1382 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 49, NO. 10, OCTOBER 2001

Acoustic and Electromagnetic Wave Interaction:
Analytical Formulation for Acousto-Electromagnetic
Scattering Behavior of a Dielectric Cylinder

Daniel E. LawrencgStudent Member, IEEEBNd Kamal Sarabandrellow, IEEE

Abstract—An analytical solution for the bi-static electromag- spectra scattered from a buried object could be used as a means
netic (EM) scattering from an acoustically excited vibrating for buried object detection/discrimination.
dielectric circular cylinder is presented. The incident acoustic The idea of EM scattering combined with acoustic excitation

wave causes a boundary deformation as well as a dielectric . . . .
inhomogeneity within the dielectric cylinder. First, a perturbation [0 detecting buried objects has been addressed previously [3],

method is developed to calculate the EM scattering from a slightly [4]. Experimental results are reported in [5] and [6], where an
deformed and inhomogeneous dielectric cylinder. Then, assuming EM radar is used to measure surface displacement caused by a
the vibration frequency is much smaller than the frequency of the ~ traveling surface acoustic wave. In this approach, object detec-
incident EM wave, a closed form expression for the time-frequency 4 js hased on the small changes in surface displacement when

response of the bi-static scattered field is obtained. The solution buried obi . d d. Oth . | |
for acoustic scattering from an elastic cylinder is applied to give a buried object is introduced. Other experimental results are re-

the displacement on the surface as well as the compression andPorted in [7] where mechanical excitation is achieved through
dilation within the cylinder. Both the surface displacement and high-pressure water jets. In this technique, both acoustic and
the variation in material density (dielectric constant fluctuation) EM receivers are used to detect ground vibrations. To aid in
within the cylinder contribute to the Doppler component of the ) ey rejection, however, distinguishing characteristics of the

EM scattered field. Results indicate that the Doppler frequencies bi fi h h | d ff brati
correspond to the mechanical vibration frequencies of the cylinder objects of interest, such as the normal modes of free vibration,

and that the Doppler components only become sizeable near Should be incorporated into the detection scheme. In this paper,
frequencies corresponding to the natural modes of free vibration the phenomenology associated with the scattered Doppler spec-
in the cylinder. These resonances depend only on the objecttrym from an acoustically vibrated object is examined as a pos-

properties and are independent of the surrounding medium. Thus, - i1 means of target identification. The proposed detection and
utilizing the information in the Doppler spectrum scattered by an . e . R
identification scheme is shown in Fig. 1.

acoustically excited object vibrating at resonance could provide a

means for buried object identification. Before an acousto-electromagnetic detection scheme can be
Index Terms—Acoustics, Doppler spectra, electromagnetic scat- €ff€ctive, the relationship between the vibrating mechanical
tering, perturbation techniques. modes of an object and the scattered Doppler spectrum must

be understood. In [2], an analytical solution for the Doppler
scattering from a perfectly conducting circular cylinder in air
was formulated and the current paper will extend these results
ROUND penetrating radars (GPR) have been propostd a solid dielectric circular cylinder. One of the simplest
for the detection and identification of buried objects [1]scattering problems (acoustic or EM) for which an exact
Applications of GPR include the detection of buried pipes arablution exists involves an infinitely long circular cylinder in
cables, unexploded ordnance (UXO) detection, and both m#i-homogeneous background. An infinite cylinder provides an
tary and humanitarian demining. The ability of GPR to deteetccurate model for buried pipes and cables but is admittedly
some buried objects is severely limited by the low dielectrizot particularly descriptive of landmines. The purpose of this
contrast between buried objects and the soil background. Thaper, however, is not to develop scattering models for specific
is especially true for antipersonnel (AP) landmines, which al@ndmines, but instead to demonstrate the phenomena associ-
composed mostly of plastic. In order to increase the probabiligged with the acousto-electromagnetic scattering behavior of
of detection without increasing the false alarm rate, measurablielectric objects in general. In this respect, the two-dimen-
guantities that are characteristic of the objects of interest shosldnal (2-D) nature of the cylinder makes it a good candidate
be exploited. One such quantity is the electromagnetic (ENOr a phenomenology study without unduly complicating the
Doppler spectrum scattered from an object being mechanicaihathematics.
vibrated by an incident acoustic wave. As proposed in an ear-A vibrating dielectric cylinder exhibits two sources of
lier work by the authors [2], the acoustically induced DoppldDoppler scattering: the cylinder shape variation and the dielec-
tric constant fluctuation within the cylinder. As the incident
Manuscript received February 28, 2001; revised August 16, 2000. acoustic wave vibrates the cylinder, both the cylinder’s shape
The authors are with the Radiation Laboratory, Department of Electricand density profile within the cylinder vary with time. Hence,
s o e aoeuwonoses o i EM scatiering soluion for an arbitarly deformed, inho-
umich.edu). mogeneous dielectric cylinder is needed. Numerical techniques
Publisher Item Identifier S 0018-926X(01)07647-5. could be employed to calculate the scattering from a deformed
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Fig. 1. Example scenario for acousto-electromagnetic object detection.

cylinder [8], but the acoustic induced vibrations considered y
in the current paper are generally very small compared to

the EM wavelength and would require an impractically large

number of discretization points on the object. For example,

at an acoustic resonance the maximum displacement for the
cylinder considered in Section il is on the order f~4\.
Consequently, analytical perturbation techniques were choset o
to calculate the scattered fields. Perturbation techniques cat EH
provide analytical solutions to problems when the surface 'H_'
irregularity and dielectric inhomogeneity are small and exact
solutions exist for the unperturbed problems. Perturbation

theory is an established analytical approach for scattering
solutions and was applied by Rayleigh [9] and Maxwell [10],

to certain scalar field problems. These methods have found
application in EM scattering from rough surfaces [11], [12fig. 2. Geometry for EM scattering of a plane wave from a dielectric cylinder
cylinders [13]-[15], and spheres [16], [17]. In the current papé(y’hose shape and dielectric constant profile are perturbed.

the scattering contribution from the boundary deformation ) ) )

is obtained through a perturbation expansion of the exaxqlid elastic cyllndgr. Several examples are presented to illus-
eigenfunction solution for a homogeneous dielectric cylinddfate the relationship between the scattered Doppler spectrum
Yeh [14] presents a methodology for this approach and derivdd the acoustl_c resonances of a dielectric _cyllnder. As will
the perturbation coefficients for the specific case of a dielectfg¢ Shown, the bistatic Doppler spectrum provides a means for
elliptic cylinder with small eccentricity. For the present worknoninvasive measuring of the mechanical vibration modes of
however, the (time-varying) perturbation coefficients for a@n object. Furthermore, the effect of EM resonances in the
arbitrarily deformed dielectric cylinder are needed and will becattered Doppler spectrum will be examined.

derived using a similar approach. The contribution from the

dielectric fluctuation is formulated by expanding the interior Il. ANALYTICAL DEVELOPMENT

fields in terms of a perturbation parameter related to the ¢i- TM Case

electric inhomogeneity and then using the induced volumetric

current to calculate the scattered field. This method is simply anl) Shape PerturbationFollowing the methodology pre-

application of the well known Born approximation describeaented in [14], an analytical solution for the EM scattering from

in [18]. It has been applied to scattering from inhomogeneoassllghtly deformed dielectric circular cylinder is derived using

. . ) perturbation method. Consider a plane wave incident upon a
dielectric rough surfaces [19] and from low contrast, burie ) . . L .

: . . , erturbed dielectric cylinder as shown in Fig. 2. The radius of
dielectric cylinders [20]. To the best of the authors’ knowledg . . :

L . . . e cylinder can be expressed in polar coordinates as,

application of this approach to an inhomogeneous dielectric
cylinder has not previously been done. o =a+bf(#,t) 1)

Assuming the acoustic vibration frequency to be much
smaller than the EM frequency, a Fourier transform can be usgHere

to extract the Doppler spectrum from the time-varying deformed unperturbed radius;
and inhomogeneous dielectric cylinder. The time-varying dis- f(¢’, t)  periodic and smooth function of ;
placement on the surface and within the cylinder is obtainedd perturbation parameter assumed to be much

from the analytical solution for the acoustic scattering from a smaller than the wavelength and the radius
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The standard method for calculating the scattered field fromTlée tangential magnetic fields on the surface of the perturbed
dielectric cylinder is the eigenfunction expansion of the totalylinder for the incident, external scattered, and internal scat-
field. From the development in [21], consider an incident TNered fields are given, respectively, by

plane wave propagating along the-direction with a polariza-

. : ‘e mvi i J - & mn g jng’

tion parallel to the cylinder's axis expressed as Hi = n;m aj= |:k0p (kop') — /(/fopl)} oind
Bl =t = 3 e ©
| o CHR =Y AN+ PV kD)

wherek is the wavenumber in free space. When there is no per- o ==

turbation on the surface (i.&.= 0), the scattered field external Bin e @ N

to the cylinder is given by [l%op H (kop') — Hy' (kop )} e’” (10)

E:z — Z j_nAzl\’IH,(f)(kOp)ejnqb (3) Hf;in — é Z OCJ_nBEM(]. _’_Dgl\lkdb)
with {5’; Jn(kap') = J! (kdp/)} dnd, (11)
d

M g (koa) " (kqa) — J' (koa)Jn(kqa)
ATMI Td (4)
o m@ 0 10 @
In(kaa)Hy ' (koa) — = J! (kga)Hy ' (koa)
d

Using Taylor series expansion, the eigenfunctions in the
above expressions can be approximated to the first ordgbin
andkyb, and are given in general by

wherer, andr, are the wave impedances in free space angjn(kp’) = Z(kla+bf(¢)]) = Zn(ka)+kbf (¢, ) Z] (ka)
within the dielectric, respectively, arig is the wavenumber in (12)
the dielectric. The scattered field internal to the cylinder is

whereZ,, represents the Bessel or Hankel functiomtf order

Ed = Z FT" B (kap)e'™? (5) (or their derivatives) and represents eitheft, or k4 accord-
e —oo ingly. Also expandingy, /3, andp’ in (2), (7)—(11) and keeping
. terms up to first order irkd, two equations result for the per-
with turbation coefficient€’™ and D™ by applying the boundary
BTM _ —2j/mkoa conditions at the surface of the perturbed cylinder. These equa-

. (6) . PR .
), o 4, 2 tions are solved by expandinf(¢’, ¢) in terms of a Fourier
In(kaa)Hi™ (koa) 4 Ta(kaa)Hy™ (Koa) series with respect t¢’ with the pth Fourier series coefficient

Now, if a small perturbation is introduced on the boundar?enmedfp( )

the scattered fields can be expanded in a perturbation series in ) o o
kob andkqb, respectively. To the first order ikyb, we may ex- F@ 0= > fat)e??. (13)
press the external field p=—00
oo ' The explicit form forC; ™ is found to be
Er= 3" i AT™M( + CPMEob) HP (kop)e™ (7) -
B 5" a(kaa) Y famp()Vp

d the int [ field to the first ord b / =—o0

and the internal field to the first order ity OIM(p) = - P (14)

) — Jn(koa)J,’L(kda) — J,’L(koa)Jn(kda)
Ed= Z FT"B™ (1 + D™ Eyb) g, (kap)e’™  (8)
n=—oo where

whereC;7™ and D™ are unknown coefficients to be deter-;, _
mined from the boundary conditions at the surface of the per?

turbed cylinder. The boundary conditions mandate that the taﬂé ion in (14 ides the TM solution for th ¢
gential electric and magnetic fields be continuous at the surfgc € expression In (14) provides 1e TV solution for the scat-
1 ed field from a homogeneous dielectric cylinder with a per-

, k2
—p |:—J;)/(k'0a) _AEMHI(,Q)H(]COCL) k(Qj BTM ]N(k ) )

of the cylinder. Note that the unit vector tangent to the perturb q .
urbed cross section.

cylinder surface can be written ) . . o . L
y 2) Dielectric Perturbation: A vibrating cylinder that is ini-

i = alBi, + iy tially homogeneous will experience density fluctuations as the

cylinder vibrates. As a result, the dielectric constant will fluc-

where tuate within the cylinder requiring a solution for the EM scat-
o =A{[bf (¢, )/ (a+bf(¢, )N +1}1/2 tering from a slightly inhomogeneous dielectric cylinder. Since

I} =bf'(¢, t)/(a +bf(¢, 1)); the dielectric fluctuations are small, we will once again develop

f'(¢',t) partial derivative off(¢’, t) with respectta)’.  a perturbation technique to solve for the scattered fields. The
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technique presented here is similar to that used for scatterimgere

from a low contrast dielectric cylinder given in [20]. The di- 1
electric constant of the cylinder can be written ™ 2rkoa
(', ¢, t) =eca+ 6o, ¢, 1) (15) 1
. : . ' @) o @)
whereé is a perturbation parameter assumed to be small (i.e., Im(kaa)Hr' (Koa) — a Jhn(kaa) Hp' (Foa)

§ < 1). Gauss' law in a source free region asserts Substituting (22) and the unperturbed scattered field from (5)

Vlel, ¢, OE] = (o, ¢/, )V -E+Ve(p, ¢/, t) - E=0. for Eﬁo) in (21) and simplifying gives

Which indicates EW =2nw’n > XpHP (kop)e™® > 7B
1 m=—0o n=—oo
V-E=——"——Vep, ¢, t)-E @
G(plv (/)/7 t) ( ) . / En—rn(p/; t)']n(kdp/)']rn(kdpl)pl dp/ (23)
0

Since Ve(y', ¢, t) does not contain a-component and the \yheres m(p', t) is the @ — m)th Fourier series coefficient

electric field has only a-component for the TM case, we con-¢ &', ¢/, t) when expanded in a Fourier seriesgh This

clude that expression provides the TM solution for the first order scattered
V.E—0 fields from an inhomogeneous dielectric cylinder.

Now it can be easily shown from Maxwell’s equations that thg' TE Case
wave equation fof. can be written 1) Shape Perturbation:Similar to the TM case, the EM scat-

tering from a slightly deformed dielectric cylinder with a TE
V2E, +wnucoE. =0 external to cylinder (16) incident plane is derived using the perturbation method. The ra-
V2E. +w?ue(p/, ¢/, t)E. =0  internal to cylinder (17) dius of the deformed cylinder is given in (1). The incident mag-
netic field can be expressed as
Substituting the perturbation expression from (15) into (17)
gives H' = ¢ikopcosd — Z G Tulkop)d™?. (24)
The unperturbed scattered fields are given in (3) and (5) with
replaced by ., and the coefficientst’'* and B are given in
(4) and (6) with an interchange gf and»,. When a small per-
turbation is introduced on the boundary, the perturbed fields can
o0 be expanded in a perturbation seriebjhandkgb, respectively.
E.=) EMs (19)  The external field is given by

oo

V2E, +kK2E, = —w?usé(p’, ¢, t)E, (18)

wherek? = w?pey. Sinced is small,E, can be expanded in a
convergent perturbation seriesdnand is given by

s __ —n ATE TE (2) ing
whereEL” is the scattered field from the unperturbed cylinder. He = Z 7 AR (14 Gy ko) Hy (Rop)e (25)

Substituting (19) into (18) and collecting equal powers oit e
can be easily shown that

VZEW 4 RREM = _utui(y, ¢ HECY. (200  HI'= Z FT B (1 + Dy Pkab) T (kap)e’™?. (26)

n=—oo

Hence, the7¢ — Dth- order solution acts as the source functloq’rhe unknown Coefﬂc'entﬁTE andDTE are to be determined

and the internal field

external to the cylinder can be obtained by perturbed cylinder. The boundary conditions specify that the
o total tangential electric and magnetic fields be continuous at the
EY =—w u/ / o, ¢, t)ED cylinder boundary. The tangential electric fields on the surface
of the perturbed cylinder for the incident, external scattered,
Glp, ¢’ ¢, &)o' dp’ def (21)  and internal scattered fields are given, respectively, by
whereG(p, ¢, ¢, ¢') is the Green’s function for a source in- o Bin , N ine
ternal togthe cyllnder)and the observation externalto the cylinder: Fian = Z @ [ ;I (kop') = J(kop )} e
After some lengthy manipulation, this Green’s function can be e 27)

shown to be [22]

tan

Gp, v, ¢, ¢ Z Ko don(kap! Y HP (g p) e M=) o =

oo 22) ) [ﬁ%H(Q) (kop/) _ H£L2),(kopl):| ejnqb/ (28)

s J —n ATE TE
B, = E oy TASTE(1 4+ CL P kob
n ( ob)
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Here the ¢ — 1)th order solution generates the source function
for thenth order solution. The first order scattered field external
to the cylinder can be obtained by

Z aj "BrE(1+ DrFkgb)

[3]71 1 ! jng’
[kdp To(kap’) = T (kap')| ™7 . (29) (1)_/ /

Esd

tan —

—jwVe(p', ¢, t) x E(O)}
Using the Taylor series expansions in (12) for the Bessel and *
Hankel functions and applying the boundary conditions results — Wuelp, ¢, t)HZ(O)}

in two equations for the unknown coefficients ™ and D;F'F. TE , Nt

Expandingf(¢’, t) in a Fourier series as in (13), neglecting G 0 0 #)0 dp d (38)
terms containingkb)? and higher, and solving faf’"® com-  whereGTE(p, o', ¢, ¢) is the Green’s function for the TE case
pletes the solution for the TE solution for the boundary pertuwith a source internal to the cylinder and the observation ex-
bation ternal to the cylinder. From [22], this Green’s function can be

shown to be
I3 doeal) P i)V S i)
CTE(t) i GTE(p7 p ) ¢7 Z Yme(kdp)
T (ko@).J!, (kga) — 22 71 (koa).J, (kqa) m=—o0 -
Nd -H,(,?)(kop)cjm(‘#*‘ﬁ ) (39)
(30)
where
where
(7’L ) € Y — L
p| P TE " m =
Ve :f”—B To(kqa) [ 1= =2 ) =7 (k 2mkoa
p,n—p —.J |: (koa) ( aa )< Cd) p( oa) 0
1
—ATEH(Q)”(/COCL)+BTE.]//(kda):| .
por Por T (kaa)H (koa) — 4 71 (kea) HP (koa)
and o

. ka TR TE 17(2)s . Substituting (39) and the unperturbed internal scattered fields
Uo=d" [koB Jpkaa) = Ay TH, T (Roa) = Jy(Roa) | -0 38y simplifies to

2) Dielectric Perturbation: As with the TM case, the di- W (2) o A TE
electric fluctuation induced by the mechanical vibration of thefZ=" = 27 Z Yol (kop)e! Z JT"By

cylinder will contribute to the scattered field. The dielectric con- m==00 n=—oo
stantinternal to the cylinder is again expressed by (15). The curl (40)
of Ampére’s law, extended to the time-varying case, in a SOUrGere
free region is given by a n(m —n)
Irn n — 5 k2 ] k -m—n t
VXV x H=juV x o7, §, )E] (31) Lﬂi{ K] a7
=jwVe(p', ¢, t) x E4 jwe(p’, ¢', )V x E. 9 ,
- k ] k -m—n ’ t
) ai(kap')g 7 Emenle' )
/
It can easily be shown from Maxwell's equations that the wave . Mpl dp’
equation forH. is cd

) ) andé,,—,(p’, t) isthe(m—n)th Fourier series coefficient when
V°H, +w negH, =0 external to cylinder (33) &', ¢/, t) is expanded in a Fourier seriesgh

VPH. +w’ne(p’, ¢, ) H. = [—jwVe(p, ¢, t) x E].
internal to cylinder (34) C- Acoustic Vibration
In order to calculate the scattered fields from an acoustically
vibrated cylinder, the boundary and dielectric fluctuations of the
V2H, +k3H, =[—jwVée(p, ¢, t) x E]. cylinder due to the acoustic excitation must be known. A thor-
—Wuse(p', ', t)H.. (35) ough treatment of the acoustic scattering of an incident plane
wave from a solid cylinder is given in [23]. Inherent in this for-
Sinces is small, bothH. andE will be expanded in a perturba- yy|ation is the resulting mechanical vibration, which is of in-
tion series i terest to us. Both the surface displacement and interior displace-
i ment of the cylinder are completely described by the displace-
_ (n)¢n _ (n) ¢n
H.= Z HV8" and E= Z E™6". (36) mentvectorm(p’, ¢’, t) whose components are of the form [23]
n=0

Substituting (15) in (34) results in

Substituting (36) into (35) and equating equal powers,at _ = |:7’Lbn T _ i J } a1
can easily be shown that b Z n(r2p) “n n(k1p)| cosng (41)
VEHM 4 I2H =[—jwVe(y, ¢, t) x EPY)], > [nay,

S kGH =[—jwVel', ¢, 1) ] “45:2[

d
Jp(k1p) — bp— Jp (ks sinn 42
—wpép, ¢, ) HY. (37) (rs7) dp ( Qp)} ¢
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with the harmonic time dependeneé~-* suppressed. The solution for the time-varying dielectric fluctuation for both the
acoustic vibration frequency is denoted, the propagation TM and TE cases.

constants:; andx. are for the compressional wave and shear Note that both the shape variation and dielectric constant fluc-
wave within the cylinder, respectively, and the coefficiemts tuation of the cylinder can be accounted for by expanding the un-
andb,, contain rather lengthy expressions and can be foundperturbed scattered fields in a perturbation expansion in terms
[2, Appendix]. For the cylinder shape variation, the cylinder'sf both 4 andé. The expansions ih andé can be treated in-
radial displacement at the surface depends ontgth, ¢, t) dependently since the inclusion of terms containifigare of
andu(a, ¢, t) but can be set equal t9,(a, ¢/, t) to the first second order and higher. Hence, the total scattered field in-

order. Thus, the displacement from (1) can be written cluding both shape and dielectric fluctuation is estimated by
, , coherently adding the results from the two perturbation expan-
bf(¢'.t) = up(a, ¢, t). (43)  sions described in this paper. Taking the Fourier transform of

the time-varying scattered field will provide the desired scat-

Rewriting«,, with the time dependence explicitly shown tered Doppler spectrum.

upla, ¢, t) = Z [y, cos(wet + 6,) cosng’  (44)
n=0
wherel’,, and #,, are the magnitude and phase, respectively, When the frequency of the incident acoustic wave is not
of the coefficient for thexth mode given by the expression inclose to a mechanical resonance of the cylinder, it behaves as
brackets in (41) and are evaluategat a. Equation (44) is in an impenetrable rigid cylinder [24]. Consequently, significant
the form of a cosine seriesi#, so the Fourier series coefficientsdisplacement, and thus, a measurable Doppler spectrum only
for the exponential series representatiory 6§, ) in (13) are OCCUrs when the incident acoustic frequency corresponds to

I1l. SIMULATION AND RESULTS

easily seen to be a resonant mode of the cylinder. To illustrate the Doppler
R response at resonance, consider a 10 cm radius, solid cylinder
fn= 2—2 [y, cos(wat +6,,) (45) composed of polyethylene (/¢ = 2.25) illuminated by an

incident acoustic plane wave in air with a power density of 1
whereey = 2 ande,, = 1 for n > 0. Substituting coefficients kw/m? at a EM frequency of 3 GHz. The first acoustic reso-
from (45) into (14) and (30) completes the solution for the timeyance, corresponding to the 2nd mode, occurs at an acoustic
dependent shape variation for both the TM and TE cases. frequency off, = 2.02 kHz for a 10 cm radius cylinder. The
Considering the dielectric constant to be a macroscopic mgensity of polyethylene is 0.9 g/dnwith the velocities of

terial parameter directly related to the dipole moment per urli®50 m/s for the longitudinal acoustic wave and 540 m/s for
volume, the relationship between the displacement interior tiee transverse (shear) wave [25]. The backscattered Doppler
the cylinder and dielectric constant fluctuation is shown frompectrum for a TM incident EM wave is shown in Fig. 3 for the

(61) in the Appendix to be n = 2 acoustic resonance where the effects of both surface and
o . dielectric fluctuations are included. The spectrum is discrete
6e(p', @', 1) = —(ea — )V - u(p’, &', 7). (46)  since the vibration of the cylinder is periodic, and the first

Q%ppler harmonic occurs at a frequency coincident with the
coustic vibration frequency. This indicates that the frequency

vibration of an object can be determined by the location of
the first Doppler harmonic. The vibrating object is essentially

Furthermore, the divergence of the displacement vector ha
relatively simple form and can be shown using (41) and (42) K
be

5 , , modulating the amplitude and phase of the scattered EM wave,
V-ous=r Z ann(r1p") cosng’. (47)  thus generating the Doppler spectrum.
n=0 A relevant topic to consider at this point is the relative
Inserting (47) into (46) and expressing the time dependence &gntribution to the Doppler spectrum from the two scattering
plicitly gives mechanisms described in this paper. As a comparison, the

- bi-static scattering with TM incidence of the 1st harmonic

S R — (e 2 T (o of the Doppler spectrgm from the cyllndgr a.t the acoustic
b, ¢ 1) (€a = co)ia Z:O n(#) resonance corresponding #o= 2 is shown in Fig. 4, where

- cos(wat + (_ ")) cosng’ (48) the contribution from the shape deformation and the dielectric

at T AP fluctuation are shown separately. Similarly, the contribution

whereT,,(p") andv, (o) are the magnitude and phase, respeéfi_Jm each for ther = 1 gcoustic mode is shown in Fig. 5. F_rom
tively, of a,, J,. (k1) in (47). From this expression, itis apparenfig. 4, the shape variation dominates the Doppler scattering for

that the series coefficients for the exponential Fourier series répe » = 2 mode with the dielectric contribution around 40 dB
resentation of(, ¢/, t) in ¢’ are below that of the shape variation. However, Fig. 5 reveals that

for then = 1 mode, both the shape and dielectric variation
_En (eq — €0)r3 T n(p') cos(wat +1n(p")) (49) contributions are of the same order and both must be included
26 to obtain correct results. Note that the shape and dielectric
whereey = 2 ande,, = 1 for n > 0. Substituting the Fourier contributions are addedoherentlyto obtain the complete
series coefficients from (49) into (23) and (40) completes thiesult. The bi-static scattering for TE incidence of the 1st

énlp', ) =
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Fig. 3. Backscattered Doppler spectrum for a TM incident plane wave from an acoustically excited, solid polyethylene cylinder with a radius & GHzm at
Then = 2 acoustic resonant mode is excited at an acoustic frequency of 2.02 kHz.
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Fig. 4. Bistatic scattering (TM incidence) of the 1st Doppler harmonic showing the relative contribution from the shape and dielectric flusttretiens = 2
acoustic mode excited.

harmonic of the Doppler spectrum from the cylinder, with bothcoustic resonances of the cylinder. In fact, the magnitude of
shape and dielectric contributions included, is shown in Fig.tBe Doppler harmonic is negligible except around narrow reso-
for the first two acoustic resonant modes. nances corresponding to the acoustic resonances of the cylinder.
To illustrate the effect of acoustic resonance on the sc#-similar result is observed for solid metallic cylinders in [2].
tered Doppler spectrum, the magnitude of the 1st harmonic Tfie first resonance occurs for the= 2 mode followed by the
the Doppler spectrum is calculated as a function of acoustic= 1, andn = 3 modes. By sweeping acoustic frequency,
frequency and is plotted in Fig. 7 for TM incidence. The maghe mechanical resonances of the cylinder can be determined
nitude of the 1st Doppler harmonic is highly sensitive to thigom the Doppler spectrum. Furthermore, the frequency loca-
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Fig. 5. Bistatic scattering (TM incidence) of the 1st Doppler harmonic showing the relative contribution from the shape and dielectric flusttretians = 1
acoustic mode excited. Shape and dielectric contributions are added coherently for the complete result.
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Fig. 6. Variation of the 1st Doppler harmonic magnitude wittior TE incidence with both shape and dielectric fluctuations included. The first two acoustic
resonances are shown.

tions of these resonances are independent of the backgrounRecognizing the sensitivity of the Doppler spectrum to the
medium. These results apply to both TM and TE incidence. Oneoustic resonances, it is natural to question whether the sensi-
should note that a cylinder of different size or material propivity is also observed near EM resonances. The frequency loca-
erty will have different acoustic resonances. Hence, using ttien of the EM resonances can be found by solving for the eigen-
EM Doppler spectrum scattered from an acoustically vibrateglues of the unperturbed, homogeneous scattering problem. As
object could provide a means of buried object discriminaticam example, consider the TM scattering scenario. By expressing
based on the location and distribution of the resonances in tradid solutions to the wave equation both outside and inside the
Doppler response. cylinder and enforcing the continuity of the tangential fields at
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Fig. 8. \Variation of the backscattered 1st Doppler harmonic magnitude with EM frequency for TM incidence upon a solid polyethylene cylinden: Both the
andn = 2 acoustic modes are excited, and both shape and dielectric contributions are included.

the surface of the cylinder, the determinant of the system canthe frequency response is not oscillatory. As the dielectric con-
written stant increases, the roots of (50) move closer to the real axis
with a corresponding increase in oscillation of the frequency
Jn(kda)H,(f)’(koa) o J,’L(kda)H,(f)(koa) —0. (50) response. To illustrate the. effect .of EM resonance on the scat-
7d tered field from an acoustically vibrated cylinder, the Doppler
response (TM incidence) was calculated for EM frequencies
Roots of this equation represent the resonant frequencies of shxeept from the Rayleigh scattering region through the reso-
system and are generally complex quantities. For dielectric carance region and is shown in Fig. 8. For comparison, the un-
stants close to unity, the roots lie far away from the real axis astifted (or “DC”) component of the backscattered spectrum is
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plotted together with the first Doppler harmonic for both thand
n = 1 andn = 2 acoustic modes. The unshifted compo- e =co(x + 1) (53)
nent corresponds to the scattering from an unperturbed dielec-

tric cylinder. Furthermore, both shape and dielectric contribuf—he dipole moment per unit volume is related to the number of

tions to the Doppler are included. From the figure it is see Jolecules per unit volumeX) multiplied by the dipole moment
that the Doppler components of the backscatter undergo oSGl ch moleculed)

lations in the resonance region but are not necessarily in phase

with the unshifted component. This result is not entirely unex- P=Nd. (54)

pected since peaks in the unperturbed response are due to the

combined effects of multiple roots from (50) and the DoppléMow suppose the mass of each moleculezisso the material

components are likewise the result of multiple sources. Similealk density ) is given by

results have been obtained for TE incidence. If the dielectric

constant of the cylinder is increased, the internal fields become o= Nm. (55)

more sensitive to resonances, suggesting that the density fluc-

Luoa\‘/sgc;n;'sg:gf?ﬁg'?:i n\]/s;ﬁléot:;eirﬁg?ﬁ;rﬁztl:c?;tzgngég:'&’ondensatiom(r) is an acoustic parameter that is related to the
. ) o . . Bk density and the displacement vectaj by [27]

more sensitive to resonances with increased dielectric constant,

the internal field strength is reduced because coupling from the

external source becomes weaker, thus reducing the effect of den- s(r) = olr) — 2o =—-V - ur) (56)

sity fluctuations. Overall, the Doppler response is found to be o

much more sensitive to the acoustic rather than EM resonance,

and a sweep of acoustic frequency is likely to provide better di"s"—ﬁéreg0 is the unperturbed bulk density of the material. Sub-

crimination capability. stituting (55) into (56) we obtain

N(r)m—Nom N(I‘)—NO.

IV. CONCLUSION s(r) = Nom = N (57)
In this paper, an analytical formulation for the acousto-
electromagnetic scattering behavior of a dielectric cylinder hdfultiplying both numerator and denominator dy
been developed. Both shape variation and dielectric fluctua-
tions have been shown to contribute to the Doppler spectrum P(r) =Py  eox(r)E — exoE
observed in the scattered field. Results indicate that the Doppler s(r) = Py - eoXoE (°8)
response of an acoustically vibrated cylinder is a strong func- eo(x(r) +1) — eolxo + 1)
tion of scattering angle and highly dependent upon its acoustic - co(xo+1) — e (59)
resonances. In fact, the only significant Doppler response oc- e(r) — eq
curs when the object is excited at an acoustic resonance. Also, = (60)

€4 — €
the sensitivity of the Doppler response to EM resonances was 4

found to be much less than to acoustic resonances. The pffierec,, is the dielectric constant for the unperturbed material.

nomenology observed here can be applied to the area of bunigshce, the fluctuating part of the dielectric constant is given by
object detection and discrimination where a swept frequency

acoustic source is used to excite the buried objects and the mea- §e(r) = —(cq — ¢o)V - u(r). (61)
sured Doppler response is used for detection and identification.
To fully extend the results here to buried objects, the scattering
from vibrating objects beneath an air-ground interface should

be considered and is reserved for future work. REFERENCES
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