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On the Use of Evanescent Electromagnetic Waves in
the Detection and Identification of Objects Buried in
Lossy Soll
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Abstract—n some electromagnetic (EM) systems proposed for Receiver, Signal
the detection of buried objects, such as landmines, the transducers Processing
(antennas) are located very close to the surface of the earth. The
coupling of energy into the earth is then by the near field of the

transducers, or, more precisely, by evanescent waves as well as Transducer Transducer
propagating waves in the spectrum for the radiation from the \

transducers. Evanescent waves also contribute to the coupling of Incident Signal h // Scattered Signal
the scattered field from the shallowly buried object to the trans- . - \ll A -

ducers. In this paper, we use simple models based on a plane-wave = T4 3

spectral analysis to perform a preliminary examination of the role Seil \ / d

that evanescent waves can play in the detection and identification é _v

of the buried object. The degree to which features in the image

of the object can be resolved is of particular interest, since the Buried Object

features can be used to distinguish the object from clutter (such as (Landmine)

rocks). The effect of loss in the soil on imaging is also of interest.

. Fig. 1. Schematic drawing for a generic EM system for locating objects buried
Index Terms—Evanescent waves, ground-penetrating radar, i the earth.

imaging, landmine detection.
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I. INTRODUCTION E(z=0) ze :)a)ce
___/"'"""' ‘‘‘‘‘‘ S oo
IG. 1is a schematic drawing for a generic electromagnet ~ ——ce=m™ ——
(EM) system for locating objects such as landmines burie . . ¥ I{ Soil
in the earth. The basic principle of operation is fairly simple: AScattered Field ab‘zl"e Object . (152 146505)
L . . . . S(z=— {
transducer produces an incident EM signal (incident field); thi Ey(z=—d) ; JL

signal causes an EM response in the buried object (electric ci
rent, electric polarization, or magnetic polarization) that, in turr
produces the scattered EM signal (scattered field). The scattel Buried Object
. . (Landmine)
signal is measured by a second transducer and processed to uc-
tect and identify the object. Two separate transducers, a trapg-».  sketch showing the scattered field on a plane above the object and at
mitter and a receiver as in Fig. 1, may be used, or a single trang-surface of the earth.
ducer may provide both functions. The frequency of operation
for such systems ranges from below 1 MHz (metal detectaggiving transducer in Fig. 1 measures the scattered field at the
with coils as the transducers) to above 1 GHz (ground-peneighth above the surface of the earth. Backpropagation may
trating radars with antennas as the transducers) [1]-{4].  be used to transfer this field to the surface of the earth or even
A successful system must be able to detect and identify tfigo the earth to the depthof the object. However, objects are
buried object. Detection simply means locating a buried objegfiten buried in soil with unknown properties, so backpropaga-
the_ object coulql_be a Ia_ndm_me, a rocI@_ or SIm_p')( a changeﬂ@n below the surface may be impractical. Then the best that
soil type. Identification implies the ability to distinguish becan be accomplished is to provide an accurate measure of the
tween these possibilities. An important consideration then is tgattered field at the surface of the earth. This is shown schemat-
quality of the unprocessed information collected by the systegally in Fig. 2.
that can be used for both detection and identification. The re-The smallest feature that can be distinguished in the scattered
field is important, because it determines the resolution of any
Manuscript received August 16, 1999; revised March 6, 2000. This work wanage” that may be constructed t(_) '(_jent'_fy the_burmd Ob_}eCt'
supported by the Army Research Office under Contracts DAAG55-98-1-040he smallest feature that can be distinguished is determined by
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neering, Georgia Institute of Technology, Atlanta, GA 30332-0250 USAowever, can be accomplished by other means; for example, a distinctive fre-

(glenn.smith@ece.gatech.edu). quency response can be used to discriminate between a specific buried object
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many factors, not the least of which is the frequency or wavesth
length @, = ¢/ f) at which the system operates. However, for _ s s i
detection of the object, the wavelength does not have to be smhlil = B2—jaz = V=2 = ko\/[ers = (ke /ko)?] = jersps
compared to the dimensions of the object. A metal detector op- i (®)
erating at a wavelength that is one thousand times the maxim@Rfl~e = «/¢. Now the scattered field above the surface of the
dimension of a metallic object can detect the object, as caf&th in free space is simply

radar operating at a wavelength that is one tenth the maximurTES(x %)

dimension of the object [6]-[9]. v

The transducers (antennas) in a system for detecting buried = i/ TL(km)Fy(kw)e—jkide—ﬂ:t"”‘ dky,, 2>0
objects, such as the one shown in Fig. 1, are sometimes located 2 J oo
very close to the surface of the earth< A, /4 [10]-[13]. The (6)
coupling of energy into the ea_lrth is then by the near f|eld_ fhere the plane-wave transmission coefficient for TE polariza-
the transducers, or, more precisely, by evanescent waves (i 195 is [15], [16]
mogeneous waves) as well as propagating waves (homogeneous '
waves) in the spectrum for the radiation from the transducers. Ty (k) = 2k2 @
Evanescent waves also contribute to the coupling of the scat- * ke + k!

tereq field from the shallowly buried object tq th_e transduce_rand the vector wave number in free space is
In this case, the interpretation of the arrows in Fig. 1 as optical
rays may then be inappropriate, and a more complex model for Bt = ki 4+ k2 (8)
the propagation may be required. .
In this paper, we will use simple analytical models to perforiith
a preliminary examination of the role evanescent waves can play — gt — VEZ—k2, 0<k2<Ek2 Propagating Wave
in the detection and identification of shallowly buried objects . s s 1o
such as landmines. =—ja, =—j\/k2-kZ, ki >k, Evanescent W?S\a/)e
Infree space, waves wittf < kZ propagate in the direction
asexp(—;j3tz), while waves withk2 > k2 evanesce or decay
in the z direction asexp(—«a' z). When there is loss in the soil
Inthe analysis that follows, we will only consider two-dimen{,_, £ 0), all waves in the soil decay in thedirection, so it
sional configurations; with reference to Fig. 2, all geometricad not possible to clearly divide the range fer into portions
and electrical quantities will be assumed invariant with respegdrresponding to propagating and evanescent waves. However, a
toy. We will also assume that the field is TE, which, in this notarough estimate for this division can be obtained from the lossless
tion, means that the field has only the componéifsH., H.. case ¢, = 0), wherek? < e,,k2 for propagating waves and
Harmonic time dependence is used, and the fagttfris sup- k2 > e,,k2 for evanescent waves.
pressed throughout. The electrical properties of the nonmagwe will ignore any multiple scattering of the field between
netic (us = p,) soil containing the buried object are the relthe object and the surface of the earth, so (6) is the only field
ative permittivity ¢,., and the conductivityr, or loss tangent in free space due to the presence of the buried object. This is
Ds = 05 /Werso. the field that the system must measure and process to detect and
A component of the scattered EM field on a plane surfaggentify the buried object.
just above the buried object at= —d can be expressed as the The geometrical and electrical properties of the buried object
Fourier transform of a spectral function [14], [15]. For examplejetermine the spatial features (variatiorzinof the scattered
for the components; we have field on the plane just above the object (1). These features are
1 e characterized by the range of the transverse wave nuinpber
Eiz, z = —d) / Fy(ky)e %" dk, (1) 2n/X; overwhich the spectral functiafy, is significant:| k.| <

Il. SPECTRAL REPRESENTATIONEVANESCENT AND
PROPAGATING WAVES

:% y

—oo ks max (Az = Az min). The smaller the features the lardgr,,.x
with the spectral function (the smallerh,, ,in). Clearly, we want these same features to
- appear in the field measured at or above the surface of the earth.
Fy(ky) = / El(z, 2= _d)cjkwm de. ©) _Thg)mtiartls_, that the additional factor that appears in (6) but not
—oo in (1); that is

When the right-hand side of (1) is interpreted as a summation TJ_(km)e—j,ﬁ;f(kl-)de—aﬁ(kI)de—j,Bz(kI)ze—ozi(kl-)z (10)
of plane waves (a plane wave spectrum) evaluated at the plane
» = —d, the scattered field in the soil above the object becomswust not become too small over the ranlg] < ks max-
| B The dominant term in (10) is often the exponential attenua-
B3z, 2)= _/ Fy(ky)e %=, —d < z<0 tionexp[—aZ(k,)d|exp[—al(k.)z]. As mentioned above, this
27 J oo attenuation can be due to the wave being evanescent (for a par-

. - ®) ticular value ofk,.) either in free space or in the soil, or it can be
where the complex vector wave number in the soil is

N 2This is the scattered field of the buried object. It does not include the incident
K =k,x+ k2 4) field of the transmitter or the reflection of this field from the surface of the earth.
z
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due to the dissipation in the soir{ # 0). The attenuation for 25 D¢ B A
evanescent waves in free space can be reduced by measuring the Tt } ' : ' } 1
field close to the surface of the earth£ 0), so the attenuation | } } P = 1.6/+/ -
in the soil, namely the facter’ (&, ) in the exponent, is mostim- 20k | | | i
portant. To simplify the discussion of this factor, we introduce N } / : i
a frequency-independent normalized loss tangent for the soil ~ [ I I I ]
< i ]

| | |

ko Coo—s g 1.5 - | | N
P,=—p, = 11 8 - E
kmp Ersky (11) il s I 0.8 : R
= - . e —— —
where(, = \/u,/¢, is the wave impedance of free space. No- = 10 K } 1 i
tice that whenk,, is fixed, P, is the loss tangeni, at the fre- “s I | | 1
quency for whicht, = w/c = k... Now (5) can be written as [ - % 0.4 } |
. 05 | T
ki/kxzsz/kx_JaZ/kw i 0.0 | | b
]ﬂ}o 2 ) ko : g .--l...(.)'.l....+ ..... :
= E Ers — 1 _‘757‘SPS E - (12) 0.0 [ by |l. I BRI W L

0.0 0.5 1.0 1.5 2.0

The normalized attenuation constant /k,. is graphed ko/ky=A, 12,
as a function of the normalized wave numbér,/k,, in _
Fig. 3. Results are shown for soil with relative permittivity In Free Space

ers = 9 and five different values of the loss parameter: In Soil (Lossless)
P, =0.0,0.1,0.4,0.8, and1.6. A convenient way to interpret

this graph is to assume that, is fixed and that th_e wave Fig. 3. Normalized attenuation constant in the soil as a function of the
number in free spack, = w/c (the frequency) is varied. FOr normalized wave number,, = 9.

example k, could be fixed at the valuk, ... associated with

the smallest feature of a buried object. The bars below there is no loss in the soil) in both regions to reduce the overall
figure show the ranges of wave number for which a wave igtenuation of the wave. The cause of this phenomenon is fairly
propagating or evanescent in free space and in the lossless sgihple: When we decrease the frequency, we increase attenu-
Notice that there is no attenuation in free space Uik, ation because the wave becomes evanescent; however, we also
is below 1.0, and there is no attenuation in the lossless s@écrease attenuation because the soil becomes less dissipative;
(Ps = 0) until k,/k, is below the valud /,/e,s = 0.33. Also, the latter is a bigger effect than the former.
notice that some waves that evanesce in free space propagafer the special valu®, = 2/,/z,,, the normalized attenua-
in the soil. tion o /k, given in (12) is independent éf, /... If the curve

First, we will consider the case where the soil is lossless, ths this value(P, = 0.67) were plotted in Fig. 3, it would be a
curve for P; = 0.0 in Fig. 3. For point A ,/k, = 1.5), the horizontal straight line. Thus, to obtain a reduction in attenua-

wave is propagating in both free space and in the soil; for poifién by reducingk, / k.., the curve forP, must be above this line
B (k,/k, = 0.75), the wave is evanescent in free space angt

propagating in the soil; and for point G (/k, = 0.25), the

wave is evanescent in both free space and in the soil. For soil VersPs /2> 1. (13)
with low loss, for example the curve fd, = 0.1 in Fig. 3, the
situation is similar to that for lossless soil. Only now there i ’ . .
a small, almost constant, value of attenuation in the soil wh er?s]s than 1.0. Sowe are aIwa;:s dealing with extreme attenuation
ko/ks > 1/y/&r> = 0.33, and the transition to evanescence i@'8e7nd(é3) applies, foexp(—a?/ke) 2 exp(—1) = 0.368 =
smoother than for lossless soil. ’ '

Now we will consider the other extreme, the case where the
soil is very lossy, the curve faP; = 1.6 in Fig. 3. The features
that distinguished the regions for propagation and evanescenc
in soil with low loss are now absent. The attenuation is seen toThe numerical results presented in the last section are for a
be a monotonically increasing function &f/k... Notice that single plane wave. To see how the ideas developed there apply
the attenuation for point C is less than that for point A. Thusp a spectrum of plane waves, the simple model for a detection
a frequency at which the wave is evanescent (decays) in bettstem, shown in Fig. 4, is analyzed. Here, the source (trans-
regions (e.g., point C) appears to be the best choice. Recall thmitter) is a filament of current, at heighth above the surface
we have assumed that the attenuation in the soil is the dominahthe earth. The observation point (receiver) is located below
factor, because the attenuation in free space can be reducethlysource at height above the surface of the earth. This com-
placing the transducers close to the surface of the earth.  bination of transmitter and receiver will be referred to as the

This last result may seem surprising, we are purposefullietector. The buried object, at depthis a pair of parallel, elec-
using a wave that naturally evanesces (attenuates even wiramally thin, perfectly conducting wires of radiusseparated by

Propagating |

otice for this case, a reductionip /%, can never maka? /k,,

I1l. SIMPLE EXAMPLE COMPARING THE RESOLUTION
QBTAINED WITH PROPAGATING AND EVANESCENT WAVES
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z TABLE |
s Current PARAMETERS FOREXAMPLE
” Filament, /,
Free Space ; -« Observation Detector Case | k,/k,, | wia, w/ A
(€0, 100) i’ g—r Point F=011F=16
. A 1.50 1.50 4.50 4.99
Soil 0 R B | 075 | 075 | 226 | 291
(E1:10,05) , d C 0.25 0.25 0.76 1.45
a D 0.025 0.025 0.12 0.43

©
Buried Objects, /.

Perfectly-Conducting . . L
Wires L_W‘J The situation for case B is similar to that for case A, only
the period of the ripple is longer, because the wires are now
only separated by 0.75 wavelengths in free space and 2.3 wave-
lengths in the soil. For case C, the wires are separated by 0.25
the distancav. Notice that the buried wires are symmetricallyvavelengths in free space and 0.76 wavelengths in the soil. The
located about: = 0, while the detector is displacedat= s. longer wavelength in the soil and the increased attenuation in
In this model, the current filament produces the TE incide#fte soil have just about eliminated the ripple, and the locations
field (Ef;v Hi, H!). The plane-wave spectrum for this field isof the two wires are clearly resolved. Notice from Fig. 3 that the

obtained and allowed to propagate into the earth. The eleci@iéenuation in the soil for case C is considerably greater than
field B¢ __ . (x = +w/2, » = —d) at the location of the wires is that for cases A and B. However, the received field for case C

Yy, soil .
obtained, and the current in the perfectly conducting thin wirés only about a factor of four less than that for cases A and B
is estimated to be [17] (note the multiplication factor on the graph). For case D, the

wires are only separated by 0.025 wavelengths in free space and
; 0.12 wavelengths in the soil. However, their locations are still
WE! gz =Fw/2, z=—d) .
I, = Y, 501 . (14) resolved, albeit not as clearly as for case C.
Jwpo In(ksa) The results in Fig. 5(b) are for the same geometrical parame-

, ers as for Fig. 5(a) but for theoil with high loss:,.. = 9, P; =
The plane-wave spectrum for the scattered field produced ¥, (the top curve in Fig. 3). The locations of the two wires are
these currents is obtained and allowed to propagate into fre?e . Ce i .
. s : clearly resolved in all four cased: — D. Notice from the mul-

space. The field componeAt:(s, ¢) atthe detectoristhenused,; . °. .

. . tiplication factors on the graphs, that, as expected from Fig. 3,
to evaluate the ability of the system to resolve the locations fll?e amplitude of the received field is greatest for case D: about
the buried wires. i

The important dimension in this analysis is the spaing 100 times greater than for case C, 3000 times greater than for

between the two buried wires. Therefore, we define our Crﬁ?‘Se B, and 20 000 times greater than for case A.

. .. The results in Fig. 5(b), particularly those for cases C and
ical transverse wave number (transverse wavelength) associate . . . . :

o . . , Show that in lossy soil, the inclusion of evanescent waves in
with imaging the wires to bé,.,, = 27 /.., = 27 /w. The pa-

rameterk, [k, = ko ko = w/\, that we use with Fig. 3 is the spectrum can increase the amphtude of t_he received signals
. . . S|eqn|f|cantIyW|thout seriously affecting the ability to resolve the
then equal to the separation of the wires in terms of the fr? . . .
space wavelenath ocations of the buried objects.
pAs before wgwi.ll look at two extreme cases from Fig. 3, sof The results in Fig. 5 are for the detector at the surface of the
with low loss P, = 0.1 and soil with very high los#®, = 1.6. earth, that isg = 0. In Fig. 6, the normalized field for case C

. . [ i i <
We consider the points marketl— D for these two cases. ForIS shown as a function of the height of the detediog, g/w <

convenience, the values &f,/k,.,, and the spacings betweenh/w = 0.5. Fig. 6(a) is for the soil with low los#, = 0.1,

the wires,w, in terms of the free space wavelengtlj, and in and Fig. 6(b) is for the soil with very high logs, = 1.6. The

terms of the wavelenath in the Sol... are given for these points resolution of the locations of the two wires is seen to decrease
in Table | wav gthi > gv pol as the detector is raised above the surface of the earth. This is

In Fig. 5(a), the magnitude of the normalized scattered fie[ﬁe result of the attenuation of the evanescent waves as well as
H2 (s g.)w/I’| is graphed as a function of the lateral positio e divergence of the propagating waves for the spectrum in free

of the detectos/w. Each curve in the figure represents a scan OPace.
the detector over the surface of the earth. The parameters for this
example aré./w = 0.5, a/w = 0.05, d/w = 0.5, g/w =0
(detector at the surface of the earth) andsb# with low loss In some EM systems proposed for detecting shallowly buried
ers = 9andP; = 0.1 (the second curve from the bottom inobjects, the transducers (antennas) are located very close to the
Fig. 3). For case A, the wires are separated by 1.5 wavelengslusface of the earth. The coupling of energy into and out of the
in free space and 4.5 wavelengths in the soil. The resolutiearth can then involve both the evanescent and the propagating
of the locations of the two wires af/w = —0.5 ands/w = waves in the plane wave spectrum for the radiation. The oper-
—+0.5 (vertical dash dot lines) is masked by a strong ripple thating frequency can be chosen so that either the propagating
is caused by the interference of the scattered fields from the twaves or the evanescent waves dominate the spectrum in the
wires. range used for imaging the object. For the former, the operating

Fig. 4. Geometry for a simple model of a detection system.

IV. CONCLUSION
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Fig. 5. The scattered magnetic fielfl of the two buried wires as the detector is scanned over the surface of the earthkfgi#4,, = 1.5, B. 0.75, C. 0.25,
and D. 0.025h/w = 0.5, g/w = 0.0, d/w = 0.5, ¢,., = 9. (a) Soil with low lossP, = 0.1. (b) Soil with high lossP, = 1.6.

frequency (a high frequency) is chosen so that the free-space
wavelength is less than the dimensions of the object, while for
the latter the operating frequency (a low frequency) is chosen so
that the free-space wavelength is much greater than the dimen-
sions of the object.

The results presented in this paper, which are based on simple
analytical models, show that under the right conditions, the in-
clusion of evanescent waves in the spectrum can increase the
amplitude of the received signals significantly without seriously
affecting the ability to resolve the locations of the buried objects.
The design of an actual detector (other than a metal detector)
that specifically makes use of evanescent waves to detect buried
objects is a project for future study.

An interesting observation from the analysis is that whgp
(the resolution) is held fixed and the soil is very lossy, the atten-
uation of the evanescent waves at low frequencies, which is due
to both natural decay and loss, can be less than the attenuation
for the propagating waves at high frequencies, which is due to
only the loss. For a soil with a frequency independent conduc-
tivity o, this occurs whenever

Normalized Field

Coosw 3005w
47(\/51’5 - VErs

wherew is the dimension of the feature in the buried object that
must be resolved. It should be emphasized, however, that this
phenomenon only occurs in cases where there is extreme atten-
uation in the soil; that is, whesxp(—a2w/2n) > exp(—1) =
b) 0.368 = —8.7 dB.

_ o , _ For soil with a conductivity that increases with the frequency,
Fig.6. The scattered magnetic figttf’ for case C as a function of the height of hichis th f i di d mi f
the detector above the surface of the eaytt. (a) Soil with low lossP, = 0.1, WNICh IS the case for many solls atradio and microwave frequen-
(b) Soil with high lossP, = 1.6. cies, the reduction in attenuation gained by use of the evanescent

VersPs[2 =

> 1 (15)

Normalized Field
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spectrum (going to lower operating frequency) will be greatef10] D. A. Hill, “Electromagnetic scattering by buried objects of low con-

than indicated by the simple analysis presented in this paper tlfggg"'EEE Trans. Geosci. Remote Sensiva. 26, pp. 195-203, Mar.
[18]. This can be seen from Fig. 3. Consider a low frequenc}fll] — “Near-field detection of buried dielectric object$EEE Trans.

with low attenuation such as the point fay/k,, = 0.75 on the Geosci. Remote Sensingl. 27, pp. 364—368, July 1989.
curve for P, = 0.1. When the Conductivity is independent of [12] L. S. Riggs and C. A. Amazeen, “Research with the waveguide below

the f the att fi . hi tant th cutoff or separated aperture dielectric anomaly detection scheme,” U.S.
€ Irequency, the attenuation remains roughly constant as the Army, Belvoir Res. Development Engrg. Ctr., Fort Belvoir, VA, Tech.

frequency is increased, for example to the paéintk, = 1.5. Rep. 2497, Aug. 1990.

If the conductivity increases with the frequency, however, thd13] J. M. Bourgeois and G. S. Smith, “A complete electromagnetic simula-

| ip Lk — 1.5 di f le f tion of the separated-aperture sensor for detecting buried land mines,”
value of P; atk,/k, = 1.5 would increase, for example from IEEE Trans. Antennas Propagatol. 46, pp. 1419-1426, Oct. 1998.

0.1 to 0.4, and the attenuation would increase. [14] G. S. Smith,An Introduction to Classical Electromagnetic Radia-

The use of the evanescent spectrum to image a buried object js_ tion.  Cambridge, U.K.: Cambridge Univ. Press, 1997.
imil hatis d . field . ical mi )}15] J. R. Wait, Electromagnetic Waves in Stratified MediaNew York:
similar to what is done in near-field scanning optical microscop Pergamon. 1962.

(NSOM). In optical microscopy, the maximum frequency (min-[16] G. S. Smith, “Directive properties of antennas for transmission into a
imum wavelength) of operation is fixed and evanescent waves Material half-space [EEE Trans. Antennas Propagatol. AP-32, pp.

introd dtoi th lution b d that ib 232-246, Mar. 1984.
are introauced to increase the resolution beyon at possi [?7] R. F. Harrington Time-Harmonic Electromagnetic Fields New York:

with a traditional microscope; that is, one that uses only propa-  McGraw-Hill, 1961.
gating waves [19]_ [18] R. W. P. King and G S. Smithe_\ntennas in Matter: Fundamentals,
Theory and Applications Cambridge, MA: MIT Press, 1981, ch. 6.
[19] M. A. Paesler and P. J. MoyeXear Field Optics New York: Wiley,
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