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Abstract— This article discusses bistatic scattering by taenductor (PMC). In PEC, the electric field and magnetic
tally reflecting spheres. The spheres are either perfect efbex vanish, which can be modelled by assuming that its
tric, magnetic, or electromagnetic conductors (PEMQermittivity e grows to infinity and the permeability

The PEMC medium is described by the paramétewith decreases to zero. This behavior can be generalized: the
special cases of PMC (vanishing) and PEC (infinite response of PEMC media contains a scalar paraniéter
M). The scattering by a small sphere of such a mate-

rial from incoming plane wave can be explained by the D=MB, H=-ME @

interplay of electric and magnetic dipoles. The special i . .
- - - 1N the constitutive relations linking the electriE (D) and
characteristics of the radiation of PEMC spherers (differ agnetic f1, B) field strengths and flux densities. Trans-

ent from PEC and PMC) include cross-polarization whi ating these quite strange-looking conditions (1) into field-

is especially marked in the backscattering direction. The . . o
e ) . versus-flux type relations, we can write the constitutive
radiation pattern is rotated by an angle that has a simplée

connection with thel/ parameter. Scattering patterns arameter matrix relation [3] in the following manner,
PEMC spheres with size parameters upkto = 3 are ( D ) ( e ¢ E
C)(n)

shown and they also display cross-polarized properties. B
The computations are based on a MoM software to solve
the surface integral equation for the fields. = gq ( M 1 ) < E ) . (2
1 1/M H
with ¢ — o0
[. INTRODUCTION

Even if the transformation between equations (1) and (2)
The objective of the present paper is to analyze how tisehot immediately obvious, it can be checked by opening
basic scattering characteristics and parameters of electipthe matrix:D = ¢(ME +H) andB = ¢(E +H/M),
magnetic plane waves from a perfectly conducting (PE@}ich returns equation (1) as— oo. BecauseéD cannot
sphere are affected and changed when the material ofig@ch infinity, the factor multiplying has to vanish.
scattering sphere is made of a more general medium: per-The admittance-like paramet&f can be expressed in

fect electromagnetic conductor (PEMC). another convenient form by the angle
In the following, we first introduce the PEMC medium
and connect it with the class of bianisotropic materials. M = cot 9. @)

Next we present the scattering properties of homogeneous
spheres made of differe_nt materials. Thgn the scgtterig@MC are infinite. In fact, this is the case for all four
problems for spheres with different material and size Cisotropic parameters of PEMC. There is, however, the
rameters are solved by a surface integral equation softw%(ﬁOng restriction between themy — &¢ _ 0 as car’1

developed in the Electromagnetics Laboratory of Helsin!)(é seen from equation (2). But as was noted, infinities are

University of Technology, and the results are given phy%fso encountered in PEC and PMC cases. T he PEC and

cal interpretation. PMC materials are special cases of relation (1).
For M = oo (corresponding td = 0), we have = 0
Il. PEMC MEDIUM andB = 0 which is the requirement for PEC (electric field
and magnetic flux cannot exist inside a perfect conductor).
The concept of perfect electromagnetic conductor (PEMBUt because no restrictions are sefdandH, we require
[1, 2]) is a generalization of the much-used idealizatios— ©° andx — 0. Similarly, by duality [4], the case

of perfect electric conductor (PEC) and perfect magnetlé = 0 (or = +m/2) leaves us with PMC, abl = 0
andD = 0, in other words — 0 andy — oo.

It may hurt intuition that the material parameters of

1054-4887 © 2007 ACES



SIHVOLA, YLA-OIJALA, LINDELL: SCATTERING BY PEMC SPHERES USING SURFACE INTEGRAL EQUATION 237

Y

Fig. 1. Geometry of the problem: homogeneous sphere as an obstacle to the incident, dirpedasized electro-
magnetic wave which is propagating into the-direction. The scattering direction is defined by the angles of
the spherical coordinate system.

Inside PEMC media, a linear combination of the elethe problem has been discussed thoroughly in textbooks;
tric and magnetic fields vanishes identicalli:+ ME = see, for example [8, 9, 10, 11].
0. This means that on the interface between “ordinary” In the following three-dimensional formulation, we
and PEMC materials, the boundary conditionrisig the shall use normalized field quantities: in terms of the
unit normal) Sl-system electric and magnetic fields and flux densities
nxH=—-MnxE. (4) &,H,D,B with units V/m, A/m, As/n?, Vs/n?, respec-

The properties of PEMC media, as the results of tﬁlgely, we deal with fields and fluxes that are renormalized

. . o . lln order to have homogeneous units in each of them,
present paper will show, promise quite interesting appli-

cations concerning polarization transformation, for exam- D B
ple. A challenge which remains is how to fabricate PEM& = veo &, H=uoH, D= N B= N
materials in the real world. One possibility is a compos- (5)

ite structure involving a gyrotropic (e.g., ferrite) materiglith the free-space parametess 1io. This leaves the
layer on a metal surface, with which a band-limited PEMaterial parameters in equation (2) dimensionless. Al

behavior can be simulated [5]. In today’s electromagngéy renormalized field quantities carry the dimension of

ics research there are large-scale activities internationall _ 3
= 3
concerning artificial metamateridihich give hopes that square root of energy densityf VAs/m” = /J/m?.

new designs that behave according to more and more ex-
otic material relations come into experimental and opery- Small scatterer

five use. t th try be fixed in such that the pl
In the following, we will study how an electromagnetié'e € geomelry be Tixed In such a way that Ihe plane
wave is incident in thet-z direction, its electric field is

| i h hich i gve . e
E;Rﬂecv;/s;/;:izlscattered by a sphere which is rnadepolarlzed along the: axis, and the magnetic field along

the y axis, as shown in Fig. 1. The ordinary spherical
angles ar¢) between the position vector and theaxis,
I1l. SCATTERING BY A SPHERE andy counted from ther axis up to the projection of the
position vector onto they plane.
The scattering of waves by a homogeneous sphere is a clasTo begin with, consider the scattering by a small sphere.
sical problem in electromagnetics. After the fundamentdy a small sphere we mean a sphere the dla_me_ter of v_vh|ch
paper by Gustav Mie [7] and much preceding literaturs, small compared to the wavelength of the incident field.
1 , , No exact relative limit can be expressed for the object to
Such programs include the DARPA program in the USA be small; in practise, often the size around a tenth of the
(www.darpa.mil/dso/thrust/matdev/metamaterials) R
and the European Network of Excellence within the Union’s 6th Fram@l@velength could be used as this limit. The results of
work programmeMetamorphose (www . metamorphose-eu.org). the present paper will give more light into this question
For literature on electromagnetic metamaterials, see, for instance [6lyhich determines when static and quasi-static considera-
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Fig. 2. The electric far fields radiated by an elecfiic) and magneti¢p,,,) dipole. The electric field of the electric

dipole E.. is “longitudinal”, meaning that it is in the plane spanned by the dipole and the position vector, whereas
the electric field of the magnetic dipolg,, is “latitudinal,” perpendicular to that. Note the arrow directions. The
amplitude dependence of the radiated field is sine of the angle between the dipole and the position vector in both
cases.

tions have to be replaced by dynamic analysis. because the electric dipoledsdirected and the magnetic
Let us start with the electromagnetic field radiated lmne y-directed according to Fig. 1. The resulting abso-
dipoles. The far-field behavior of the electric field of thiute value of the scattered field is illustrated in Fig. 3 in
electric and magnetic Hertzian dipoles [12] is illustratettie two principal planes: E-plane4-plane) and H-plane
in Fig. 2. (yz-plane). Note the greater backscattering compared to
Obviously, the amplitude of the radiated electric fielthe forward scattering, and the null in the E-plane into
decays with distance as!. If the electric and magneticthe # = 60° direction. The threefold back-to-front ratio
dipoles vibrate in the same phase, their electric fields a@dnhefold in the power pattern) is a well-known fact [10,
up constructively. The vector characteristics (polarizatiop) 157] for perfectly conducting scatterers. Of course
and radiation pattern in the far field can then be calculatée: same behavior applies for magnetically perfectly con-

using vector cross products, ducting small spheres with the E- and H-plane patterns
interchanged.
E; = (Pe X ur —pm) X 1y ©6) There is a significant qualitative difference of these
with u,. = u,, sinf cos ¢ + u, sinfsin ¢ + u, cos . patterns compared to the ordinary Rayleigh scattering dia-

gram of a dielectric sphere (Fig. 4), with equal radiation to
the front and back, and a null in the= 90° in the E-plane.
On the other hand, if the sphere has both arbitrary finite
The electric and magnetic dipole momemts p,,, of a permittivity and permeability, the patterns again change.
sphere which can have dielectric and magnetic propertiespecially, if the dielectric and magnetic material param-
are excited by the incident fields, eters are equdk = p), there is no reflection, but, rather,
a strong forward scattering, as can also be seen in Fig. 4.
The polarization (vector direction of the electric field)
These dipole moments are determined by the normaliZ&dhe scattering by a PEC sphere is shown in Fig. 5.
electric and magnetic polarizabilities [13]

B. PEC and PMC spheres

Pe = aeEia Pm = amHi- (7)

e—1 w—1 C. PEMC sphere
Qe = 3—7 Oy = 3———
€+2 pt2 How does the scattering change if the sphere is made of
wheree is the relative permittivity ang the relative per- homogeneous PEMC material where the material param-
meability of the sphere. eter is arbitrary(0 < |M| < o0)? When the plane wave

For the PEC spherg — oo, 1 — 0), the normalized touches the sphere, dipole moments are created, just like
electric polarizability i$ and the normalized magnetic po#n the cases dealt with in the previous section. The dif-
larizability is —3/2. Therefore we can calculate the scaterence with the PEC and PMC cases is now that both the
tered electric field of a small, perfectly conducting sphegdectric and magnetic dipole moments of the PEMC sphere
from the vector (note that in our normalized system @fe dependent on both the electric and magnetic incident
electric and magnetic quantities, the electric and magnédigids.
fields have the same unit and the free-space impedance is
unity)

1
3(ug X u, + §uy) X U, 9)
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Fig. 3. The scattered far field pattern of a PEC sphere in the E-plane (solid line) and H-plane (dashed line). For the
PMC sphere the patterns interchange. The incident wave is arriving from the left.

Fig. 4. Left-hand side: scattered far field pattern of a dielectric sphere in the E-plane (solid line) and H-plane (dashed
line). On the right-hand side, the pattern for a reflection-matched sphetey, in which case the pattern is the
same in E and H planes. The incident wave is arriving from the left. Note that the amplitude of the permittivity
and permeability only affects the overall magnitude of the scattering (here normalized to 1 and 2 in maximum field
magnitude, respectively). However, regardless of the absolute amplitud@vbich is equal tq: on the right-hand

side), the radiation patterns are the same.

The polarizabilities and the dipole moments can be calculated from the material parameter matrix
Pe _ Qee Oem Ez C = ( € 5 )
Pm B Ame Qmm Hz C H
E; L M 1

with the infinite parameters for the PEMC material. The
polarizability matrix can be calculated from the material
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E-field PEC

y axis

X axis

Fig. 5. The scattered far field of a small PEC sphere. Grayscale gives the amplitude and the arrows display the
polarization of the radiated electric field. Note the zero in the radiation pattern in the E-plap&age, cf. Fig. 3).
Incident electric field is parallel to theaxis. (The figure has been calculated numerically with a dynamic solution for

a sphere with the radius= 1 m, and the (small) size parameter = 0.1. The radiated field has been calculated on a
spherical surface with radius 10 m).

Fig. 6. The directions of the induced electric and magnetic dipole moments in the PEMC sphere are not in general
parallel to the incident field vectors. The anglebetween the moments dependsah This case corresponds to

M=1.
parameter matrix [13] and turns out to be They remain finite for real values af.
. Now, both induced dipole moments contain compo-
A = 3(C-1)-(C+21 (12) nents inz andy direction, due to the magnetoelectric
_ 3/2 2M? -1  3M coupling. The dipoles are rotated, dependingldnsee
14+ M2 3M 2 — M? Fig. 6. Furthermore, they are orthogonal only in the PEC
3/1 0 or PMC case. The anglebetween the dipoles obeys (cf.
= 1 ( 0 1 ) definition (3))
9 cos2y —sin2y -1 0 cosff = M
4\ sin29 cos29 0 1 V(1 +4M?)(4+ M?)
. . ) ) 3sin 299
wherel is the2 x 2 unit matrix. Note that despite the = (13)

infinities on (11) of the four material parameters of PEMC, V/(5 = 3c0os20)(5 + 3 cos 20)
all polarizability components of (12) behave “reasonably.” The dependence of the anglen the PEMC parameter
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Fig. 7. The anglg? as a function of the PEMC parametér Note the orthogonality of dipoles in the PEC € 0°)
and PMC ¢ = 90°) limits.

9 is illustrated in Fig. 7. In the PEC and PMC limit = —Ei"¢. (14)
cases, the angle is obviousdy°. The minimum angle
B = arccos(3/5) =~ 53° comes in the cas@/ = +1
(corresponding t@ = £45°)

Now the scattered field can be calculated from equa- S(F) = /G(r,r/) F(r')ds' (15)
tion (6). Figure 8 shows the radiated field for different s
values of thel/ parameter. We can observe a continuodsd ¢ is the free space Green’s function. Faf # 0,
transition from PMC to PEC as the radiation pattern rgmpundary condition (4) gives the following relation be-

tates along with varying/. Also the polarization of the yyeenJ, andJ,, on the surface of a PEMC object
electric field changes gradually from the “longitudinal”

Here

field of the PEC case to the “latitudinal” PMC radiation J - iJ (16)
field. For a general PEMC sphere, the far-field polariza- MU
tion pattern is helicoidal with handedness depending on

Using equation (16J,, can be removed from equa-

the sign ofM. t|jr(1)n (14) and the integral equation fég reads

The rotation of the radiation pattern can be seen
Fig. 9, where the scattered field amplitude is shown in the
zy-plane. Clearly the radiation of the PEMC sphere is ( -1

2
somewhere between those of PEC and PMC. (VV - +k) S(Je) = MV x S(Je)>

Weo tan

D. Size-dependent effects = —EiL- 17)
When the radius of the sphere is no longer small cofj-the PEC case, i.eM = oo, J,,, vanishes and equation
pared to the wavelength, the scattering characteristicsbf) reduces to the usual EFIE for the electric surface
the object become decorated with more details. Of cour§eTent. In the PMC casé{ = 0, or for small values of
then the quasistatic calculations involving the electric add> Instead of equation (16) we write

magnetic dipole moments with which the low-frequency
results were calculated do not apply. We have used a

full-wave numerical code to calculate the results. and equation (14) is written for the magnetic current only.
The code is based on the surface integral equatignoih cases the resulting integral equations are solved
method. The electric field integral equation, EFIE, {§,merically with the method of moments [14] using tri-
first written for both the electric surface currect dens'té(ngular rooftop basis and testing functions [15]. Details
Je = nx Hand magnetid,, = —n x E surface current ¢ the nymerical implementations are similar as those pre-
density as sented in [16] and [17] in the case of PEC and dielectric
objects. It should be noticed that, similarly as in the cases

-1
(iwso (VV - +k5) S(Je) = V x S(Jm)> of PEC and PMC objects, also in the case of a PEMC
tan

Je = MJm (18)
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Fig. 8. The scattered far field of a small PEMC sphere with varyihgarametersiy/ = 0 gives PMC andV/ = o
corresponds to PEC. Grayscale shows the amplitude and the arrows display the polarization of the radiated electric
field. Incident electric field is parallel to theaxis.

object, a combined field integral equation formulation is Quantitatively, the effect of the parameferon back-

needed to avoid problems with internal resonances.  scattering is the following. The co- and cross-polarized
The combined effects of the electrical size of the sphexemponents of the backscattered electric field as functions

and the PEMC parameter are shown in the set of Figéthex andy components of the incident field read as

10 to 13, where the size of the sphere increases from ,
ka = 0.1 to 3. These correspond to sphere diameter{ E, ) ( T T ) ( E, > (19)
—2M  1-M* E, /.

from 2a = 0.032XA t0 0.95A. E, 1M
1+M?2 1+ M2
_ [ cos29 —sin2d E,
IV. DISCUSSION a sin29  cos 29 E, ),
We can draw several conclusions from the calculated i€ appearance of a cross-polarized component in reflec-
sults. tion is a sign of non-reciprocity. From equation (19) we

can observe that the reflection matrix is a rotation ma-
trix defined by the angler — 2¢9. For example, in the
caseM = +1 (meaning that the angle of equation (3) is
The main property in the scattering behavior and chat—= +45°) the reflection is fully cross-polarized, in other
acteristics of a PEMC sphere is the appearance of crodgrds the rotation i980° — 29 = £90°. In the other
polarization. Cross-polarization is strongest when the ginit, the cross-polarization vanishes for the PEGQC
rameterf M| = 1 and also in the backscattering directionfotation) and PMC({° rotation) cases.

A. Co- and cross-polarization
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M = (PEC) v)

M=0 (PMC)

270

Fig. 9. Thexy-plane far-field scattering plot of various spheres: PEC, PMC, and PEMCMith +1.

On the other hand, the forward-scattered field oftarnal magnetic field makes the phenomenon anisotropic
PEMC sphere with)/| = 1 is fully co-polarized. This is and non-reciprocal whereas the optical activity of chiral
valid not only for electrically small spheres but also camaterials is isotropic and reciprocal [19].)
be seen to hold when the sphere increases in the cases
of ka = 1,2,3 (Figs. 11 to 13). When théd/ values B
starts to differ from unity, co-polarization appears in the
backscattered radiation and cross-polarization in the fdilhe phenomenon of cross-polarization is connected with
ward direction. Of course, in the limits of both PEC antie fact that the radiation pattern is rotated when ihe
PMC, the scattering is fully co-polarized in bathand i  parameter changes in the PEMC sphere, as can be seen for
planes. example in Figs. 8 and 9. The minimum radiation on the

This phenomenon of cross-polarization in reflection E-plane of a small PEC sphere moves continuously into
important to notice. It is a sign of non-reciprocity (fothe H-plane inthe PMC case. The direction of the rotation
this concept, see, for example [12, 18]). Whereas in trag®pends on the sign af .
mission problems a rotation of polarization is perfectly Furthermore, the polarization of the radiated electric
consistent with reciprocity, the situation for the reflectiofield changes continuously from the longitudinal electric-
problem is different. An example of reciprocal type oflipole type radiation (PEC), through a helicoidal pattern
polarization rotation is the optical activity in chiral mateinto the latitudinal magnetic-dipole type pattern in the
rials: alinearly polarized electromagnetic wave undergoeMC limit. This evolution is clear from Fig. 8.

a uniform twist in the plane of the polarization the angle

of which is proportional to the chirality parameter, frec g4 dependence

guency, and the distance propagated. The handedness of

the material determines the sense (clockwise or countéfhen the size of the sphere increases so that it is no
clockwise) into which the rotation is space happens. (@nger electrically small, the radiation pattern becomes
is important not to confuse this polarization rotation witmore complex. This is a well-known fact from the the-
the Faraday rotation that can take place with wave prapy of Mie scattering of “ordinary” spheres. For PEMC

agation in magnetoplasma or ferrites. But there the epheres, the effect of varyingy/ parameter can be seen
in Figs. 10 to 13. The expected increase into the forward

Radiation pattern and polarization
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Fig. 10. The scattered far field power pattern of a small reflecting sgkere- 0.1) with various values of thé/

parameter. Co-polarized in E-plane (solid line) and H-plane (dashed line). The dotted line shows the cross-polarized
scattering (the same in both planes). The incident field is coming frortsthfedirection.

scattering takes place regardless of the magnitude of D. Amplitudes
as the size of the sphere increases friin= 0.1 to 3.
(ka = 3 means that the diameter of the sphere is aro
95% of the wavelength.) But the results show clearly t
cross-polarization in the backscattering direction, whi
is at its maximum fof M| = 1.

Another interesting observation is the following: fo
PEMC spheres, the radiated electric field is elliptical

u}qge preceding analysis has not paid any particular atten-
|I|ign to the absolute amplitudes of the bistatic scattering
0ss section. This is because the behavior is quite un-
interesting, as far as the effect 8f parameter is con-
Ferned. Since the PEMC material is totally reflecting, in
ther words it is lossless and no field can penetrate into

polarized in the E and H planes. As is known, this doéSJUSt like in the case of PEC and PMC, the scattered

not happen for PEC and PMC spheres even if the spht nggr ;?Lni.ms mfdepende?n: ﬂ{h The fﬁ?i}. 1S (:'nly on d
is electrically large. This phenomenon can be seen p distribution of power into the spatial directions an

. ! . . . larization states.
Figs. 14 to 15 which display the real and imaginary paﬁg For example, the well-known [8, Sec. 10.61] result for

of the scattered electric field for a PEMC sphere wit ) .
ka = 1. Both in the E and H planes we can observe th e scattering efficiency of a small PEC sphere
the real and imaginary parts are generally nonzero and are 10
h . . . 4
non-parallel, which implies that the temporal evolution of Qsca = g(ka) (20)

the electric field follows an ellipse.
is correct for a PEMC (and PMC) sphere with any real
value of M.
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PEMC M=1 PEMC M=1/2

2%0 2%0 2%0
Fig. 11. The scattered far field power pattern of a small reflecting splkere= 1) with various values of thé/

parameter. Co-polarized in E-plane (solid line) and H-plane (dashed line). The dotted line shows the cross-polarized
scattering (the same in both planes). The incident field is coming frortsthfedirection.

V. CONCLUSIONS independent of the size of the sphere relative to the wave-
length, the results were only calculated for sphere sizes
The present paper has demonstrated that the scattefing= 0...3. If the size parameter becomes higher, the
problem of particles made of rather complex materials cgdattering pattern will display more and more sidelobes,
be solved. Using acomputational surface integral equatigfis well known. However, the effect of thié parameter
software, where the required boundary condition is mogfthe scatterer on the patterns remains the same as for the
ified to account for the perfect electromagnetic conductieiver frequency cases studied in this paper.
effect, the fields can be calculated. The results showed
clearly the effect of the PEMC parameter on the scattering
patterns: compared with a corresponding PEC scatterer, VI. ACKOWLEDGEMENT
the polarization of the fields is rotated in reflection. The
angle of rotation is determined by the PEMC amplitudehe authors are grateful to Dr. Matti Taskinen for valuable
between the limit cases of PEC and PMC materials. In tAglp in formatting the article.
scattering patterns, this effect obviously manifests itself
as cross-polarization which increases when the scattering
direction deviates from the incident wave (forward) direc-
tion.
Because the polarization-rotating effect is present for
all sphere sizes and the angle of rotation was seen to be
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Fig. 12. The scattered far field power pattern of a small reflecting splkere= 2) with various values of thé/
parameter. Co-polarized in E-plane (solid line) and H-plane (dashed line). The dotted line shows the cross-polarized
scattering (the same in both planes). The incident field is coming frortsthfedirection.
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Fig. 14. The scattered far field of the PEMC sphere with varyiigparameters: real part of the electric field.
Grayscale shows the amplitude and the arrows display the polarization of the radiated electric field. Incident electric
field is parallel to ther axis. The electrical size of the spheréiis= 1.
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Fig. 15. The scattered far field of the PEMC sphere with varyihgparameters: imaginary part of the electric field.
Grayscale shows the amplitude and the arrows display the polarization of the radiated electric field. Incident electric
field is parallel to ther axis. The electrical size of the sphereis= 1.
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