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complex-frequency plane [3]. Note that here we use ¢he

) _ plane for complex frequencies, instead of the= Q + jw
Abstract—A simple and accurate model is presented for compu- ane as in the two-sided Laplace transform [4]. Assuming
tation of the electromagnetic induction (EMI) resonant frequen-

cies of canonical conducting and ferrous targets, in particular, fi- 2" exp(jwt) time dependence, a PUfe'Y Imaginary resonant
nite-length cylinders and rings. The imaginary resonant frequen- frequency corresponds to the exponential decay characteristic
cies correspond to the well known exponential decay constants of of time-domain EMI interaction with conducting and ferrous
interest for time-domain EMI interaction with conducting and fer- targets. As is discussed in Section Il, the imaginary resonant

rous targets. The results of the simple model are compared to data frequencies correspondina to maanetic-dipole modes plav an
computed numerically, via method-of-moments (MoM) and finite- q b 9 9 P play

element models. Moreover, the simple model is used to fit measured importqnt role in charactgrizi_ng the frequency and time-domain
wideband EMI data from ferrous cylindrical targets (in terms of ~ Properties of the magnetization tensor.
a small number of parameters). It is also demonstrated that the ~ The magnetization tensor and EMI resonances have been

general model for the magnetic-dipole magnetization, interms of a discussed previously [4]. The principal contribution of this
frequency-dependent diagonal dyadic, is applicable to general 0- 4461 js 4 recognition that the EMI resonant modes of high-con-
tationally symmetric targets (not just cylinders and rings). ductivity targets, characterized by purely imaginary resonant
Index Terms—nduction, magnetization, resonance, sensing. frequencies, are analogous to the resonant modes of high-per-
mittivity, low-loss microwave resonators [5], which resonate
I. INTRODUCTION gt nearly purely real resonant frequepcies. Once this QUaIity
is understood, all of the many techniques developed in the
E LECTROMAGNETIC induction (EMI) is widely used for mjicrowave community for characterization of high-permittivity
the detection and discrimination of conducting and fegjielectric resonators [6]-[8] (operating at nearly real frequen-
rous targets. In the context of subsurface sensing, EMI is Usgfls) can be directly transitioned to the EMI high-conductivity,
to sense buried metal mines as well as unexploded Ord”aﬂfﬁn-permeability problem (with resonant frequencies at
(UXO) [1], [2]. Since the conductivity of such targets is typiimaginary frequencies). Moreover, this understanding yields
cally many orders of magnitude larger than the conductivity gfy explicit interpretation of the EMI resonant modes in terms
soil, the target can usually be analyzed in free space. We c@fiipole and higher order magnetic moments, from which the
sider such an analysis here. Most land mines and UXO exhigHysical significance of particular EMI modes can be accrued.
rotational symmetry, with this symmetry yielding a simplifica- Many metal land mines and UXO are composed of parts
tion of the EMI phenomenology. In particular, as discussed fUfyat resemble finite-length cylinders and rings and therefore,
ther in Section II, the magnetization tensor of such targets ks EMI resonant modes of such targets are of interest. Such
comes diagonal (with regard to a coordinate system with an a@gets, as well as more-general shapes, can be analyzed
along the target axis of symmetry). Moreover, we demonstrajgy, numerical algorithms, such as the method of moments
that each element of the diagonal corresponds to a magnefjfom) [3]. Unfortunately, such calculations are very expensive
dipole mgment, oriented either parallel to or orthogonal to t'"&)mputationally, since the size of the MoM basis functions
target axis. typically must be small relative to the skin depth [3]. This
The wideband frequency-domain EMI response of a copsquirement significantly limits the size of the targets that can
ducting and ferrous target is characterized by EMI resonait considered, and results in significant computer run times,
frequencies, which exist along the imaginary axis of thgng 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
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for example, provides a good representation of a UXO, and E e—
therefore we can use our simple model to predict the imaginary sty & h.___,-f‘
resonant frequencies (time-domain decay constants) of such |

|

rings of arbitrary size. A long conducting and ferrous cylinder, ]

targets, as a function of material parameters (conductivity and
permeability).

The remainder of the paper is organized as follows. In Sec- " .
tion 11, we explain the duality between conducting and ferrous e ——
targets at EMI frequencies and high-permittivity resonators at sl Hing
microwave frequencies. We also elucidate how to transition ap-
proximate models from the microwaves community, for calctfg- 1. Cylinder and ring targets for which the approximate model in
lation of the EMI resonant frequencies of finite-length Cy”n_Sectlon 1I-B is developed, each highly conducting and possibly ferrous.

ders and rings. In Section lll, we compare the resonant frequ n—hI ducti q bl hile th -
cies computed via the approximate model with those comput@gnly conducting and permeable targets. While the restriction

by rigorous numerical algorithms. A demonstration of how th rotationally symmetric targets is clearly a limitation, such
model is used to characterize measured data is discussed in §E%—°f mterlezt fgr rgany conducting ang permeable land mines
tion IV, in which we investigate the measured wideband EMI r&Nd unexploded ordnance (UXO) [1], [2].

sponse from ferrous cylinders. Conclusions from this work a

discussed in Section V. 3 Finite-Length Cylinder or Ring Target

We develop below a simple model for the EMI response of
Il. FUNDAMENTAL THEORY general conducting and permeable rotationally symmetric tar-
gets. However, we initially limit the discussion to the case of
A. Resonant EMI Model a finite-length cylinder or ring (Fig. 1), for which the model
Consider an arbitrarily shaped highly (but not perfectly) coparameters can be computed explicitly. To analyze the reso-
ducting and possibly permeable target, residing in free spaoant characteristics (with purely imaginary resonant frequen-
At induction frequencies [1], [2], the displacement current caties) of finite-length cylinders or rings, we first consider such
be neglected and the wavenumlieinside the target satisfiestargets of infinite length, followed by imposition of appropriate
k? = —jwpuop,-o, Wherep, is the free-space permeability, boundary conditions at = +1/2 (see Fig. 1). As discussed
is the relative permeabilityy is the conductivity, and is the above, for purely imaginary frequencies, the infinite-length con-
angular frequency. The source-free fields inside the target saiicting and permeable cylinder or ring behaves analogous to an
isfy infinite-length low-loss dielectric waveguide (when the low-loss
) ) waveguide operates at real frequencies). If the target axis is ori-
Vi@ — jopiopro® =0 (1) ented along the axis of a cylindrical coordinate system, the ro-
where & denotes either the electric or magnetic fields. Thité‘t'pnal symmetry of th_e targets d'CtateS.(ﬁ(m.d)) azimuthal
source-free wave equation can be solved for the reson ﬁpanonforthewavegwde modes,whenesanmtegergreqter
modes of the target, from which the target resonant frequenc‘ gnor equalto zero. 'I_'he lowest-order modes have no azimuthal
and fields can be computed. A similar analysis is common riation, corresponding ta, = O'. Them - 0 modes re-
performed for microwave low-loss dielectric resonators, f uce to tV.VO c.Iasses [9]. Those W'th electric f'.e Id; transverse
o the z direction (TE) and those with magnetic fields trans-

which k2 is nearly purely real (resonators with a high qualit .
y purely ( an g {@rse toz (TM). The resonant modes corresponding to the TM

factor [5]), as is the resonant frequency. For the EMI freque .
cies of interest here, we note that is positive real when modes can be found by replacing the boundary of the target by
’ a magnetic wall [5], [6] and lettingg™ represent the longi-

the frequencyw is positive imaginary. For thexp(jwt) time : ot i
dependence assumed, this implies that the EMI resonant mom%nal wavenumber for a TM mode (|nf|n|te. wavegu@e). The
th corresponding resonant mode, for a cylinder or ring target

decay exponentially with time. This is consistent with the welt . ) 7
known late-time characteristics of transient EMI excitation ocff lengthL, reicl)\?ates, "’?‘ the imaginary frequency for which the
conducting and permeable targets [1]. wavenumbep ™™ satisfies

The computation of the real resonant frequencies of mi- AI™ML — 97, n=1,23, ... )
crowave dielectric resonators is of significant interest for filter
design, and therefore there is a vast literature on this subjecFor the TE modes, the simple magnetic-wall approximation at
[5]-[8]. Moreover, van Bladel [5] has developed an elegatiie ends of the target is not sufficiently accurate, and therefore
theory for the modes of microwave resonators of very higlie utilize a higher-order approximation [6]. In particular, we
permittivity, with this directly transferable to the EMI reso-note in Fig. 2 that the cylindrical or ring target has a symmetry
nances of highly (but not perfectly) conducting and permeakjdane atz = 0, with this represented by a short-circuit or open-
targets. Of more importance from a practical standpoint, simp&cuit plane, depending on the mode of interest. The mode that
algorithms have been developed for calculation of the resona@sonates at the lowest frequency corresponds to a short circuit
modes of high-permittivity rotationally symmetric dielectrid6], so we consider that case. L&t" denote the longitudinal
resonators [6]-[8], with that previous work transitioned here favavenumber for the TE modes supported by the infinite-length
characterization of the EMI modes of rotationally symmetricylinder or ring. The impedance seen frem= L/2, 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 P
and rings considered. L,_,.-' l

toward the short-circuit symmetry plane is definedzas while

the impedance seenat= L/2 looking toward the air region is Fig. 3. Schematic of the currents associated with the magnetic dipoles

. . EMI-excited on a conducting and possibly ferrous target. The dipole oriented
denoteds,, where (usmg magnetic Wa"S) along thez axis corresponds to thes = 0 TE modes, and the transverse
Wi flofl magnetic dipole moments correspond to the= 1 hybrid modes.

TE tan(8TEL/2)

Zsc(w :sz) = -
able cylindrical or ring target correspond to magnetic dipoles
Zo(w = jw;) = —wipto)\/ k2 + wliioc, (3) oriented along and perpendicular to the target axis. Each of
these resonant modes resonates with a purely imaginary reso-
andk, is the cutoff wavenumber for the TE mode under comant frequency. The modes with magnetic dipole oriented along
sideration. Therth purely imaginary resonant frequency octhe target axis correspond to the = 0 TE modes, while the
curs under the conditio#;. = —Z, [6], and there are an infi- magnetic moments oriented orthogonal to the axis correspond
nite number of solutions to this transcendental equation (cortethem = 1 hybrid modes. The explicitimaginary resonant fre-
sponding to the infinite number of such modes with short-circuifuencies can be computed easily using the simple expressions
symmetry). reviewed above, these borrowed from the microwave commu-
A multipole expansion of the fields associated with the abovety [5]-[8]. In Fig. 3, we schematically plot the currents char-
TE and TM modes yields important insight into the fields radiacteristic of the two mode classes. Note that the dipole moment
ated by these source-free modes. It is straightforward to dem@erpendicular to the target axis corresponds to a current density
strate that the lowest-order moment associated wittwthe 0 for which J(¢) = —J(¢ + «), explaining thecos(¢) variation.
(no azimuthal variation) TE resonant modes corresponds to a
magnetic dipole oriented along thadirection. By contrast, the C. Target Transfer Function

lowest-order moment associated with the= 0 TM resonant  The resonant frequencies corresponding to each EMI reso-
modes corresponds to a magnetic quadrupole (equivalently,riht mode are manifested as poles in the complex frequency
electric dipole [5]). Consequently, to a sensor that measures gigne [3], [4], where as discussed above all EMI poles reside
magnetic field, then = 0 TM resonant modes contribute negon the imaginary frequency axis. Recalling that the= 0 TE
ligibly vis-a-visthe TE modes. modes correspond to dipoles oriented in tdirection, and the

To account for the resonant modes with a dipole magneti¢ = 1 hybrid modes correspond to dipoles perpendicular to
moment oriented orthogonal to theaxis, we must consider the ;| the frequency-dependent dyadic dipole magnetization is ex-
m = 1 waveguide modes, with the associated physical signfressed as
icance discussed subsequently. Unlike the= 0 waveguide
modes, for infinite cylindrical or ring waveguide, the = 1 Wwm
modes are not simp?/y TE or TM, bl.?t are hg/brid modes corre- M(w) =2z [mz(o) + Z w — jwzk]
sponding to a superposition of these two simpler mode types »
[9]. Consequently, to determine the resonant frequencies of the
m = 1 modes, we first numerically compute the longitudinal + (zx + yy)
wavenumber for the corresponding infinite-length waveguide,
denoted3®™ for the hybrid modes [9]. The imaginary resonanThe frequency-independent parameters(0) and m,,(0) ac-
frequencies are then computed using a relationship analogooant for the dipole moments contributed by ferrous targets,
to (2). For the hybrid modes one cannot easily define a modaith these constants equal to zero for nonpermeable targets. In
impedance, and therefore we cannot employ a more-sophi§¢fi} we sum over the infinite number of resonant= 0 TE and
cated resonant condition, as in (3). Nevertheless, as demon= 1 hybrid modes, although in practice, a small number of
strated below, the accuracy of the resonant frequencies camades are sufficient for representation of the frequency-depen-
puted via this simple model are in very good agreement witlent dyadic dipole magnetization. The quantities andw,;
data computed via a rigorous numerical model. Finally, througine real, and therefore, each of the summed terms has a pole on
consideration of then = 1 modal fields, it is easily shown the imaginary frequency axis. Concerning the frequency depen-
that the lowest-order multipole term corresponds to a magnetience of each of the summed terms, we note that at high EMI
dipole oriented perpendicular to the axis of rotation. frequencies the resonant mode asymptotically approaches the

Summarizing, we have demonstrated that the lowest-ordeductive high-frequency limit [10], for which the real part of the
resonant modes of a finite-length highly conducting and permesponse approaches a constant, while the imaginary part goes

mp(0) + —w{”jw] @

T
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to zero. Moreover, as the frequency goes to zero, the responsthefsame results apply to such bodies withMsiold rotation

each EMI resonant mode will also go to zero [10] [leaving onlgxis [12] for N > 3 (i.e., Cny symmetry withN > 3). Axial

the constantsz, (0) andm,,(0)]. These two conditions motivate symmetry planes are not required (see [4] ). Our BoR corre-

thew in the numerator of each summed term. We also note thsggonds taV = oo with axial symmetry planes (Osymmetry).

the relative strengthsm.; of the z-directed dipole modes are

fixed by the target geometry and material properties, with thig|l. CoMPARISON OFAPPROXIMATE AND NUMERICAL DATA

also true for theelative weights ofm,,; [11] Finally, the im- . .

pulse response of the dipole magnetli)zation is easily found viéAa Numerical Models Considered

Fourier analysis of (4), and is given as Below we compare the accuracy of the EMI resonances com-

puted using the simple models in Section II-B with data com-

M) puted via rigorous numerical models. We summarize the numer-
ical models, forcompleteness. For BoR targets a MoM analysisis

Z w(t)mer exp(—wzkt)] pa_rticularly useful,_in which th_e gurrents are expanded interms of

" azimuthal harmonics with variaties(m¢). For such problems

the currents are expanded only on the surface of the generating

J arc [3]. This approach has two advantages for our applications:
mp(o)é(t)‘Fa Z w(t)mp; exp(—wpit)], 3] pp g pp

=2z lmz (0)8(t)+

Sl

+(zz +yy) 1) the problem complexity simplifies significantly, since the un-

(5) knowns, for each mode:, are only on a two-dimensional (2-D)
arc (rather than in three dimensions), and 2) the azimuthal BoR

Such that real time-domain waveforms are realized, (5) impli@grmonics with indexz are directly applicable to the azimuthal
thatm.(0), m,(0), m.x, andm,; must be real quantities. modes discussed in Section |I-B, allowing a direct comparison of
If we consider an incident, frequency-dependent magneﬂé'merical and approximate EMI resonant frequencies. The de-

field H'"*(w), then the magnetic fields induced by a target dd@ils of our BoR MoM model are discussed in [3]. _
scribed by theM (w) in (4) are given as [9] While the BoR MoM model is useful and computationally

efficient, it is restricted to a limited class of problems. If the
1 inc 1 target is not a BoR [15], or if it is composed of inhomogeneous
H(w) = _EV x |M(w) - H™(w) x V; ®)  material parameters, a more general model is preferable. In this
context we have developed a general hybrid model that com-
wherer is the distance from the target dipoles to the observatibines a volumetric finite-element method (FEM) solution with a
point. A similar, convolutional relationship holds for time-doboundary element method (BEM) [16], [17]. In the FEM-BEM

%

main excitation. formulation, the fields inside the target are expanded in terms
of general volumetric basis functions, and the surface region is
D. General Rotationally Symmetric Targets represented in terms of generalized surface basis functions. The

In (4) and (5), we have presented the frequency and time-diknowns _therefore exist inside and on the surfe_lce of the ta_rgt_at,
pendent dipole magnetization for a conducting and permeaBfd there is no need to truncate the computational domain in
finite-length cylinder or ring. In particular, we have demon@n @bsorbing boundary region. The details of the FEM-BEM
strated that these expressions are characterized by the pufdfie! have been published elsewhere. In particular, the gen-
imaginary resonant frequencies of the targets, with explicit tod#&| FEM-BEM formulation is discussed in [16], [17], with the
for their approximate calculation presented in Section I1-B. W¥P€ Of surface basis functions employed discussed in [18]. The
note, however, from the discussion of Section II-A, taayfi- FEM-BEM and BoR-MoM models are distinct, and their re-
nite size conducting and permeable target will be characteriZRECtive accuracy was assured by demonstrating that these two
by resonant modes with purely imaginary resonant frequencidisparate models yielded the same results, when considering
For simple shapes like the cylinder and ring considered aboR&oblems for which they are both applicable.
the imaginary resonant frequencies can be calculated approxi- . )
mately via simple models, while more-general shapes requffe Finite-Length Cylinder
numerical algorithms. In [3] we discussed a MoM model for Our initial example is for a stainless-steel cylinder, of length
general body-of-revolution (BoR) conducting and permeab%08 cm and 1.27 cm diameter. We perform a comparison be-
targets, and in Section Ill, we discuss a finite-element methtween resonant frequencies computed via the simple approxi-
(FEM) applicable to general target shapes. Moreover, duert@ate model (Section 11-B) and via the rigorous BoR-MoM so-
symmetry [4], the dipole magnetization dyadic for a generdition. Note that the target size considered is small, especially
BoR will be in the same form as (4) and (5), although for genergdlative to large ordnance that may be of interest. This is a lim-
targets one must estimate the model parameters via a numetitzgion of any numerical model, including the BoR-MoM. In
model or from measured data. Many targets of interest (mingarticular, the currents on the surface of the BoR are expanded
and ordnance) are bodies of revolution, and therefore the simplea basis set [3], and the size of the basis functions must be
models in (4) and (5) are particularly useful. small relative to the skin depth. Since for large targets, the skin

While beyond the scope of the present BoR computations, wepth may be very small relative to other target dimensions (e.g.,
note that the longitudinal/transverse decomposition in (4) atehgth), a large number of basis functions may be required to
(5) applies to more general metal targets as well. In particulabtain accurate results. Therefore, as the target size increases,
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one realizes a commensurate increase in the required compute m=0 modes
memory and run times. In particular, § basis functions are
required to expand the surface currents, the required memory
is orderN? and the required computer time is also ordét. -4
The FEM-BEM solution has similar restrictions. By contrast, -6
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, an& -
therefore all comparisons to numerically generated data is for 14
nonferrous targets. We address ferrous targets through consid- .46
eration of measured data, in Section IV. a8
The imaginary resonant frequencies correspond to zeros of
the MoM or FEM determinant [3] when computed along the — pe5

Mode # | Simple Model

1 143 KHz
2 16.8 KHz
3 21.8 KHz

=
=
e
hed
£
I
=

L L i L I

L

. 1 n
20000 25000

15000
imaginary frequency axis. In practice, the determinant does not Im {f}=Im {fre quencyj [Hz]
go to zero at the resonant frequencies, due to numerical trun- (@)
cation errors, but the resonant modes occur at sharp dips in the 0

MoM/FEM determinant when viewed as a function of frequency m=1 modes

(see Figs. 4 and 5). In Fig. 4 we plot the determinant of the :
MoM impedance matrix, assuming the stainless-steel conduc- 4

Mode # | Simple Model
tivity o = 1.3 x 10° S/m, for them = 0 andm = 1 modes.

Recall that then = 0 modes are in the form of TE and TM g S ; iig gz
modes. The TM modes correspond to magnetic quadrupoles, § LF 3 15'5 KHz
and therefore are of little interest. However, the MoM solution L 18‘0 KH

5 -10 :_ 4 B VA

does not distinguish between TE and TM modes, it calculating
the imaginary resonant frequenciesatifmodes. Consequently,
an advantage of the simple EMI solution is its close connection

-12

to the underlying physics. Similar information can be obtained -14

from the MoM solution, but one must examine the modal cur- E o WS
rents to ascertain the mode identity [3]. In addition to plotting 10000 () =Im( frequency} [Hz] 20000
in Fig. 4 the determinant of the MoM matrix, we tabulate the ()

imaginary resonant frequencies computed via the approximate
9 y q P PP Fig. 4. Characterization of the magnetic dipoles associated with a cylindrical

mOdel_' for the first few magnetlc-(_jlpole modes. target of length 5.08 cm and 1.27 cm diameter, and conductvitg 1.3 x
InFig. 4(a) the MoM and approximate model agree to lessthast S/m. The curves correspond to the determinant of the MoM impedance

5% error while in Fig. 4(b) the error is typicaIIy less than 29gnatrix. In the inserted table is shown the results from the approximate model
in Section II-B. In this context, for the: = 0 modes we only tabulate results

Given the simplicity and computational efficiency of the approXg, ihe magnetic-dipole TE modes; the highest-frequency MoM dip in Fig. 4(a)
imate model, such accuracy is good. The approximate resultgdfresponds to a TM mode (magnetic quadrupole). (a) Modes with magnetic
Fig. 4(b) are alittle better than those in Fig.4(a) becauseithke dipole oriented along ‘the target axis and (b) modes with magnetic dipole
. . . rthogonal to target axis.
0 modes are computed using a magnetic wall for the sides of e
TE-mode waveguide, while forthe hybrid modes characteristic of
themm =1 modes, we numerically evaluate the modal propagatiGfEM-BEM model, this model applicable to targets of general
constant[9] without any such approximation. The=0approx- composition and shape. The disadvantage of this generality is
imate solution in Fig. 4(a) are improved slightly if one compute$iat the FEM-BEM model does not decompose the fields into
the TE waveguide propagation constant numerically (withoutcas(m¢) harmonics, and therefore, a comparison between the
magnetic wall), as was done for the hybrid modes. approximate and FEM-BEM results is less direct. We therefore
Note that, for this example, thee = 1 mode has a lower compare the accuracy of the approximate solution for the ring
fundamental resonant frequency than#ihe- 0 mode; we have mode of lowest resonant frequency, this corresponding to the
consistently found this to be true for the nonferrous cylindefandamentaln = 1 mode in the approximate model. As in
examined. The MoM results, for computation of the determinatite BoR-MoM solution, for computation of the numerical res-
over the range of imaginary frequencies considered, requi@sant frequency, we compute the determinant of an FEM-BEM
on the order of one hour of CPU time on a 500 MHz Pentiumatrix along the imaginary frequency axis, with the dips cor-
[l personal computer. On the same computer, the approximagsponding to resonant frequencies. We see in Fig. 5 that the

model requires approximately 20 s. approximate and FEM-BEM solutions agree to within 1.6%.
o _ The FEM-BEM solutions, being three-dimensional (3-D), are
C. Finite-Length Ring even more costly computationally than the BoR-MoM solution.

We next consider a ring of 2.54 cm length, outer radius 1.2¥hile the FEM-BEM solution requires hours of CPU time, on
cm and a wall thickness of 3.175 mm, composed of aluminufe personal computer discussed above, the approximate solu-
(¢ = 3 x 107 S/m). The numerical results are computed via tHéON again requires approximately 20 s.
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where
H, particular component of magnetic field;
a constant offset due to the ferrous target (zero for a non-
Approximate model: ferrous target);
454 Hz (1.6% difference) jwi  imaginary resonant modes excited,;

by excitation strengths of the modes, with these dictated
by the details of the target and the incident magnetic
field.

S~ FEM determinant 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

L | | parameterg are, b; andw . .
20 230 e s We consider a carbon steel pin of 6.858 mm length and 1.5748
1 mm diameter. This target is characteristic of a small firing pin
used in plastic antipersonnel land mines. The EMI response was
Fig.5. Characterization of the lowest-order (fundamental) magnetic dipole ff{a 3 sured over the 0.1-400 KHz band, with the pin axis aligned
a ring target of 2.54 cm length, outer radius 1.27 cm and a wall thickness 0 . . .
3.175 mm, and of conductivity = 3 x 107 S/m. The curve is the determinant With the sensor axis (the magnetic dipole moment along the
of the FEM-BEM impedance matrix, while the approximate model predicted 4arget axis is excited preferentially with this target-sensor ori-
imaginary resonant frequency p454 Hz. entation, motivating the single-pole model). In Fig. 6, we com-
pare the measured real and imaginary EMI signature (curves) to
IV. COMPARISONS TOMEASURED DATA 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-
The above comparisons between the approximate modek&ls employed were = —0.1, b; = 0.1 and f; = 8.5 KHz

Section II-B and numerical data computed via the BoR-Molyl,, = 27 1,).
and FEM-BEM models are encouraging. However, as discussegn practice, while the targets of interest may be rotationally
above, the numerical models have difficulties when consideriggmmetric' the exact conductivity and permeability are gen-
ferrous targets. Therefore, to consider the accuracy of t@pa”y known only approximately (the same metal type can
model in Section II-B for such targets, we perform a compafye substantial variability in these parameters). Therefore, in
ison to measured data. The data were taken using a magngfic context of target classification, it may be best to compute
sensing probe developed by Quantum Magnetics. This prop@ EmI model parameters from measured data, as above.
uses a wide bandwidth room temperature magnetoresistie extracted model parameters can then be employed in a
(MR) sensor operated using a high-performance electroniggyistical target-classification algorithm [19], in which the
developed by QM. Unlike induction receiver coils, whichsaistical variation of the target-model parameters is accounted
measure the rate of change of magnetic field, MR sensggs, The comparisons to numerical data in Section 11l therefore
measure the magnetic field itself. As a result, they operate witBpe to demonstrate the approximate-model accuracy, while
a frequency-independent response from dc to several Mhiz.hractice the model will typically be applied directly to mea-
The current sensor operates over the frequency band 0.1 apgbd data (as in Fig. 6). The approximate but highly accurate
400 KHz. 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,
When considering ferrous targets, there are two parametassa function of real-world variability of the target material
that can be varied: the conductivity and permeability. In praparameters.
tice, for a given metal type, there is often a wide range of vari- Before closing this section, it is of interest to examine the
ability in these parameters, and therefore, it is somewhat migiaracteristics of the target in Fig. 6, for the case in which the
leading to use particular values @f ands in the approximate cylinder axis is orthogonal to the sensor axis. This corresponds
model (for the resonant frequencies) and compare with méa-the case for which the orthogonal (to the target axis) mag-
sured data. In particular, one can chops@ndo such that there netic dipoles will be excited preferentially. We employ the same
is a match, but this does not mean that theando used in the sensor as discussed above, with the comparison between the
model actually correspond to the parameters of that target thagasured data and the single-pole model shown in Fig. 7. For
was measured. Consequently, we therefore perform an alterthis case the fitted model parameters in (7) correspondto—
tive comparison of modeled and measured data. In particula0114,6; = 0.0111, andf; = 7.6 KHz. Note that for this
from (4) and (6) it is clear that the frequency-dependent magpse, the general fit between the measured and model data is

Determinant
w
=2
o
>
T T T T T T T T

A. Sensor Details

B. Comparison of Measured and Theoretical Data

netic field can be expressed in the form good, although not as good as in Fig. 6. The orthogonal mag-
netic dipole is apparently not excited as strongly, for the EMI re-

H.(w)=a+ Z w—b" (7) Sponse (measured magnetic field orthogonal to the sensor loop)

W JWk is now an order of magnitude smaller than the results in Fig. 6
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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,

Fig. 6. Magnetic fields measured by an EMI sensor, with the excitation—célrll which the EMI resonant frequenCIeS are used epr|C|tIy, IS

axis aligned with the target axis. The curve corresponds to the measured daRplicable to general rotationally symmetric targets, not simply
and the points correspond to the fit to the data using a one-pole model, as in €)linders and rings. This model characterizes the wideband EMI

response of such targets in terms of a small number of param-

r Imaginary Part

5 Reatl Part

EMI Response
s
2

Line: Measurement
Points: EMI model fit

| TR VOO TR S SR
400000

200000 300000
Frequency (Hz)

100000

‘;32§ % Imaginary Part eters. This is important in the analysis of measured EMI data
0.003 | which, by exploitation of the simple model, can be fit in terms
0.002 f of a small number of parameters, with these compact parameters
0.001 P employed in a subsequent signal-processing algorithm. We have
_0.00‘; demonstrated the fit of wideband EMI data, over a 0.1-400 KHz
0.002 $ bandwidth, in terms of only three parameters. The target consid-
-0.003 ered was a small ferrous cylinder, characteristic of the firing pin

-0.004 in a plastic land mine. Such fits can be performed with EMI data

EMI Response

233: ]l;"fe‘ Mg;}i‘l“eme“t from more general rotationally symmetric targets.

6007 oints: model fit Future work is required on consideration of more-complex
-0.008 |3 targets, such as actual UXO, that may be composed of multiple
-0.009 F parts (e.g., along cylinder, rings, and possibly a nose composed
000‘1’: 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-
Fig.7. AsinFig.6, but now the sensor coil is placed orthogonal to the cylindgentative of a superposition of various magnetic dipole modes.
axis, aligned with the middle of the cylinder. For a composite target, the different magnetic dipoles from each
] ] of the components willin general not be colocated (i.e., the mag-
(for the same target-sensor distance). The small dlfferencgs h&fic dipoles associated with a UXO ring may not be located
tween the measured and model data may therefore be attribiie¢he same position as the dipoles associated with the larger
to sensor noise, due to the relatively weak measured signa)gliy). |n this context, the dipole magnetization model, in terms
this target-sensor orientation. A better fit can also be obtaingfl; finite number of magnetic dipoles, must be augmented to

using a two-pole model. o consider the location of the dipoles associated with respective
With regard to the measured data in Figs. 6 and 7, we relfjhcomponents.

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 Il can help explain this phe-
nomenon. In particular, the magnetic dipole oriented along the
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100000

200000
Frequency (KHz)

IO [ TR T T
300000

REFERENCES

target axis corresponds to an = 0 TE mode, while the mag- [
netic dipole orthogonal to this axis corresponds to a higher-order
m = 1 hybrid mode. We therefore attribute the differences in the[2]
excitation strengths in Figs. 6 and 7 to relatively stronger exci-
tation of lower order (simpler) modes as compared to weakers
excitation of higher order (more complex) modes.

(4]

The principal contribution of this paper is an explanation of 5]
the duality between the response of high-permittivity dielec-

V. CONCLUSIONS

Y. Das, J. E. McFee, and R. H. Chesney, “Time domain response of
a sphere in the field of a coil: Theory and experimetEEE Trans.
Geosci. Remote Sensjngl. GE-22, pp. 360-367, July 1984.

Y. Das, J. E. McFee, J. Toews, and G. C. Stuart, “Analysis of an elec-
tromagnetic induction detector for real-time location of buried objects,”
IEEE Trans. Geosci. Remote Sensivg). 28, pp. 278-287, May 1990.

N. Geng, C. E. Baum, and L. Carin, “On the low-frequency natural re-
sponse of conducting and permeable targeEEE Trans. Geosci. Re-
mote Sensingrol. 37, pp. 347-359, Jan. 1999.

C. E. Baum, Ed.Detection and Identification of Visually Obscured Tar-
gets London, U.K.: Taylor & Francis, 1998.

J. van Bladel, “On the resonances of a dielectric resonator of very high
permittivity,” IEEE Trans. Microwave Theory Tec¢lol. MTT-23, pp.
199-208, Feb. 1975.



CARIN et al. ON THE WIDEBAND EMI RESPONSE 1213

(6]

(71

(8]

[9]
(10]

(11]

(12]

(23]

(14]

[15]

[16]

(17]
(18]

[19]

K. K. Chow, “On the solution and field pattern of cylindrical dielectric Yacine Dalichaouchreceived the B.S. in physics from the University of Con-
resonators,/EEE Trans. Microwave Theory Techiol. MTT—14, p. 439, stantine, Algeria, and the Ph.D. in physics from the University of California,
Feb. 1966. San Diego, in 1988, where he fabricated and investigated the magnetic and su-
M. Verplanken and J. van Bladel, “The electric-dipole resonances of riqgerconducting properties of highly correlated electron materials.

resonators of very high permittivity/JEEE Trans. Microwave Theory  Since 1996, his work has concentrated on the development of sensitive mag-
Tech, vol. MTT-24, pp. 108-112, Feb. 1976. netic sensors and their applications in nondestructive evaluation of metal struc-
——, “The magnetic-dipole resonances of ring resonators of very highres and detection/characterization of magnetic targets. He is currently a Se-
permittivity,” IEEE Trans. Microwave Theory Teg¢lvol. MTT-27, pp.  nior Scientist and Magnetics Group Leader with Quantum Magnetics, Inc., San
328-333, Apr. 1979. Diego, CA. He has close to 100 publications.

R. F. HarringtonTime-Harmonic Electromagnetic FieldglcGraw Hill, Dr. Dalichaouch is a member of the SPIE and APS.

1961.

F. Grant and G. West|nterpretation Theory in Applied Geo-

physics New York: McGraw Hill, 1965.

C. E. Baum, “Use of residue and constant-dyadic information in magdexander R. Perry (M'96—-SM’'00) received the B.A. and Ph.D. degrees in
netic singularity identification,” Air Force Res. Lab., Kirtland AFB, NM, engineering from Cambridge University, Cambridge, U.K., in 1988 and 1992,
Interaction Note 547, Aug. 1988. respectively, where he used cryogenic magnetometers for an investigation of the
C. E. Baum and H. N. Kritikos, “Symmetry in electromagnetics,flux creep properties of high temperature superconducting materials.

in Electromagnetic SymmetryC. E. Baum and H. N. Kritikos,  Since 1992, his career has focused on applications of magnetic-field sensing
Eds. London, U.K.: Taylor & Francis, 1995, ch. 1, pp. 1-90. using innovative configurations of both superconducting and room-tempera-
C. E. Baum, “Symmetry in electromagnetic scattering as a target distre sensors. Currently, he serves as Group Leader for Advanced Systems with
criminant,” Air Force Res. Lab., Kirtland AFB, NM, Interaction Note Quantum Magnetics, Inc., San Diego, CA, on research and development pro-
523, Oct. 1996. grams for data acquisition systems for a variety of magnetic sensing technolo-
, “Application of symmetry to magnetic-singularity identification gies.

of buried targets,” Air Force Res. Lab., Kirtland AFB, NM, Interaction

Note 543, June 1998.

C. E. Baum, N. Geng, and L. Carin, “Integral equations and polariz-

ability for magnetic singularity identification,” Air Force Res. Lab., Kirt- Peter V. Czipott received the B.A. degree in physics and the Ph.D. degree from
land AFB, NM, Interaction Note 524, Mar. 1997. the University of California, San Diego, in 1975 and 1983, respectively, where
S. Wakao and T. Onuki, “Electromagnetic field computations by the hive used superconducting gravimeters for geophysical studies and for an inves-
brid FE-BE method using edge element&EE Trans. Magn.vol. 29,  tigation of possible non-Newtonian gravitation at short distance scales.

pp. 1487-1490, Feb. 1993. Since 1993, his career has focused on applications of magnetic-field sensing,
H. T. Yu and K. R. Shao, “H method for solving 3D eddy current probusing innovative configurations of both superconducting and room-temperature
lems,”IEEE Trans. Magn.vol. 31, May 1995. sensors. Currently, he serves as Research Applications Manager with Quantum
A. Bossavit and I. D. Mayergoyz, “Edge elements for scattering prolMagnetics, Inc., San Diego, CA, where he oversees the company’s research and
lems,”|[EEE Trans. Magn.vol. 25, pp. 28162821, Apr. 1989. development programs outside the area of chemically specific explosives detec-
L. Collins, P. Gao, and L. Carin, “An improved Bayesian decision theton.

oretic approach for land mine detectiofZEE Trans. Geosci. Remote  Dr. Czipott is a member of the APS, AAAS, AGU and SPIE.

Sensingvol. 37, pp. 811-819, Mar. 1999.

Carl E. Baum (S'62-M'63-SM'78—F'84) was born
in Binghamton, NY, on February 6, 1940. He received

Lawrence Carin (SM'96—F'01) was born March 25, 1963, in Washington, DC. the B.S. (with honors), M.S., and Ph.D. degrees in

He received the B.S., M.S., and Ph.D. degrees in electrical engineering from electrical engineering from the California Institute of

University of Maryland, College Park, in 1985, 1986, and 1989, respectively - Technology, Pasadena, in 1962, 1963, and 1969, re-
In 1989, he joined the Electrical Engineering Department, Polytechnic Ur spectively.

versity, Brooklyn, NY, as an Assistant Professor, and became an Associate F He was stationed at the Air Force Research

fessor there in 1994. In September 1995, he joined the Electrical Engineer Laboratory, Directed Energy Directorate (formerly

Department at Duke University, Durham, NC, where he is now a Professor. H¢ ; Phillips Laboratory, formerly Air Force Weapons

the Principal Investigator on a Multidisciplinary University Research Initiativ:

-

S Laboratory), Kirtland AFB, Albuguergue, NM, from

(MURI) on demining. His current research interests include short-pulse scat- 1963 to 1967 and from 1968 to 1971. Since 1971,
tering, subsurface sensing, and wave-based signal processing. has served as a civil servant with a position as Senior Scientist, Air Force

Dr. Carin is a member of Tau Beta Pi and Eta Kappa Nu and is currently search Laboratory. He is editor of several interagency note series on EMP
Associate Editor of the IEEERANSACTIONS ONANTENNAS AND PROPAGATION.  (electromagnetic pulse) and related subjects and has published four books:

Transient Lens Synthesis: Differential Geometry in Electromagnetic Theory,

Electromagnetic Symmetry, Ultra-Wideband, Short-Pulse Electromagnetics 3

and Detection and Identification of Visually Obscured Targéie has led an

EMP short course and HPE workshops at numerous locations around the globe.
Haitao Yu was born in China in 1965. He received pr. Baum has been awarded the Air Force Research and Development Award
the Ph.D. degree in electrical engineering from1970), the AFSC Harold Brown Award (1990), and Air Force Research Labo-
Huazhong University of Science and Technologyatory Fellow (1996). He has received the Richard R. Stoddart award (1984) of
(HUST), China, in 1995. From 1995 to 1997, hethe IEEE EMC Society. He is a recipient of the 1987 Harry Diamond Memorial
worked as postdoctoral fellow in the Department ofaward, one of the IEEE Field Awards, with citation “for outstanding contribu-
Electrical Engineering, HUST. In 1997, he joined thetions to the knowledge of transient phenomena in electromagnetics.” He is a
same department as an Associate professor. FroMember of Commissions A, B, and E of the U.S. National Committee of the
1998, he was with Duke University, Durham, NC. |nternational Union of Radio Science (URSI) and is Founder and President of
His current research interests include wideband eleSUMMA Foundation, which sponsors various electromagnetics-related activ-
tromagnetic computation and numerical techniquegies including scientific conferences, publications, short courses, fellowships,
for high and low frequencies. and awards.



