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Flectromagnetic Induction Speciroscopy

I Won, Dean Keiswetter, and Elena Movikova
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ABSTRACT

An object, made partly or wholly of metals, has o distinct combination of ¢lectrical conductivity.
magnetic permeabilivy, and geomerieal shape aod s1ee, When 1he object is exposal 10 0 low-freguensy
clectromasnetic field, it produces a secondery masnetic field. By measuring the broadband spectram
of the secondary Deld, we obraig g distnet specteal sipaaieee Ban may oniguely wlenmly the olyec

Based on the response spectrmum, we attempt to “fingerprint™ the abject. This s the basic concepr of

Elegirmppinedic Indction Spectroscopy TEMISL

EMIE technology can be partioularly useful for detecting buriced landmines and unexploded ord-
manse, By fully charpcteriang and awdentiflyving an obect withoul excgvation, we should be able 1o
reduce significantly the number of false targets, EMIE 5 applicable oo many other problerns whens
targel whentifeaton and recozmibon {without ilresive search) are angorant,  For mstanes, an ad-
vanoed EMIS device atan airport security gate miay be able to idencify a particular weapon according to
ins aaker ad type. Oiber potental apphcanens may msluds industrial sorting processes and roeboliss,

Introduction

When an elesirigally conductive andfor maznetically
permeable abject is placed in o time-varving cleciromagsnetic
Dl o svstem of mduged corrent Tows Guough the objec,
By observing the small secondary magnetic feld cmanating
From the indeced current, we allempt 1o detect the obgect; oz
is the foundation of the time-proven electromagnetic induc-
tan {EMI methed, EMI phyvacs 1 completely described by
Mlaxwell’s fowr equaticns, although analviical selutions be-
vt e sarnprles) peemetry are rane due o mathermancal com-
plexiy.

Char minm inkeresl i ths article s the frequency depen-
dence of the EMI response. By measuring an object’s EMI
response 10 broad Treguency band, we atlempl W detest and
characterize the object’ s geometry and mierial composition.
W name thas potential new technelogy exploiling the spes-
teal EMI response Elecirmmapnenic ndaciion Speciraieapy
rELirs),

For low-frequency geophysical applications, the dis-
placement current resulting from the dielectric property may
b ignored up o a megahenz and higher, At zero freguency,
we obzerve the induced maznetism from o permerbls (e,
magnetic) abject; this is the foundation of 1the magnetic
methoed, In this =ense. the magnetis method 15 2 sobsel of the
EMI method at zero-frequency with the carth's magnetic feld
as Lhe inducing source,

From numerces surveys thal we have conducted using
our maltitregquency sensors (GEM-2 and GEM-3: Won et al.,
1990 and 19973, we have acenmulated sigeificant evidence
that o ometallic object wndergoes continuous changes in re-
aponse as (he ransmitter frequeney changes, For instance,
w hiave cormmonly noticed that the eheerved anomalics have

opposile polarites a1 certain lrequencies, depending on
whether the target is ferrous or nonferreas, [Lappears that the
Pl also depends on the Grreer s zeometncal shape, Thiese
cheervations sugzest strongly that the EM anomaly measured
an it brosd baned e ofTer te abiliny (o both dewect mmd iden-
ufy atarget.

Based on elementary EM theory, an object nminst éx-
hihit different responses at different frequencics. The reason
whyy this Gt T ol been explonted 15 due te the lack of prac-
tical broadband EMI instrumenes @0 stady ihe phenomendon,
Maost commercial EMI sensors (mcluding common metal de-
teciors) operate at single frequency oo, rarely, ot a Few dis-
crete lequencies, However, with the recent development of
the GEM-series sensors, i1 15 now practical 1o cxploit brogad-
b EMT spectea tn order o detect and idently the tareers,

Becawse of this spectral limitation, there has been morne
inlerest in the “geometrcal sounding™ method {an expanding
Iransmitter-receiver array at single frequency ) than in the “fre-
quency sounding” method (3 Oxed ransmitter-receiver me-
ometry with varying frequencies). We use such sounding
methods w obtain enough data o solve for unknown param-
eters of a preconceived mathematical model. Tn contrast,
EMIS looks for a spectroscopic identity by matching an ob-
served EMI spectnum 1o oa spectrom of nown abjects.

O thee research level, however, there have been miany
expenmental works tha studied broadband EMI phenomera.
T menticn a ew, Byvo et al, 19720 menswred o 14 discrete
freguencies betwesn 200 He and 10 kKHz with 3 Borizontal
loop and measured tile angle and ellipticity woexplare around-
water m Califormia, Woard 1 all (197305 tested o similag 14-
frequency system between TOUS Heoand 86 KHz. W (LUEO)
shoawed broadband theoretical mindels and experimanal e
sults using a saltwater tank and graphite trgets inthe labora-
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Figure 1. Geometry and notations of a conductive and per.
meable sphere,

oy, Woon ¢ a3 ) also boilt and tield-tested a prototype sweep-
frequeensy EM ayaem, moanted on a moving vehicle, tha
automatically measured a continuous frequency response from
100 He te 105 kK-,

The new GEM-2 and GEM-2 broadband EMI sensors
are suatable for high daa-densiny surveys ina short fime with
minimal Iegistics (Waon e al, 19 and 19973 These sen-
sors, warghung aboul 5 kz each, can menzure up w10 dagg
poinds per second at multiple frequencies betvween %) Hz and
24 kHz, and have o data-logging capacity of about 50,000
paints before downlcading into a ponahble computer. From
the massive GEM-2 and GEM-3 datn we have collacted
many different locations over time, we noticed that many
bured ohjects manifest dillerent ancomaly polanties an differ-
cit frequencics. Thus, we suspected the possibilivy of identi-
Iving an abgest based on s Trequency response.

To suppon the experimental ohservation, we must first
establish a Geme theoretical basis for the EMIS concept, In
iz article, we present the mathematics necessary for seme
simple models o study theoretically the EMIS response, fol-
lewwied by ficld examples.

Lo n=1, 20 siep 1 and n=40, 340 G step 20

T, e P
0.6

Theoreticnl Considerations

Torexplore and understand the EMIS prnciple, we Grst
constder a selid sphere—a simple object that has an analyiic
solution under a broadband EM illumination.  We want o
carmptne the abject’s response using combinatiens of electri-
ciul conductivity, magnelic permaeability, and sensor geom-
elry with respect 10 the ahject amd frequency.

Spesimal Besponze of 3 Comductive and Permeable Sphere

I a serics of classical papers, Wait (1951, 14953, [UE%,
1960, and 1905 piongerad i denving the response of a con-
ductive and permeable sphere suspended in whole space.
Oibsers ez, Fuller, 1971 Lodada and W, 19760 consilerad
miore complicated models often involving varying conduc-
nvaty, layvered sphencal shells, and conductive bost meda,
The models, however, were commanly investigated @0 un-
derstamd the responsze of mneal depesiz Tor miming explara
tion and. therefore, their solutions have not been applied 1o
the study of small, manmade, highly conductive asd perme-
able abjects ina broad spectral domain.

Let us consider e spectral response of a conductive
and permezble sphere excited by a dipale magnetic spurce,
Figure 1 shows the geometry of the problem with tee follow-
ing OGNS

mer g racdial ar transverse dipals mement,

rr radial distance of the dipole transmiticr,

L racdivg of the sphere, and

(r &k the receiver location.

By solving Maxwell's equalions with sppropriate
boundary conditions, cne can derive the following spherical
harmonics solutions for the secondary magnete Geld in the
presence of a redial or aotransverse magnetic dipole souree as
depicted in Figure 1. We adopt the expressions and notalions
used By Grant and Weat (1945, p. 515, and assume a fempo-
ral dependeney for all components.

The radial component of the secondary fickd doe oooa
riclial dipole source 15 given by:

0.4
0z
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Figure 2. Behavior of X_and Y for an electrically conductive but magnetically nonferrous sphere.
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Figure 3. Behavior of X and Y for an electrically con-
cdictive amd magnetically permeable spherve,
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while the trunsverse component due 1o 2 rodial dipole source
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P isthe nth arder Legendre polynomial while .I"f,' 15 the As-
solated Legendre polvocmial. For a transverse dipole, we
assume that it abwavs points wward (the receirver dipole (g,
Li. which s common o most Oxed-geomedry EM sensors.
For this case, the radial compoenent of e secondary mag
nedic field 15 siven by:

3
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| cottd P (cos HJ} : {1d)

The complex expression (X + /¥ ) in Egs. (1a} through
[ 1ek), called the respernre forciio, contins all EM properties
and the size of the sphere. The remaining terms, all real, are
governed only by the relative geometry between the sphere
and the source and receiver locations. The real part of the

responses function, X, generates the inphase response and the
imaginary part, ¥ . generates the quadrature response of the
sphere.  For a solid, conductive, and permeable sphere. the
responss function can be shown as

s 1'|r_.-|+l]]} I otka) + ka - I ika)
= et =
) . {.I. + 1'|rr} Lo k) + Kz - 0, (k)
where =/, (1)
i which k* = .'-{EIH_EG and
L permcability of the host medium,

i permeability of the sphere, and
7! conductivity of the spherc.
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Figure d. Skin depth nemaegram (from YWon, 19840).
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Figure 2, Spectral response (computed for the GEM-3 peometry) of a sphere having a 153-cm radios and & constant
conductivity of 2-10° sfm. The GEM-3 is placed directly athove the sphere, For the upper fwo graphs, the sphere is only
comductive, For the lewer two geaphs, the sphere is also permeable.

1o (k) s the modified spherical Bessel function of the first
binad st an order w2 and has g Gest desvatve $ae (e ).
Lahda and West {19761 describe computatiocnal difficultics
aned thetr remedies associtad wath g, (20 partieulacly when
the arder & is high or &a is very small or very large, In our
approach, we computed the rne £ 0 wsing the continuons
fractions representaiicn, which made the higher order com-
putation possible, The respoase porameier folten called the
trielieerion roender) 15 defined b

Hespaise Paremeier: 2 = |.f:_'|:'.' = /OIS a (3

We emphasize that (X = i 1 of eq. {2} 1= descnbed com-
pletely by (1) the sesponse pacameter € and (i) the perme-
ability ratio v and. thus, contiuins all basic information neses-
sy 1o predict 52 hehavior under o dipole excitation.

A EM field decays through o conductive medium; L
shan depth &, defined as the distnee throagh which the field
decays doe’ for about 3790 of is original amplitude, 15 ex-
pressed by

(4}

Skin Deptlh: & = \

Erq. (31 now may be written in terms of the skin depti of the
sphene:

Fesponge Parameter! Q=42 % (5]

Figure 2 shows the computed X wnd ¥ dn o= 1 1w 340)
as a functicn of @ for the case when the sphene, suspended in
free space. 15 comductive bul ned permeible (s Jos W orn
= 1} For amall @ {low frequency, resistivie Timicy, Bboth the
real finphase) and imoginany squadnure) parts ave sl (b,
Lide responsel, but the imaginary pan is dominant. For a
large & (high frequency. comductive liomth, the real part 15
domicant and asymplotically approzches I The imaginary
part peaks af a partioular B that 15 related to U tarzet s plivsical
propertiss

Figure 3 shows another cose when the targel 15 peme-
able, havang a permeability ratic 11 = S0, a seprescntative
value for comman stecls. The quadraturs behaves similar toe
e provious case, while the inphase exhibitz large negative



il

W, ot al.; Eleciramagietic IRdrotion Speciroscopy

Inphasa Quadrature
25 ¥
| = GEMD
n=1 i a=1
| | =l S oy
zn T 1 L
Al
= . |
P L S £ SN
E | q_.::{.'.-' | oy [y
E i
g 1 gt FHTI
e
i S0
0.5 - 2500
e N e HO | BEESsE] T2
23 o
f n=50 n=s00, [
|
|
E
B
=
=
:

] 2% L0 A5 an 4.5 a0

1]

leg f {Hz)

Figure &, Spectral respense {computed for the GEM-3 peometry) of the same sphere as in Figure 5, but the sensor iz
placed one meter away horizontally feom the cemter, See the text for Turther details.

values for small €. Unlike the conductive sphere of Tig, 2
the inphase pew i demumnt for small 2, This is the perme-
ability limit a1 zero frequency, o the DO magnetic response,
AL very low [requency, a ferreus sphere is maanetized alons
the external feld Boes which, in this case, are genecated by o
magnetic dipole trimsmitter.  Fizure 3 also indicates that the
negative inphase changes 105 sign 2l a particular @ for each »
and, thersafler, becomes positive a5 & increases, Atthe cross-
over, the target hecomes invizible in the inphase,

We note in ligs. 2 and 3 that both X and Y change
considerably when the 8 changes by o few decades, There-
lore, if we can measure the response in a broad range of €,
we should be able not only 10 detect the sphere bul, based
upon the observed response. determine its EM propertics and
peometry as well,

Spectral Response of a Spherical Shell

A spheneal shell s alse o sotable mode] for manmade
objects. For completencss, we discuss a spherical shell hav-
ing # fre wall thickness, Simlar maodels were dizcuszed by
Seail (1960, Foller (19710, and others, Assume that the same
sphere eonsidered before bas a concentne sphencil cavily
having aradius i The formal solution iz the same as eq. (la)

troagh {1d) with the Tollowing response fivnciion:

n:-..{ﬂirlil ST ,}--p _{ﬂ':m-i-l |r__1[c.u]_1:_,}_11[n+| 1

XY - I....Eri-u]{ﬂ;]rn—l'l.rr Erl.-rl.l—u-' ..}-J' i -El:l!'-llll{'rl':l'.'\-l- :.:II“-'“-;:';:.E:WI
(&)
with
.. = % I, k) + ka-!.'._é{-‘fﬂ:l-
LI % f_m_q_l,r.irﬂ':l + -I!ffi'f_"_,!l_[kff}-
0= % f_x_;.r(kﬂ‘,l + kﬁ-.f:,,_,!rl:r’;u}. wnd
Q= % I-n-*'_r[kb} ., HJ'I;""E{M?:I' 2

It is easy to show that as the inner radius b—d0), eq. (6)
becomes identical with eq, (23 for the solid sphere, A similar
termula can be derived for a case when the cavity is filled
with a different matenal baving ancbier s2 of EM properies,
The response function of a spherical shell is complicated and
S0 05 308 nomerical compantation,
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Figare 7. Eftect of magnetic permeakility for a sphere mudel having a 1-cm radivs, which is placed direetly below a

(EM-3 at a distance of 15 cm.

Conduetivity and Permeahility of Commaen Metals

Becanse EMIE exploas an obgect™s comductaviy anid per
mebi ey, we bricfly review such propertiss for commeon mei-
als, The metals wsed o Jacgs quantines Do egquipmment (onls,
wispons, et ) structurnd streneth (heams, rebars, et or
;‘:q.ll."k:'._hs-'_in‘s_" (g, cames, ae,) I_'\_-.'|":i|.':|||:.- contaig o, alunn
num, copper, nickel, and lead. These metals mix in many
witys o prodoce a plethora of menal allovs widely vsed (o
daily products from pocs and pans (o bomb casings. Takle |
shows the electneal conductivity of comoron metals, which
ranges from aboue 1% 107 sicmen'm (mickel) o about G100
SIETENT I'-,;lli:-|:-{'1j

Before we look into the magnetic propertics of com-
mon metals, ket us clanfy a fequent conlusion about the unt
af mensuring the sagaene permeanilicy, which is the ratio
between the magnetic induction (8) and the magnetic Geld
sirength O, or & = 0 8L When a permeahle macer s placed
i existing Reld B anindoced feld i seneraced inside the
atter paallel wath & Combimng beth Delds, we wote

B=({l+4nk)H=p H {8

Ineven unids foommon in geophysics), # 15 measured in

Liiss i|1|-;,5 H m q,:-q‘:rqlﬂn,l, m,:-l;l‘ull, |_II,'.-C\,'I;:-II'|!\,':\. oy '\.'I,!_'-:,Ll'gil 1%, I [l,l'-.'.'
cver, since @ is dimensionless oin these units, zouss is di-
sl Iy e same as oersted, The mogeene sivcepibilicy
feri) & is less than 107 for most geolesic media except for
micks with bogh magznetine contents,

In MKS umits (eommon in physics and material science),

liweever, the pelation 1= enpressed as
B=p,{(l+y ) H=p,p, H it

where (L iz the permeability of free space (47107 henryfm),
1) i nj_-_:;in called SRLEE I .'-:re.'.r'r-'ll.'rl'.".u'l'l'I'. P 4m nnies I":'E:
ger than &) and P is called refarive maghedic _.'_re'.l'.'.li-.-_'ﬁ.f;r'u'l'.r_'.'.
I these units, B iz omeazoreed an weberfm=, and &
ampere-turnfm. and both ¢ and pare dimensionless. Maost
ferromagnetic materials have very high permeszbilivy, sotha
i, and ¢ become numerically the same.

T;_’l|'|'||.'. | ~.'|'||_|'-.'. = I|'.-¢ 1r'|:_|gr'|k:li-:_: h;lh-.-:_:l.'.|'|li|_1i|i|:.- [::: __I'- |-|_'||'-.:||1r'|
mn nonferrous metals, The values are very small; those with
small positive valoes (eg., alummnem) ane called parmnaz-
netic, while those with small negative valees (eoo. copper)
are called dimmagnets materals,

Takle 2 (modified from the CRC Handbook of Chem-
pstry and Phvaics, 32nd edivon ) shows commuonly used ferro-
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Figure &, Spectral response (computed for the GEM-2 peometry) of a sphere having a 15-cm radius and a constant
comdpctivity of 2-10° 2fm. The GEM-2 is placed directly abave the sphere. Far the upper two rraphs, the sphere is anly
comduetive. For the lwwer two praphs, the sphere is also permeable, See the text for forther details.

mnaneiic metils alomg with their ranges o uand <, e com-
]'\-iITi'-iI_IrI with e noalerons metals (Table 1), ke mctals in
Table 2 show very high pranging trom Y s o {EFLEEVES
I st B noted that the hoeanty between B oand H breaks
dowen for high permeability metals through the hysterisis ple-
msnenoa ancd i iz e longer a constant but depends on
the indocing Geld iself, Although uin Table 2 05 shown 1o
b ot B0 gapss twlich s aboan 490 tmes sironger than the
carily ficld), it 210l stavs within a factor of two or thres af a
much weaker magnene feld,

The response parameler & is & function of regquency,
conductivily, permeability, and sphere ize, Combining the
propernics of common metals shown in Tabkles | and 2. we
eslimate below a probable rangs of @ for detecting and char-
acterizing a manmade metallic objeor:
Revigefanpe in Pecades
TOHD Pl — 300000 T1 248

FParamiaier
- tregqueney (ea.. GEM-35)

I

2, ponductiviey (siemendm) (] — Gy g LO° |.7H
3. permeability (henryfm) 4o 107 — 10,000) 4,041
4, sphere vadinz I em - 10K em 2.
Hesponse parameter €0 ] 2 & 4 @2 4@ a0

The rading range 15 hased cn manmade objects such as

lancaunes and deams, The above sstomate indicates that we
have potentially over six decudes of varintions i 9 for ler-
rous or nonlerrons metallic spheres,

Every obiject containing metials has o distincl condug-
Livily, permeability, and sz and shape. These, along with
ithe source frequency. provide a sufficient range of the re-
sponse parameter for tareet deection and characierization.
Amalynic solutions are hard o come by other than Tor o sphers
or & spherical shell; howsever, 10 resonable o suppose that
different shapes would yield different response functions that
would help characlerize them, The EMIS concepr does nol
require an analyiic selution for cach object: It identifics an
object by empincadly matching s measured speciim against
spectia of known abjects,

Effect of Burial Depth

Foa geophyzical EMIS applications, we deal with bur-
icd objects. We briefly exuming here the elfect of the eanh
meecdinnm berween the surface and the objeci. A transmitter
located above the carth generabes an EM field thal propagaies
b pspeed of hght theough the e, Onee the ficld passes into
the carth. the wave slows down considerably and 11 becomes
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an ahmaost vertieal, boghly dissipative plane wivee pazidlel w
the carth surface. The skin depth defined by eaq. C41 governs
the swmplinede deciy, as well as phise retation, through the
carth.

Figene 4 shows oo pomogram ad can determine the skin
depth (eenter line) by connecting the sonree frequency {right)
ek e mechum conductivity Qe Included as o geide are
common geologic media and their conductivity ranges, Typi-
cal sails hivve s comductivity range of 001 (dry andfor sandy)
b LT Ot anddfor clavey) siemendm,

The Trequency for EMI instruments. including most
mnctal deteciors, casely excesds a few hoodead Rilohanz, As
w upper-end example. i we connect 001 siemendm o OO
kHz in fig. 4. we obiaina skin depth of abour 5 m. For migsg
EAL methods wsed o detect small manmiacde objects buricd oz
shallowy deprls, therefore, the skin depth iz roch deeper than
the obpect™s depth. The ravel path s relatively short and,
this, resulis in lintle changes oo amplioade and phase dunng
the transtt tooand Trem (ke target through the carth medivm.
In cahier words, the majonty of the observed EM spectrum
from i burisd objsct comes from the object itself and is larzely
i|'||'||.‘:|'||.:|'||_||.:|'|r of the borial .'_||_'.|'|I_|1 ar Lhe ]:-II_IE,:-:l_'lil;_!!i af the aarih
medium.  Theretore, the object’s speciral signature will nod
b aflected mnch by the eah mediom

Thearetical Examples

The response fenction i independent of e sensor ge-
ametry with respect to the sphere. The sceondary magnetic
field, howeever, i alfected by the relative geometry of the trans-
miitter and receiver (T-R)coils with respect to the sphere. For
theoretical examples, therelore, we consider twoe sensor con-
figurations: the moncstatic (or co-located) T-R coils such as
for the GEM-3 and bistnie (or separated) T-E coils such as
for the GEM-2.

Table I, Electrical and magnetic properties of common
nonferrons metals.

Elegirical Magretic

Ciomadactreiiy Loye i 15 iy

w0 Semenm =@ ikl

Coppes 882 =54
Hrass 14249 -
Aldumingem 171 21.0
Monel 238 .
Lead 4155 =170
Tin 70 1.0
Zing 17.24 -11.4
Mickal 1.28 ferrous
Silwer fx.50 =260
rold 4058 =34 0

Monostatic Sensor (G EM-3) Theeretical Example

W lirst consider the cose of co-locatsd T-R conligura-
tion, for which the GEM-3 iz a prime example, The GEM-2
has o bandwidih of D0 He o aboot 24 EHe (Won o0 af, 19971,

Figure 5 shows the companed GEM-3 aromaly (nphase
ardd guadraturey of a metal sphers having a 1 5-cm radius and
a L‘*i'lr'lllll-:'![i'-.'i['r-.' aof 2-10° sfm. The GEM-3 15 asswmed 10 be
directly above the sphere with the T-R coils in a horizontal
plang dLe, bogh coils ina verncal<hpele moder, The anomaly
5 expresscd inoa unit of parts-per-millicn or ppm [for details,
see Waon o o, 1997, The frequency axiz Co-axs) is o log-
freguency unit between 201060 Hx) and 5 (100 KH2) The
verhical gz, the diztance between e sphene center i GEM-
A, cxtends from 005 moto 2.5 m.

Tle uppsr twea graphs of i 5 show the case when the
sphere is conduective but not permeahle (n=13 In the lower
Pwed grapdis, the sphere 15 both conductive and pernesble with
a relative permcabiliey of 305, The diffeeence in speciral re-
spmnse belwesn Lhe v spheres 15 remarkable, Wae observe
from figs. 5 and 4 the fallowing featres:

=The inphase ancmaly of a conductive-permeable
sphere changes its sign at a specific frequency (he crossover
frequency §) that shightly depends on the sensor height. For
the conductive-only sphere, in contrast, the s oo low 1o be
w=elul for CMIS.

eBelow . the inphase polancy is opposite between the
conductive sphere and the comductive-pemeabls sphare, The
ancmaly poelariny alone can distingoish whether the sphere 1s

Table 2, Electrical and magnctic prepertivs of common fer-
roass medals,

Edectrical e labive .'-:i':c'lgm-t.'-ﬂ_{'-

Ciandvativite Pormaeabuliny

=10 Slemendim i@ B=20 Gause
Caold relled steel 10.0 L
Irom 19.0 204
Puntied iron 10.0 2,000
A% Silicon iron 1.7 S0
45 Permalloy B 2,500
18 Parmalloy A3 2,000
4-7% Permalloy 1.8 20,000
2-81 Permallowv 0.0001 125
Supermalloy L.7 L0000
Mu Metal 1.6 20,000
Hiperco 4.0 G
Hypernik 2.0 4,500
Monimax 1.3 2,040
sinimax [.1 3,000
Pecrnendur 143 200
2V Permendur 3.8 200
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Figure 9. Spectral response (computed For the GEM-2 aeometry] of the ssme sphere as in Figure 5, but the sensor is
placed one meter away borvizsentally from the center, See (he text For forther details,

miade of a magnetic (e.g., ron) or non-magnetic metal (e.g.,
aluminum ).

#Alor near [, the sphere becomes invisible 10 the in-
phase, which stresses the need tor mensuring both the inphase
and guadnare components, Tealse implies the necessity of
brogdband measuremenls o evaroome such Blind frequency
FOnEs,

aWhen the sensor is ¢lose o the sphere. the © s rather
SENSIVE 1o |:‘.1:|'|'||{::1|'|:.|.illr.' anil, therelore, i1 cm be u:,'!_'-:_l. o (e
temmine the contenl, or pessibly the type. of magnetic mate-
rial ol the ~.|'l|'||.'.||.‘:. This 5 an i|'|'.|'|||r|;|r|£ l._:-'l_:-jq:l.:l i-:_!!_'uliﬁ:_';l['aul:l
EITEN

sFuther target dhscanumamon oy be pocsible by siedy-
ng the Beld decay rate in distanee or as a function of fre-
quency. Because @ sphare with a parncolar cdios, condue-
tvaty, and permezbility would generate a specilic response
diagram (hg. 5 o= an examplel, we can Dngarpont, an leas
thecretically. all available apherical aobjects of inferest for
comprraive wenteshon. Allspecteal Feateres discussed here
can b extrapelated e an object having an arhitrary shape.

Figure B shows another theoretical model, when the
GEM-3 sensor s placed one meter away horizontally in com-
parison with the case of lig, 5. The anomalies are atlenuated.

bt st of the ||n;\li-::-|u. ohservalions from '!'iL_l. A sl hesled,

The cileet of magnetic permeability is depicied in fig. 7
|.|.hi:||_g H :~]:-|:.{'T|_'. model T ing a L-com rachius, which s |:I|i_l,|;,'l_':-;_‘|
dircotly below n GEM-3 ata distance of 15 cm. The response
i ppm onits) is shown as @ function of lregquency (s-axis)
for a range of relative perrneakilicy Bevween | and 20000 The
I of inphase response, as well as peak quadralure response, is
related oo the permeakility and sphere size.

Bistatic sensor (GGEM-2) Theoretical Example

W now consider the case of separated T-R eonfigra-
o, For which the GEM-2 15 a primse exaomple. The GEM-2
15 a coplanar, bistatic senser having a T-R separation of 1.6
. For the constructon and operating priaple of the GLEM-
2, refer o Won er al, (19963, Having a histatic T-R geom-
elry, the GEM-2 geometry exhibils mare comples spectral
response than the GEM-3. We fnd through modeling than all
leatures obeerved for GEM-3 ane apphicabls to the GEM-2
case and can be wsed Tor specteal target idennifeanon,

Fagure & shows the ancanaly (computed tor the GEM-2
geometry |} of the same sphere as kaving a 13-cmoradies and a
conductivity of 2107 s/m.. The midpaint of the GEM-2 T-K
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Experimental data
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28 30 A2 B4 38 3B 40 42
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Gluadrature

28 X0 32 34 38 3B 40 42

Expermental daia

Laling-2
d=m
4= ¢y
SIg=3phH
=20

log f{Hz}

Figure L0 Computed {bottom) and measured {top) spectral responses for a test object using the GEM-2 geometry, The
thegrefical responses are compuied fera 6-cm radivs sphere having a relative permeability of 200 and a conductivity of

10" s'm.

axis is assumed e be directly above the sphere with all coils
i boreonial plane (e vemical-dipele moded, In compari-
o, g 4 shows the case when the GEM-2 @5 placed one
meker away horrzontally

Wi abserve from figs, & and 9 the following adiicional
apectral featores, The sphene becomes nvisible ab o certain
scnsor height {say. the crossover sensor height & LS min
Mz & anad about 105 moan fig, %, Both the inphase and quadra-
ture change their polarity across & which appears 1w be inde-
pendent of eather Mregquency or permeability, From additional
madels. we find that f2_is alse independent of the sphere ra-
dius

In fact, the feld equations reveal that, for a given T-I
separaticn of the GEM-2, R depends on (1) the sensor offset
(el B Fig. 1yoand (i the spheve depil, Thes b= an excellent
indicater for determining the tarzet’s burial depth. This find-
ing also inchicates than a bastaie sensoe can e Blind o an obe
Jectala particuliar depth, a patential drasvback that 2 monostatic
sensor doees net have,

Experimental Examples
T venfy the predicied speciral responses, a5 shown in

tigs. 3 through @, we conducted an experiment using the GEM-
Zand & small alpect cut from an exercize dombbell, The ob-

ject, reaghly o hexagonal cvlinder, has an equivalen eadivs
of aboul & cm when approximaied as o sphere. The GEM-2
was mn in o swesp-freguensy mods 1o chunn o contimes
responss spectrum at cach senser height (distance between
the GEM-2 and the alpecty, starting Trom abowt 200 cmoaned
gnding 1t 2 m. The frequency started at 410 Hz and ended at
24 kHz,

Figure 10 shows, at the bocom, the compuied spectral
responses for the eal abgect uaing the GEM-2 seometry, The
thenretical responses are computed for a H-cm o radius sphere
having a relative permenbility of 200 and 2 conductivity of
007w, We node & crossover Trequency ab about 4.1 kHz
for the mphase, For the sensar height, we note a distingt cross-
over at (LG m.

Chy thee tope of Gz, 10, we show the messored responses,
The measwred signal is strong wp o gbout 1 moand becomes
nedsy ab further distances, Bemember, the cbject 1= rather
small for the GEM-2. The measwred responses clearly con-
firn the theorenical models, We Dnd m general that the Geld
data agrees very well with the computed models.

Figurs 11 shows the GEM-2 data ot two (requencies
OS50 Hz and 12270 He) over a 62-m by A0-m arca in Fon
Carson, Colorade, The west site was established by the De-
fense Advanced Research Projects Agency (DARPA) and the
Witerwayvs Expenment Sttion (WES o acguire high-den-
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Figure 11, GEM-3 data st two frequencies (4,050 Hz and 12,270 Hz) over a 70-m by 40-m arca in Fort Carson, Colorado,

where small objects were buricd Tor peoplysical tests.

sity datd feom varions geoplivsical sensors (vie., infrared.
migredic, EM, and GPR) o atd in the detection and discrma-
maticn of buried anexploded ardnanee and landmines.

Circles and squares infig. 1] indicate eight koown tes
targets buried in the plot, The four circles indicate aluminum
targais: 20-om by 20-cm and 2.5-cm thick plates. O the four
squares, two are spherical shot-pots (middle and right) hav-
ing o radivs of 6.2 cm. The remaining two are lindmines
fesieme lelty an M 1S low metallic AP Gmilipersonneld mine
and an EM-3 metallic AF mine.

The aluminum tirgels are only conductive while the
shot-puts are conductive and ferrous. The vwo Tandmines
contan variews amounts of ferous metals, possibly in addi-
fiem 1o small conducters such as copper wirgs. I is abvicus
froam fig, L1 that there exist many other unknown objects; for
instance, sixor more objects are arcand coordinmes (15, 5in
The Lower Jefl comer,

W collected the GEM-2 data an @ 005w line spacing
aloayg the M-5 direction, the v-nxis of fig. 11, which explains
the apparent N-3 streaks o e contour display, Along each
limee, the divta interval is about 10 cm 1o 20 cm, depending on
the surveyor' s walking spesd, Fagure 12 shows ene such N-

& profile fextreme left in fig. 10 of the amphase ar 4,050 11
acrass the two aluminum plates and two lindmines. The
anomaly signs alone cleardy ndicae the dillerence between
coaductve and Terrous trgets following the theoretical pre-
diction. We observe from Bgs, T mnd 13 che followang addi-
ticnl femleres:

s A0l four aluminwm plates show positive responses o
both fregquencies and lor both the inphase and quadratire, as
they should according w e theory,

*The two shot-puts show strong negative inphase re-
aponses ab both frequencies, tmplang that we have nol en-
soanlersd the cross-over frequency in this bandwidth, Thers
i5 at lezst one unknown object, a0 coordinates (05, 41, tht
changes from a large negative inphase (purpled an 4,050 Hz o
alarge positive (reddan 12,270 Hz, Thiz object must hivee the
cross-over fregquency within this bandwidih.

8 The two shot-puots show mostly postlive quidralure re-
sponses, a5 thew should, At 4,050 Hz, however, at least one
shot-put shows a negative quadrature, which may be caused
b cither (i) wrong calibration of GEM-3 or i) the particular
groand gonditions arownd thes shet-put

In fig. 13, we show GEM-3 daia obained anen Tre-
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Figure 12, GEM-3 inphase anomaly profile at 4,050 Hz
across the twa alumminom plates and two landmings,

quensices Trom 320 He (opd to 23,970 He (hottony) over a 10-
[t by 1O-10 st site whare 215 smal] emiply cins were buried on
their sides atan Z-inch depilin a clay seil. Three are alurmi-
num sesin cans and the other three are steel cans having a
silar sive, The sgnsor height is zbout six inches above the
crounid. The observed inphise response shows an opposils
pilanty between the aluminum cans, and steel cans ac low
frequencics, but comes to a same polarity af high fregquencies,
The reverse appears 0 be the caze for the guadranre signal.
Specificallyv, we note the following:

Alswieen Canss The inphass response slarls at 4 very
Jove posative ancd progressively fasd asympioteally b increases
witl frequency. The quadreature responss reaches its highest
positive arewnd 5 K and diominizbes thergafier, The ob-
served response follows the theoretical findings presented in
fig. 2.

Stee! Comes: The inplase response SIS a0 srong e
Hive bt becomes positive ot a orossover frequency somewhens
between 5 kil and 11 K12, The gquadeators response be-
cones highest positive around 11 KHz and slowly diminishes
therealter, The cheerved response follows the thearencal Hind-
ings discussed in fig. 3.

It 1z abviows froam the dita presented here i broad-
band EMI data manifest distinet spectral characteristics that
wan be extramely uselul for detectung and dizcrommaiing bors
ied ehjects,

Potential Applications

The concept of EMIS is new and requires & large effort
Lo advance the theoreticol wnderstanding and o develop pric-
tigal ardware and software. As a preliminary step, we sug-
gest the fellowing procedurs o apply s concept W large
derection and wdennfication process:

Offect Defection; Asseme muliiple olgects buried ina
given aite, possibly along with false targels that are w be iden-
tified i such, The st mission 15 o detect all potential ancma-
lics, including the target objects, within the site. A mulifne-
quency EM survey (usmg several Trequencies over @ broad
hand) would be most appropriate For detecting anomalics so
a5 toraveld the blind fregquency sone (he crossover lequanay
discussed earliery. Use a GEM-3 {ype monostatic sensor for
smicll and shallew argels such gs opexploded ordmance and
lancdimines, Ulse a GEM-2 {ype histatic senser for larae and
deep tareets sech os droms, Bewine that there oy be certam
sensor heights (the vertical distance between the sensor and

L2 A i i
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Figure 13, GEM-3 data from 420 Hz (top) te 23,970 Hz
{botiom) over a -1t by 10-F test sife where six cans {(hree
aluminum seda cans and three steel cans having a similar
size) are buried on their sides at g depth of 8 inches inoa
clay sodl. The sensor height is ahout & inches ahove the
rroumnd,
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the tarzet) al wkoch the taraet becomes invisible 1o the sensor.
T ovvercome this, move the sensor away from the arger,

Cibfect Mdensifieation ad Discrindnatioen; Oios & can-
didate ancanaly s located, measare the conlinuous speciral
responses of the abject. For the GEM-Z and GEM-3, this can
b schieved by etther (1) sweeping throusgh the entire band-
widdih — & sweep-frequency mcds (e opertor spaeciies the
start Fraqueney, end frequency, and skep interval, or {00 rans-
mitting & broadband source sech az prendo-mndom seguene,
recording the fime-serics, and applying the Fouricr trans Torm
tor obain e response specinnm,

Teorconstruct an EMIE plot as in figs. 5 through 9, col-
leet specteal dacs divectly above o condidate objest at many
dilterent heighis, The dota can be compared against pree-
corded EMTS data Tor many ohjects known by their makers
and medels.

Letus enviston an EMIS-based mane detector as an ex-
ample, Inasimple scenario, consider a mine detector thiat has
wnins memory the spectral signatares of all known landmines.
The detection phase can be accomplished wsing a few dis-
crere fregquencies thal are chosen e be optimal for o given
genlogic and coltwral enviconment. Chnee a target 1s suspecied,
we slart e wentiBeatien phase that invelves recording the
target’s spectral response. The messured spectrem may be
scitnned through the signature memory in order o identity o
particular landmine or. if no matcl is found, reject the mrge
a5 0k ming e A giver mineleld would likely contain
only ane o, at mest, a fow types of mines, which would con-
saderably reduce the computational effort. [n addition, as the
scdarch progresses, the sensor may be able o develop s awn
arificizl mtelligence (or improved discrimination.

Conclusions

The purpose of EMIS is o detsct and identify hidden
metallic ohjects that can be characterized by their electrcal
conductivity, mzagnelc permeibility, and aeometrical size and
shape. To realize Tully 0s potential as a new 1echnoelogy, we
need o further develop broadband EME medels and advanced
scnscer hardware amd softwiane,

LEMIS techpology may be particularly useful Sor detect-
ing bwried landmines and une '-.]:l|-:_‘1:_1['x_! ardnimee, H}' Charig-
terizing and wdentilying an object without cxcavation, we
should Be able o reduce significantly the number of Glse G-
gels, LEMIES should Be fully applicable 1o many cther prob-
lems where the target identificaton and recoznimon Cwithoul
mdrustve =eanch) are important. For instance, an advanoad
EMIE device at an airport securnily gake may be able o recog-
miEe a particular weapon by its maker and type.
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