azimuthal
variation, corresponding to 0. The 0 modes re-
duce to two classes [9]. Those with electric fields transverse
to the direction (TE) and those with magnetic fields trans-
verse to (TM). The resonant modes corresponding to the TM
modes can be found by replacing the boundary of the target by
a magnetic wall [5], [6] and letting represent the longi-
tudinal wavenumber for a TM mode (infinite waveguide). The

th corresponding resonant mode, for a cylinder or ring target
of length , resonates at the imaginary frequency for which the
wavenumber satisfies

(2)

For the TE modes, the simple magnetic-wall approximation at
the ends of the target is not sufficiently accurate, and therefore
we utilize a higher-order approximation [6]. In particular, we
note in Fig. 2 that the cylindrical or ring target has a symmetry
plane at 0, with this represented by a short-circuit or open-
circuit plane, depending on the mode of interest. The mode that
resonates at the lowest frequency corresponds to a short circuit
[6], so we consider that case. Let denote the longitudinal
wavenumber for the TE modes supported by the infinite-length
cylinder or ring. The impedance seen from , looking
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Fig. 2. Schematic of the resonance condition applied for computation of the
resonant frequencies of the TE modes supported by the finite-length cylinders
and rings considered.

toward the short-circuit symmetry plane is defined as, while
the impedance seen at looking toward the air region is
denoted , where (using magnetic walls)

(3)

and is the cutoff wavenumber for the TE mode under con-
sideration. The th purely imaginary resonant frequency oc-
curs under the condition [6], and there are an infi-
nite number of solutions to this transcendental equation (corre-
sponding to the infinite number of such modes with short-circuit
symmetry).

A multipole expansion of the fields associated with the above
TE and TM modes yields important insight into the fields radi-
ated by these source-free modes. It is straightforward to demon-
strate that the lowest-order moment associated with the 0
(no azimuthal variation) TE resonant modes corresponds to a
magnetic dipole oriented along thedirection. By contrast, the
lowest-order moment associated with the 0 TM resonant
modes corresponds to a magnetic quadrupole (equivalently, an
electric dipole [5]). Consequently, to a sensor that measures the
magnetic field, the 0 TM resonant modes contribute neg-
ligibly vis-a-visthe TE modes.

To account for the resonant modes with a dipole magnetic
moment oriented orthogonal to theaxis, we must consider the

1 waveguide modes, with the associated physical signif-
icance discussed subsequently. Unlike the 0 waveguide
modes, for infinite cylindrical or ring waveguide, the 1
modes are not simply TE or TM, but are hybrid modes corre-
sponding to a superposition of these two simpler mode types
[9]. Consequently, to determine the resonant frequencies of the

1 modes, we first numerically compute the longitudinal
wavenumber for the corresponding infinite-length waveguide,
denoted for the hybrid modes [9]. The imaginary resonant
frequencies are then computed using a relationship analogous
to (2). For the hybrid modes one cannot easily define a modal
impedance, and therefore we cannot employ a more-sophisti-
cated resonant condition, as in (3). Nevertheless, as demon-
strated below, the accuracy of the resonant frequencies com-
puted via this simple model are in very good agreement with
data computed via a rigorous numerical model. Finally, through
consideration of the 1 modal fields, it is easily shown
that the lowest-order multipole term corresponds to a magnetic
dipole oriented perpendicular to the axis of rotation.

Summarizing, we have demonstrated that the lowest-order
resonant modes of a finite-length highly conducting and perme-

Fig. 3. Schematic of the currents associated with the magnetic dipoles
EMI-excited on a conducting and possibly ferrous target. The dipole oriented
along thez axis corresponds to them = 0 TE modes, and the transverse
magnetic dipole moments correspond to them = 1 hybrid modes.

able cylindrical or ring target correspond to magnetic dipoles
oriented along and perpendicular to the target axis. Each of
these resonant modes resonates with a purely imaginary reso-
nant frequency. The modes with magnetic dipole oriented along
the target axis correspond to the 0 TE modes, while the
magnetic moments oriented orthogonal to the axis correspond
to the 1 hybrid modes. The explicit imaginary resonant fre-
quencies can be computed easily using the simple expressions
reviewed above, these borrowed from the microwave commu-
nity [5]–[8]. In Fig. 3, we schematically plot the currents char-
acteristic of the two mode classes. Note that the dipole moment
perpendicular to the target axis corresponds to a current density
for which , explaining the variation.

C. Target Transfer Function

The resonant frequencies corresponding to each EMI reso-
nant mode are manifested as poles in the complex frequency
plane [3], [4], where as discussed above all EMI poles reside
on the imaginary frequency axis. Recalling that the 0 TE
modes correspond to dipoles oriented in thedirection, and the

1 hybrid modes correspond to dipoles perpendicular to
, the frequency-dependent dyadic dipole magnetization is ex-

pressed as

(4)

The frequency-independent parameters and ac-
count for the dipole moments contributed by ferrous targets,
with these constants equal to zero for nonpermeable targets. In
(4) we sum over the infinite number of resonant 0 TE and

1 hybrid modes, although in practice, a small number of
modes are sufficient for representation of the frequency-depen-
dent dyadic dipole magnetization. The quantities and
are real, and therefore, each of the summed terms has a pole on
the imaginary frequency axis. Concerning the frequency depen-
dence of each of the summed terms, we note that at high EMI
frequencies the resonant mode asymptotically approaches the
inductive high-frequency limit [10], for which the real part of the
response approaches a constant, while the imaginary part goes
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to zero. Moreover, as the frequency goes to zero, the response of
each EMI resonant mode will also go to zero [10] [leaving only
the constants and ]. These two conditions motivate
the in the numerator of each summed term. We also note that
the relative strengths of the -directed dipole modes are
fixed by the target geometry and material properties, with this
also true for therelative weights of [11] Finally, the im-
pulse response of the dipole magnetization is easily found via a
Fourier analysis of (4), and is given as

(5)

Such that real time-domain waveforms are realized, (5) implies
that , , , and must be real quantities.

If we consider an incident, frequency-dependent magnetic
field , then the magnetic fields induced by a target de-
scribed by the in (4) are given as [9]

(6)

where is the distance from the target dipoles to the observation
point. A similar, convolutional relationship holds for time-do-
main excitation.

D. General Rotationally Symmetric Targets

In (4) and (5), we have presented the frequency and time-de-
pendent dipole magnetization for a conducting and permeable
finite-length cylinder or ring. In particular, we have demon-
strated that these expressions are characterized by the purely
imaginary resonant frequencies of the targets, with explicit tools
for their approximate calculation presented in Section II-B. We
note, however, from the discussion of Section II-A, thatany fi-
nite size conducting and permeable target will be characterized
by resonant modes with purely imaginary resonant frequencies.
For simple shapes like the cylinder and ring considered above,
the imaginary resonant frequencies can be calculated approxi-
mately via simple models, while more-general shapes require
numerical algorithms. In [3] we discussed a MoM model for
general body-of-revolution (BoR) conducting and permeable
targets, and in Section III, we discuss a finite-element method
(FEM) applicable to general target shapes. Moreover, due to
symmetry [4], the dipole magnetization dyadic for a general
BoR will be in the same form as (4) and (5), although for general
targets one must estimate the model parameters via a numerical
model or from measured data. Many targets of interest (mines
and ordnance) are bodies of revolution, and therefore the simple
models in (4) and (5) are particularly useful.

While beyond the scope of the present BoR computations, we
note that the longitudinal/transverse decomposition in (4) and
(5) applies to more general metal targets as well. In particular,

the same results apply to such bodies with an-fold rotation
axis [12] for 3 (i.e., symmetry with 3). Axial
symmetry planes are not required (see [4] ). Our BoR corre-
sponds to with axial symmetry planes (Osymmetry).

III. COMPARISON OFAPPROXIMATE AND NUMERICAL DATA

A. Numerical Models Considered

Below we compare the accuracy of the EMI resonances com-
puted using the simple models in Section II-B with data com-
puted via rigorous numerical models. We summarize the numer-
icalmodels, forcompleteness.ForBoRtargetsaMoManalysis is
particularlyuseful, inwhich the currents are expanded in terms of
azimuthal harmonics with variation . For such problems
the currents are expanded only on the surface of the generating
arc [3]. This approach has two advantages for our applications:
1) the problem complexity simplifies significantly, since the un-
knowns, for each mode , are only on a two-dimensional (2-D)
arc (rather than in three dimensions), and 2) the azimuthal BoR
harmonics with index are directly applicable to the azimuthal
modes discussed in Section II-B, allowing a direct comparison of
numerical and approximate EMI resonant frequencies. The de-
tails of our BoR MoM model are discussed in [3].

While the BoR MoM model is useful and computationally
efficient, it is restricted to a limited class of problems. If the
target is not a BoR [15], or if it is composed of inhomogeneous
material parameters, a more general model is preferable. In this
context we have developed a general hybrid model that com-
bines a volumetric finite-element method (FEM) solution with a
boundary element method (BEM) [16], [17]. In the FEM-BEM
formulation, the fields inside the target are expanded in terms
of general volumetric basis functions, and the surface region is
represented in terms of generalized surface basis functions. The
unknowns therefore exist inside and on the surface of the target,
and there is no need to truncate the computational domain in
an absorbing boundary region. The details of the FEM-BEM
model have been published elsewhere. In particular, the gen-
eral FEM-BEM formulation is discussed in [16], [17], with the
type of surface basis functions employed discussed in [18]. The
FEM-BEM and BoR-MoM models are distinct, and their re-
spective accuracy was assured by demonstrating that these two
disparate models yielded the same results, when considering
problems for which they are both applicable.

B. Finite-Length Cylinder

Our initial example is for a stainless-steel cylinder, of length
5.08 cm and 1.27 cm diameter. We perform a comparison be-
tween resonant frequencies computed via the simple approxi-
mate model (Section II-B) and via the rigorous BoR-MoM so-
lution. Note that the target size considered is small, especially
relative to large ordnance that may be of interest. This is a lim-
itation of any numerical model, including the BoR-MoM. In
particular, the currents on the surface of the BoR are expanded
in a basis set [3], and the size of the basis functions must be
small relative to the skin depth. Since for large targets, the skin
depth may be very small relative to other target dimensions (e.g.,
length), a large number of basis functions may be required to
obtain accurate results. Therefore, as the target size increases,
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one realizes a commensurate increase in the required computer
memory and run times. In particular, if basis functions are
required to expand the surface currents, the required memory
is order and the required computer time is also order.
The FEM-BEM solution has similar restrictions. By contrast,
the simple models developed in Section II-A have the signif-
icant advantage of being applicable independent of the target
size. The computational burden of the numerical algorithms is
exacerbated when one considers highly permeable targets, and
therefore all comparisons to numerically generated data is for
nonferrous targets. We address ferrous targets through consid-
eration of measured data, in Section IV.

The imaginary resonant frequencies correspond to zeros of
the MoM or FEM determinant [3] when computed along the
imaginary frequency axis. In practice, the determinant does not
go to zero at the resonant frequencies, due to numerical trun-
cation errors, but the resonant modes occur at sharp dips in the
MoM/FEM determinant when viewed as a function of frequency
(see Figs. 4 and 5). In Fig. 4 we plot the determinant of the
MoM impedance matrix, assuming the stainless-steel conduc-
tivity 1.3 10 S/m, for the 0 and 1 modes.
Recall that the 0 modes are in the form of TE and TM
modes. The TM modes correspond to magnetic quadrupoles,
and therefore are of little interest. However, the MoM solution
does not distinguish between TE and TM modes, it calculating
the imaginary resonant frequencies ofall modes. Consequently,
an advantage of the simple EMI solution is its close connection
to the underlying physics. Similar information can be obtained
from the MoM solution, but one must examine the modal cur-
rents to ascertain the mode identity [3]. In addition to plotting
in Fig. 4 the determinant of the MoM matrix, we tabulate the
imaginary resonant frequencies computed via the approximate
model, for the first few magnetic-dipole modes.

In Fig. 4(a) the MoM and approximate model agree to less than
5% error while in Fig. 4(b) the error is typically less than 2%.
Given the simplicity and computational efficiency of the approx-
imate model, such accuracy is good. The approximate results in
Fig. 4(b) are a little better than those in Fig. 4(a) because the
0 modes are computed using a magnetic wall for the sides of the
TE-modewaveguide,while for thehybridmodescharacteristicof
the 1modes,wenumericallyevaluatethemodalpropagation
constant [9]withoutanysuchapproximation.The 0approx-
imate solution in Fig. 4(a) are improved slightly if one computes
the TE waveguide propagation constant numerically (without a
magnetic wall), as was done for the hybrid modes.

Note that, for this example, the 1 mode has a lower
fundamental resonant frequency than the 0 mode; we have
consistently found this to be true for the nonferrous cylinders
examined. The MoM results, for computation of the determinant
over the range of imaginary frequencies considered, requires
on the order of one hour of CPU time on a 500 MHz Pentium
III personal computer. On the same computer, the approximate
model requires approximately 20 s.

C. Finite-Length Ring

We next consider a ring of 2.54 cm length, outer radius 1.27
cm and a wall thickness of 3.175 mm, composed of aluminum
( 3 10 S/m). The numerical results are computed via the

(a)

(b)

Fig. 4. Characterization of the magnetic dipoles associated with a cylindrical
target of length 5.08 cm and 1.27 cm diameter, and conductivity� = 1.3�
10 S/m. The curves correspond to the determinant of the MoM impedance
matrix. In the inserted table is shown the results from the approximate model
in Section II-B. In this context, for them = 0 modes we only tabulate results
for the magnetic-dipole TE modes; the highest-frequency MoM dip in Fig. 4(a)
corresponds to a TM mode (magnetic quadrupole). (a) Modes with magnetic
dipole oriented along the target axis and (b) modes with magnetic dipole
orthogonal to target axis.

FEM-BEM model, this model applicable to targets of general
composition and shape. The disadvantage of this generality is
that the FEM-BEM model does not decompose the fields into

harmonics, and therefore, a comparison between the
approximate and FEM-BEM results is less direct. We therefore
compare the accuracy of the approximate solution for the ring
mode of lowest resonant frequency, this corresponding to the
fundamental 1 mode in the approximate model. As in
the BoR-MoM solution, for computation of the numerical res-
onant frequency, we compute the determinant of an FEM-BEM
matrix along the imaginary frequency axis, with the dips cor-
responding to resonant frequencies. We see in Fig. 5 that the
approximate and FEM-BEM solutions agree to within 1.6%.
The FEM-BEM solutions, being three-dimensional (3-D), are
even more costly computationally than the BoR-MoM solution.
While the FEM-BEM solution requires hours of CPU time, on
the personal computer discussed above, the approximate solu-
tion again requires approximately 20 s.
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Fig. 5. Characterization of the lowest-order (fundamental) magnetic dipole for
a ring target of 2.54 cm length, outer radius 1.27 cm and a wall thickness of
3.175 mm, and of conductivity� = 3� 10 S/m. The curve is the determinant
of the FEM-BEM impedance matrix, while the approximate model predicted an
imaginary resonant frequency ofj454 Hz.

IV. COMPARISONS TOMEASUREDDATA

A. Sensor Details

The above comparisons between the approximate model of
Section II-B and numerical data computed via the BoR-MoM
and FEM-BEM models are encouraging. However, as discussed
above, the numerical models have difficulties when considering
ferrous targets. Therefore, to consider the accuracy of the
model in Section II-B for such targets, we perform a compar-
ison to measured data. The data were taken using a magnetic
sensing probe developed by Quantum Magnetics. This probe
uses a wide bandwidth room temperature magnetoresistive
(MR) sensor operated using a high-performance electronics
developed by QM. Unlike induction receiver coils, which
measure the rate of change of magnetic field, MR sensors
measure the magnetic field itself. As a result, they operate with
a frequency-independent response from dc to several MHz.
The current sensor operates over the frequency band 0.1 and
400 KHz.

B. Comparison of Measured and Theoretical Data

When considering ferrous targets, there are two parameters
that can be varied: the conductivity and permeability. In prac-
tice, for a given metal type, there is often a wide range of vari-
ability in these parameters, and therefore, it is somewhat mis-
leading to use particular values of and in the approximate
model (for the resonant frequencies) and compare with mea-
sured data. In particular, one can chooseand such that there
is a match, but this does not mean that theand used in the
model actually correspond to the parameters of that target that
was measured. Consequently, we therefore perform an alterna-
tive comparison of modeled and measured data. In particular,
from (4) and (6) it is clear that the frequency-dependent mag-
netic field can be expressed in the form

(7)

where
particular component of magnetic field;
constant offset due to the ferrous target (zero for a non-
ferrous target);
imaginary resonant modes excited;
excitation strengths of the modes, with these dictated
by the details of the target and the incident magnetic
field.

For the ferrous targets considered below, we consider the op-
timal match of (7) to the measured data, using just a one-pole
model. We therefore perform a least-squared match of (7) to the
measured data, where the frequency-independent (constant) free
parameters are and .

We consider a carbon steel pin of 6.858 mm length and 1.5748
mm diameter. This target is characteristic of a small firing pin
used in plastic antipersonnel land mines. The EMI response was
measured over the 0.1–400 KHz band, with the pin axis aligned
with the sensor axis (the magnetic dipole moment along the
target axis is excited preferentially with this target-sensor ori-
entation, motivating the single-pole model). In Fig. 6, we com-
pare the measured real and imaginary EMI signature (curves) to
the EMI model in (7), where the model parameters are shown
with points. One notices an excellent match to the computed
and measured EMI signature, where here the model parame-
ters employed were and KHz
( ).

In practice, while the targets of interest may be rotationally
symmetric, the exact conductivity and permeability are gen-
erally known only approximately (the same metal type can
have substantial variability in these parameters). Therefore, in
the context of target classification, it may be best to compute
the EMI model parameters from measured data, as above.
The extracted model parameters can then be employed in a
statistical target-classification algorithm [19], in which the
statistical variation of the target-model parameters is accounted
for. The comparisons to numerical data in Section III therefore
serve to demonstrate the approximate-model accuracy, while
in practice the model will typically be applied directly to mea-
sured data (as in Fig. 6). The approximate but highly accurate
models discussed in Sections II-B and II-C can be used to
quickly determine the range of variability in the imaginary
resonant frequencies of finite-length cylinder and ring targets,
as a function of real-world variability of the target material
parameters.

Before closing this section, it is of interest to examine the
characteristics of the target in Fig. 6, for the case in which the
cylinder axis is orthogonal to the sensor axis. This corresponds
to the case for which the orthogonal (to the target axis) mag-
netic dipoles will be excited preferentially. We employ the same
sensor as discussed above, with the comparison between the
measured data and the single-pole model shown in Fig. 7. For
this case the fitted model parameters in (7) correspond to
0.0114, 0.0111, and 7.6 KHz. Note that for this
case, the general fit between the measured and model data is
good, although not as good as in Fig. 6. The orthogonal mag-
netic dipole is apparently not excited as strongly, for the EMI re-
sponse (measured magnetic field orthogonal to the sensor loop)
is now an order of magnitude smaller than the results in Fig. 6
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Fig. 6. Magnetic fields measured by an EMI sensor, with the excitation-coil
axis aligned with the target axis. The curve corresponds to the measured data,
and the points correspond to the fit to the data using a one-pole model, as in (7).

Fig. 7. As in Fig. 6, but now the sensor coil is placed orthogonal to the cylinder
axis, aligned with the middle of the cylinder.

(for the same target-sensor distance). The small differences be-
tween the measured and model data may therefore be attributed
to sensor noise, due to the relatively weak measured signal at
this target-sensor orientation. A better fit can also be obtained
using a two-pole model.

With regard to the measured data in Figs. 6 and 7, we reit-
erate that it appears that the magnetic dipole oriented along the
target axis is excited more strongly than the dipole orthogonal to
this axis. Our theory from Section II can help explain this phe-
nomenon. In particular, the magnetic dipole oriented along the
target axis corresponds to an 0 TE mode, while the mag-
netic dipole orthogonal to this axis corresponds to a higher-order

1 hybrid mode. We therefore attribute the differences in the
excitation strengths in Figs. 6 and 7 to relatively stronger exci-
tation of lower order (simpler) modes as compared to weaker
excitation of higher order (more complex) modes.

V. CONCLUSIONS

The principal contribution of this paper is an explanation of
the duality between the response of high-permittivity dielec-

tric resonators at microwave frequencies and high-conductivity,
high-permeability targets at EMI frequencies. The dielectric res-
onators resonate at nearly purely real microwave frequencies,
while the conducting and ferrous targets have purely imaginary
EMI frequencies. An understanding of this duality allows ex-
ploitation of the wide range of work that has been done in the mi-
crowave community for analyzing high-permittivity resonators.
In particular, high-conductivity and high-permeability cylinders
and rings are of interest in many targets interrogated via an EMI
sensor, and we have transitioned models originally developed in
the microwave community to perform an EMI analysis of such
targets. The approximate-model EMI results were found to be
in close agreement with data computed via rigorous numerical
algorithms.

The EMI model, in terms of a diagonal magnetization tensor,
in which the EMI resonant frequencies are used explicitly, is
applicable to general rotationally symmetric targets, not simply
cylinders and rings. This model characterizes the wideband EMI
response of such targets in terms of a small number of param-
eters. This is important in the analysis of measured EMI data
which, by exploitation of the simple model, can be fit in terms
of a small number of parameters, with these compact parameters
employed in a subsequent signal-processing algorithm. We have
demonstrated the fit of wideband EMI data, over a 0.1–400 KHz
bandwidth, in terms of only three parameters. The target consid-
ered was a small ferrous cylinder, characteristic of the firing pin
in a plastic land mine. Such fits can be performed with EMI data
from more general rotationally symmetric targets.

Future work is required on consideration of more-complex
targets, such as actual UXO, that may be composed of multiple
parts (e.g., a long cylinder, rings, and possibly a nose composed
of a different metal type). Each of these individual components
is characterized in terms of its own resonant EMI modes, and it
is of interest to examine the degree to which such modes couple
in the composite. Moreover, the magnetization tensor is repre-
sentative of a superposition of various magnetic dipole modes.
For a composite target, the different magnetic dipoles from each
of the components will in general not be colocated (i.e., the mag-
netic dipoles associated with a UXO ring may not be located
at the same position as the dipoles associated with the larger
body). In this context, the dipole magnetization model, in terms
of a finite number of magnetic dipoles, must be augmented to
consider the location of the dipoles associated with respective
subcomponents.
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