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In this paper, the behavior at resonance of split ring resonators (SRRs) and other related topologies,
such as the nonbianisotropic SRR and the broadside-coupled SRR, are studied. It is shown that these
structures exhibit a fundamental resonant mode (the quasistatic resonance) and other higher-order
modes which are related to dynamic processes. The excitation of these modes by means of a
properly polarized time varying magnetic and/or electric fields is discussed on the basis of resonator
symmetries. To verify the electromagnetic properties of these resonators, simulations based on
resonance excitation by nonuniform and uniform external fields have been performed. Inspection of
the currents at resonances, inferred from particle symmetries and full-wave electromagnetic
simulations, allows us to predict the first-order dipolar moments induced at the different resonators
and to develop a classification of the resonances based on this concept. The experimental data,
obtained in SRR-loaded waveguides, are in agreement with the theory and point out the rich
phenomenology associated with these planar resonant structures. © 2005 American Institute of

Physics. [DOI: 10.1063/1.2006224]

I. INTRODUCTION

In the recent years, split ring resonators (SRRs), origi-
nally proposed by Pendry et al.' [see Fig. 1(a)], have at-
tracted a great interest among electromagneticians and mi-
crowave engineers, due to their applications in the synthesis
of artificial materials (metamaterials) with negative effective
permeability w based on periodic arrangements of these
resonators.”” This can be achieved in a certain frequency
range (i.e., in a narrow frequency band above the resonant
frequency of SRRs, f)) and for incident radiation of the ap-
propriate polarization (namely, magnetic-field vector applied
parallel to the ring axis). The key to this success in the gen-
eration of such artificial media is the fact that, in the vicinity
of resonance, SRR dimensions are small as compared to sig-
nal wavelength. Therefore, an array composed of these con-
stitutive particles can be considered as an effective (continu-
ous) medium with effective electromagnetic parameters,
which can be deduced from the polarizabilities of these par-
ticles when they are illuminated by an external uniform field
of the appropriate polarization.1 The synthesis of a material
with negative magnetic permeability was carried out by
Smith et al., at the University of California—San Diego
(UCSD).” They fabricated a bulk structure composed of sev-
eral rows of SRRs printed on dielectric slabs. It is worth
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mentioning at this point that the group of Smith also pro-
vided experimental evidence of left-handed wave
propagation,2 something studied by Veselago3 in the late
1960s, but considered as theoretical speculation during those
years. The synthesis of negative permeability media by
means of SRRs opened the door to the design of metamate-
rials that are able to exhibit left-handed wave propagation
and negative refractive index in a certain frequency region of
the electromagnetic spectrum.z’4 After these seminal works,
several left-handed metamaterials based on SRRs in one-
dimensional (1D) configurations were reported, including
waveguide5 © and planar technologies,7 thus pointing out the
significance of these subwavelength resonators and their po-
tentiality, not only to verify the exotic electromagnetic prop-
erties of left-handed metamaterials predicted by Veselago,
but also to design functional microwave devices with im-
proved performance and reduced dimensions.®

As it was already mentioned, the continuous medium
parameters describing the aforementioned SRR arrays can be
predicted from their individual electromagnetic behavior
near the resonances. The behavior of SRRs at the first reso-
nance is well known. As it was reported in Ref. 9, the appli-
cation of an axial, uniform, and time varying magnetic field
to the rings induces current loops at resonance. These current
loops are closed through the distributed (edge) capacitance
between concentric rings (which can be potentially very high
due to the presence of the splits) and the particle behaves as
an externally driven LC resonator. On account of the current
circulation between rings and the relatively large value of the
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FIG. 1. Topologies for the EC-SRR (a), NB-SRR (b), BC-SRR (c), and
relevant dimensions. The gray zones represent the dielectric substrate and
the white zones the metallization.

edge capacitance achievable, the electrical size of the particle
can be made small at resonance, this being a key aspect of
SRRs, in comparison with conventional single-ring resona-
tors. This means that SRRs can be considered as lumped or
quasilumped elements. However, if the slits are removed
(i.e., closed rings), no significant current flows between the
inner and outer rings, and the behavior of the structure is no
longer controlled by the distributed capacitance between
concentric rings, as has been verified by electromagnetic
simulations (not shown) of closed ring pairs excited by
means of a microstrip transmission line (see Sec. III). Cur-
rent loops can also be induced by a uniform time varying
electric field lying in the particle planegf11 and oriented in the
orthogonal direction to the imaginary line connecting the
slits (y axis in Fig. 1). This is due to the dipolar electric
moment induced in the rings, as a consequence of the cross-
polarization effects present in the SRR first resonance. Simi-
larly, a magnetic field applied in the axial direction is also
able to induce this dipolar electric moment."" This bianiso-
tropic behavior of SRRs is closely related to their topology,
as it will be shown later. On the basis of the above concepts,
other resonant particles have been proposed in order to avoid
or enhance some SRR properties. Thus, a broadside-coupled
SRR (BC-SRR) configuration [see Fig. 1(c)] was proposed in
Ref. 9 in order to avoid cross-polarization effects, as well as
to further reduce the electrical size of the SRR at resonance.
Besides, it is possible to avoid cross-polarization effects
while keeping the single-plane geometry of the SRR.'? One
of the resulting particles is the so-called nonbianisotropic
SRR (NB-SRR), depicted in Fig. 1(b).

As it was already mentioned, for conventional SRRs
[from now on edge-coupled SRR (EC-SRR) to clearly dis-
tinguish them from the other cited particles], NB-SRRs, and
BC-SRRs, the electromagnetic behavior in the vicinity of
their quasistatic (first) resonance is well understood (as de-
scribed in Ref. 9, the term quasistatic resonance obeys to the
quasistatic analysis carried out on the particle on account of
its small electrical size at this frequency). However, these
particles present many other resonances (higher-order reso-
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nances), which are related to dynamic processes. Indeed, for
the complete characterization of artificial media and other
devices made by arraying SRRs, a complete knowledge of
all the resonances and polarizabilities of its constituents is
necessary. Although some efforts have been made in these
directions,'™'* there still remain many open questions, and
our knowledge of SRR resonances is far from being com-
plete. To further advance in this knowledge, giving an over-
view of the behavior of SRRs (and derived geometries) at its
different resonances, is the main goal of this paper. It will be
organized as follows: in Sec. II the symmetries of the SRRs
are analyzed and some basic properties of their resonances
are extracted. In Sec. III the diagrams of surface current dis-
tributions for the analyzed resonances are obtained from
frequency-domain full-wave simulations in a microstrip line
environment. The study of these currents validates the previ-
ous theoretical analysis, also being the starting point for con-
clusions. In Sec. IV experiments and simulations in a wave-
guide environment are presented. From this study, the main
features of the SRR polarizabilities in its two first resonances
are extracted and compared with those deduced from sym-
metry considerations. Finally, the main conclusions of the
work will be highlighted in Sec. V.

Il. RESONANCE SYMMETRIES AND
POLARIZABILITIES

The three SRRs shown in Fig. 1 can be seen as two
strongly coupled rings. These rings are identical (only orien-
tation vary) for the NB-SRR and the BC-SRR [Figs. 1(b) and
1(c)]. Therefore, it is expected that the frequencies of reso-
nance of these particles will appear as a consequence of the
splitting of the frequencies of resonance of its constitutive
single rings, i.e., one above and other below. Therefore, the
number of resonances in a given frequency interval for the
NB- and BC-SRR should be approximately twice the number
of resonances of its constituent single rings in such interval.
The resonances of each single ring appear approximately at
those frequencies where its mean perimeter (in the following
we will apply indistinctly the denomination SRR to anyone
of the resonators shown in Fig. 1) is about an integer number
of half the wavelength (which is different than the free space
half wavelength since the rings are etched on a dielectric
slab). The slight deviation from the half-wavelength condi-
tion is due to the slit capacitance, which introduces a certain
phase shift in the reflected waves. According to the previous
comments, it can be deduced that two frequencies of reso-
nance for the SRRs will appear around these frequencies.
The only exception to this rule is the first resonance, which is
well known to be of quasistatic nature,”'>"* and it can ap-
pear well below the first single-ring resonance. It can be
easily deduced from the analyses in Refs. 12 and 13 that
these first resonances show a distribution of currents on the
rings which is antisymmetric, in the sense that the surface
current on a given point of a ring, namely, the ring A,
Js.4(x,y), has the same amplitude but opposite sign than the
surface current on the other ring, namely, the ring B, at the
point (—x,-y): J; 4(x,y)==J p(—x,—y). In fact, this property
is a consequence of the inversion symmetry of the NB-SRR
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and the BC-SRR (with regard to its center), and can be ex-
tended to the higher-order resonances, which can be classi-
fied as symmetric [those showing the property J(x,y)
=J, 3(—x,—y)] and antisymmetric [those retaining the above
property J 4(x,y)=-J, p(—x,—y)]. Thus, it is expected that
each single-ring resonance will split into two SRR reso-
nances, one symmetric and other antisymmetric. It follows
directly from this classification (and from the definitions of
the electric and magnetic dipolar moments) that the symmet-
ric resonances cannot produce any magnetic dipolar moment,
whereas the antisymmetric ones, which should have a sym-
metric charge distribution, cannot produce any electric dipo-
lar moment. A particular case of this last property is the
well-known behavior of the first (quasistatic and antisym-
metric) resonance for the considered NB-SRR and BC-SRR;
it is essentially a magnetic resonance, which do not present
cross-polarization effects.”'>13

The onset of the resonances for the conventional EC-
SRR [Fig. 1(a)] is expected to be slightly different. Since
both rings forming the particle are not identical, its indi-
vidual frequencies of resonance must be different. Therefore,
when they are strongly coupled to form an EC-SRR, its fre-
quencies of resonance will change as a consequence of that
coupling. Thus, the final number of these resonances in a
given frequency interval will remain constant, i.e., it will be
roughly the same as for the system of two uncoupled rings.
The stronger the coupling, the wider the difference between
the EC-SRR resonances and those of its constituent rings.
From the above considerations it directly follows that the
classification in symmetric and antisymmetric does not hold
for the EC-SRR resonances. Thus, bianisotropic effects could
be present in this particle, as it actually occurs.”"?

It is well known that the radiation properties of small
particles are mainly determined by its first-order (dipolar)
electric and magnetic moments. Therefore, the analysis of
the resonant dipolar moments generated at these resonances
is of interest in our study. Since all the studied SRRs are
planar structures, with the currents confined to a plane (the
x-y plane in Fig. 1), only three types of dipolar moments can
be generated: m, (magnetic moment perpendicular to the par-
ticle plane), and p, and p, (electric moments in the particle
plane). Thus, when the particles are illuminated by an exter-
nal and uniform (at the particle scale) time-harmonic electro-
magnetic field, only the six independent resonant polarizabil-
ities a,*, ayy“, a,™, axy“, a, ™, and ayz‘”" (referred to
the coordinate system shown in Fig. 1) arise, giving the gen-
eral polarizability tensor:

— ee ee em

pi=a,Ect+ o, Ey+a, "B, (1a)
_ ee ee em

p}’ - ax}' Ex + a}’y E.V + a}’z BZ’ (1b)
_ em em mm

m,=-a, " "E.—a,"E+a,""B, (1c)

where the symmetry properties for the polarizabilities com-
ing from Onsager relations have been implicitly
introduced.” For lossless SRRs, the polarizability tensor

must be Hermitian, thus ., a, ¢, «.."", and axy” must be

xXx 2 Tyy Tz
real, and " and «, " imaginary.

J. Appl. Phys. 98, 033103 (2005)

It has been already shown that the bianisotropic polariz-
abilities @, " and a, " vanish for all resonances of the NB-
SRR and the BC-SRR (this fact can be also deduced from the
inversion symmetry of these configurations, and from the
transformation properties of the electric and magnetic quan-
tities by this symmetry). There still remains another possible
cross-polarization term in (1), the a, “ polarizability. How-
ever, since the electric polarizability tensor in the x-y plane is
symmetric, it is always possible to find a coordinate system
for which this tensor diagonalizes. It can be easily shown
that this system is that adopted in Fig. 1 for the EC-SRR and
the BC-SRR [Figs. 1(a) and 1(c)]. In fact, these configura-
tions present symmetry by reflection at the z-x plane. There-
fore, if a dipole p, would be generated when one of these
SRRs is illuminated by an electric field E,, from the afore-
mentioned symmetry it follows that the opposite dipole
should be also generated, which is clearly impossible. Re-
garding to the NB-SRR, this last property cannot be shown.
However, since this configuration presents a high degree of
the aforementioned reflection symmetry, it can be expected
that a,,““~0. Returning now to the EC-SRR, the cross po-
larizabilities ay;m and axzem will not vanish, in general.
However, from the reflection symmetry of this configuration
with regard to the z-x plane (and from the transformation
properties of the electric and magnetic quantities by this
symmetry) it directly follows that a,,“"=0. In summary, for
the BC-SRR we should have a, “=a, “"=a, “=0; for the
NB-SRR «, “"=a,,“"=0 and «,,“~0; and for the EC-SRR
@, “=a,"=0. These symmetries are valid for all the reso-
nances of the aforementioned configurations. For specific
resonances, additional symmetries may occur as a conse-
quence of the specific symmetry of this resonance. For in-
stance, it has been already mentioned that, in symmetric
resonances, all the magnetic polarizabilities must vanish:
azzﬂlm = axzeiﬂ = ayzmm = 0.

lll. SURFACE CURRENT DISTRIBUTION IN SRR
RESONANCES

It is well known that the field and/or current distribution
in a resonator, near one of its resonances, does not signifi-
cantly depend on the excitation. Thus, in principle, any ex-
citation can be used to study the current distribution at SRR
resonances. Since it is expected, from the above consider-
ations, that uniform fields only will excite a subset of the
SRR resonances, excitation by a strongly nonuniform field
would be preferable if one wants to excite all SRR reso-
nances in a single experiment. To this end, the microstrip
excitation procedure reported in Ref. 16, where the SRR is
capacitively and inductively coupled to the microstrip, seems
to fulfill all the requirements. In fact, the structure shown in
Fig. 2 has been used to find the SRR resonances (by simu-
lation of its transmission coefficients) and to study the cur-
rent distribution at these resonances. In the structure of Fig. 2
the ground plane window used in Ref. 16 was suppressed.
However, it is known that this fact does not substantially
affect the response of the SRRs,17 nor its current distribution
(this last fact has been tested by specific simulations). The
elimination of the ground plane window allows for the sup-
pression of the spurious resonances due to the window itself,
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FIG. 2. Three-dimensional representation of a microstrip transmission line
with an EC-SRR etched in the upper substrate side, close to the conductor
strip.

which appear in addition to the SRR resonances when the
window is present. Using this method, the resonant behavior
of SRRs beyond the first (quasistatic) resonance is studied.
Both EC-SRRs and NB-SRRs are considered, and the phe-
nomenology associated with their different resonant modes
will be compared and contrasted to the dynamic resonances
appearing in single-ring resonators of identical dimensions.
The simulations were carried out with the commercial soft-
ware AGILENT MOMENTUM. This tool uses a frequency-
domain algorithm, which is preferable to time-domain algo-
rithms for the analysis of resonant structures. Moreover, the
simulator allows us to monitor the fields and currents in the
SRRs, this being of paramount importance in our study. The
SRR resonances are identified from the transmission notches
present in the transmission coefficient of such a microstrip
line loaded with a single SRR.

Following the aforementioned method, the frequencies
of resonance of a NB-SRR have been computed. The results
for the transmission coefficient are shown in Fig. 3. In this
figure, the frequencies of resonance of a single ring (identical
to those that form the NB-SRR), computed by the same
method, are also shown. It can be clearly observed that these
last resonances are placed between the NB-SRR resonances,
in agreement with the above theory. In Fig. 4, the frequencies
of resonance of an EC-SRR of dimensions similar to those of
the previous NB-SRR, are shown. The frequencies of reso-
nance of the individual rings forming the EC-SRR are also
shown in the figure. It is worth mentioning that the frequency
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FIG. 3. Computed frequency response for a microstrip transmission line
loaded with a NB-SRR. r.=6.217 mm, ¢=0.56 mm, d=0.37 mm, and g
=0.6 mm. The substrate parameters are thickness 7#=0.49 mm and dielectric
constant €,=2.43, i.e., those corresponding to the commercial Arlon 250-
LX0193-43-11 microwave substrate.
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FIG. 4. Computed frequency response for a microstrip transmission line
loaded with an EC-SRR. r,=6.217 mm, ¢=0.56 mm, d=0.37 mm, and g
=0.6 mm. The substrate parameters are identical to those of Fig. 3.

for the first resonance is identical for both the EC-and the
NB-SRR, as is expected from a previous analysis.12 The first
and the second EC-SRRs resonances seem to follow a simi-
lar schema that for the NB-SRR resonances. However, as it
is expected from the theory proposed in Sec. II, the remain-
ing EC-SRR resonances do not follow the same pattern that
for the NB-SRR resonances.

To gain more insight on this complex phenomenology,
we have also obtained the currents induced in the rings at the
different resonant frequencies. These are depicted in Fig. 5
for the NB-SRR analyzed in Fig. 3. The average current
intensity is shown in the second column of the figure, and the
relative direction of the current flow at the maximum inten-
sity points is shown in the third column. The currents clearly
show an antisymmetric or a symmetric pattern, which agrees
to the previous theory. Therefore, the resonances are labeled
as Al, A2,... and as S1, S2,... . In this classification, the
numeric character indicates the number of current maxima
and the capital letter the symmetry of the currents. It is in-
teresting to mention that the symmetric and antisymmetric
resonant modes for the NB-SRR do not always alternate.
Indeed, changes in the alternance occur for the even-order
resonances (S2, A2, S4, A4,...). For these resonances, cur-
rents are maximized in the same regions for both rings, and
the lower resonant frequency is that corresponding to cur-
rents flowing in the same direction. For the third resonance
(S2), currents are symmetric; however, for the seventh reso-
nant mode (A4), currents are clearly antisymmetric. In both
cases, the rings currents are parallel. For the even-order
modes, an explanation to the fact that the first resonance is
that corresponding to parallel current flow can be found in an
analogy with the propagation of the even modes in parallel
coupled lines. The propagation velocity for these modes is
higher than for the odd modes (which are the equivalent of
resonances with antiparallel current flow) and hence the reso-
nant frequency is lower.

The current patterns for the resonances of the EC-SRR
of Fig. 4 are shown in Fig. 6. As it was already mentioned,
these patterns approximately follow the antisymmetric-
symmetric nature for the first two resonances. However, be-
yond the third-order resonance, current patterns substantially
differ from those of the NB-SRR. As it was already men-
tioned, this fact can be expected from the lack of inversion
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FIG. 5. (Color) Results of simulation of the induced currents in the NB-SRR
of Fig. 3 at the different resonant frequencies, obtained by edge excitation
(see Fig. 2). Both the intensity and direction of current flow are indicated.

symmetry of the EC-SRR. Indeed, the current patterns for
these higher-order resonances clearly suggest that there is a
single ring which is mainly excited. This fact is consistent
with the proximity of these resonances to those of single
rings, as it is shown in Fig. 4. Therefore the third and higher
resonances were labeled as O2, O3,... and 12, 13,... . In this
classification, the numeric character indicates the number of
current maxima and the capital letter the ring (outer or inner)
which is mainly excited. As a general conclusion of this
paragraph, it can be said that the lower-order resonances of
an EC-SRR approximately follow the same antisymmetric-
symmetric pattern as those of the NB-SRR. However, this

FIG. 6. (Color) Results of simulation of the induced currents in the EC-SRR
of Fig. 4 at the different resonant frequencies, obtained by edge excitation
(see Fig. 2). Both the intensity and direction of current flow are indicated.

schema is not applicable to EC-SRR higher-order reso-
nances, which mainly correspond to the excitation of a single
(the inner or the outer) ring.

The resonance properties of BC-SRR are not analyzed in
this section (they will be analyzed in Sec. IV). However, it
can be expected that they will follow a similar schema as for
the NB-SRR resonances. This is so because this particle, like
the NB-SRR, exhibits inversion symmetry and hence nonbi-
anisotropy. To summarize, in this section we have analyzed
the nature of the different resonances exhibited by the differ-
ent SRR configurations. For the NB-SRR and BC-SRR these
resonances can be classified according to the symmetry or
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FIG. 7. Different orientations of the SRR inside the waveguide which allow
to excite the resonances magnetically or electrically, or in both ways at the
same time. The figure also holds for the NB-SRR and BC-SRR, provided
they are oriented as is shown in Fig. 1.

antisymmetry of ring currents. For the EC-SRR this classifi-
cation is not appropriate, although it still holds for the lower-
order resonances. Higher-order EC-SRR resonances usually
correspond to the excitation of a single ring.

IV. BEHAVIOR OF THE SRRS UNDER HOMOGENEOUS
FIELD EXCITATION

To gain further insight on the resonance properties of the
particles considered in this work, we have carried out both
simulations and measurements on hollow metallic
waveguides loaded with different resonator types and orien-
tations. The advantage of waveguides over planar propagat-
ing media (such as a microstrip line) is the quasiuniformity
of the excitation fields at the particle scale when the wave-
guide is excited in its fundamental mode. Therefore, wave-
guide excitation is specially well suited for the analysis of
the SRR polarizabilities [see Eq. (1)], which are of interest in
the homogenization of microstructured composites of these
particles. The main disadvantage of waveguide excitation is
that it is only feasible for the lower-order SRR resonances,
because at higher-order resonant frequencies higher-order
waveguide modes are also excited. For this reason microstrip
excitation was used for the analysis of higher-order SRR
resonances in Sec. III. We would like to mention that a nu-
merical analysis of the first two resonances in SRRs (under
different orientations) has been recently carried out by
Kafesaki et al.'® In the present work, we extend the analysis
to NB-SRR as well as BC-SRRs, we give an explanation of
the excited resonances in terms of the polarizabilities of the
particles, and we provide experimental results to confirm the
validity of the simulations, as will be shown in the following
paragraphs.

For the aforementioned purpose the SRRs were located
in the middle point of the waveguide, at the four orientations
shown in Fig. 7. The excitation field is the fundamental TE,
waveguide mode, for which only the £, B,, and B, field
components (see Fig. 7) are present, being B, =0 at the loca-
tion of the SRRs. Thus, in orientations (1) and (2) the reso-
nator is excited by the electric (E,) and magnetic (B,) fields,
whereas in positions (3) and (4), the excitation can be only
due to the electric field (E,). Therefore, regarding Eq. (1), the
five polarizabilities «a, ¢ en " and a,™ are

yy axy ’ ayz > Uy o4
relevant in position (1). In position (2) the relevant polariz-
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abilities [with regard to the particle axis orientation as it is
assumed in Eq. (1) and shown in Fig. 1] are « *, a,“,
a, ™, a ™, and @ ™. In position (3) the relevant polariz-
ibilities are ayy“, axy“, and ayzem, since there is no magnetic
flux perpendicular to the particle, and no electric field along
the x axis of the particle (see Fig. 1). Finally, for the same
reasons, the relevant polarizabilities in position (4) are a,,“,
axvee’ and axzem.

The transmission coefficients through the different con-
figurations of Fig. 7 are shown in Fig. 8, for frequencies near
the first and second resonances of an EC-SRR [Figs. 8(a) and
8(b)], a NB-SRR [Figs. 8(c) and 8(d)], and a BC-SRR [Figs.
8(e) and 8(f)]. To begin with the BC-SRR in its first reso-
nance [Fig. 8(e)], it can be observed that the BC-SRR is not
excited in positions (3) and (4). That is, the polarizabilities
@, . a % a ", and a " vanish for this resonance.
However, the particle is excited in orientations (1) and (2).
That is, the polarizability ™" does not vanish (in fact it is
the only nonvanishing polarizability at this resonance).
Therefore, the first BC-SRR resonance is a magnetic-type
resonance, in which only a magnetic dipolar moment is ex-
cited when the particle is placed in a homogeneous (at the
particle scale) magnetic field. Regarding now to the second
resonance of the BC-SRR [Fig. 8(f)], it can be deduced by a
similar procedure that the only nonvanishing polarizability at
this resonance is the ayy“ one. That is, the second BC-SRR
resonance is an electric-type resonance which can be only
excited (under homogeneous field excitation) by an electric
field parallel to the y axis of the BC-SRR. At this point it is
worth mentioning that the aforementioned results only deal
with the strong resonant polarizabilities associated with the
resonances. For physical reasons, all the SRRs analyzed in
this paper must show some weak and nonresonant values for
the a,,* and e, polarizabilities, which produce the small
level of reflection in the waveguide present at all frequencies
that can be seen in Fig. 8. Thus, and taking this last remark
into account, all the reported experiments are in agreement
with the theory reported in the preceding sections. In particu-
lar, they can be deduced from the antisymmetric (symmetric)
nature of the first (the second) BC-SRR resonance.

The behavior of the NB-SRR under homogeneous field
excitation at the first and the second resonances is analyzed
in Figs. 8(c) and 8(d). The behavior of the NB-SRR at the
first resonance [Fig. 8(c)] is completely similar to that of the
BC-SRR, therefore we can conclude that this is a magnetic-
type resonance, which can be only excited by a uniform
magnetic B, field, producing a magnetic dipolar moment m,
(see Fig. 1 for axis orientation). The behavior of the NB-SRR
at the second resonance [Fig. 8(d)] is also quite similar to
that of the NB-SRR. However, a small excitation is found for
(2) and (4) orientations. We interpret this result as a conse-
quence of a small but nonvanishing resonant values for the
@, and «a,,* polarizabilities. As it was mentioned in Sec.
I1, this fact is expected from the lack of reflection symmetry
of the NB-SRR with regard to the x-z plane (see Fig. 1).
Thus, except for this small difference, the behavior of the
NB-SRR is quite similar to that of the BC-SRR. In particular,
the second NB-SRR resonance is also an electric-type reso-
nance, which can be only excited by uniform electric fields.
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The behavior of the EC-SRR at its first [Fig. 8(a)] and
second resonances [Fig. 8(b)] is quite different from that of
the BC-SRR and the NB-SRR. For the first resonance [Fig.
8(a)] we can only deduce that the polarizabilities a,,*, a,,*,
and «,“" do not take resonant values at this resonance [see
the curve for orientation (4)]. Previous analysis of this
resonance”” have predicted that the a, ™ polarizability
must vanish, and that the av:m one is nonzero. Thus, these
analyses are consistent with the results shown in Fig. 8(a). It
is worth mentioning that the main particle excitation occurs
at orientation (1), where all the resonant polarizabilities

a,“, a, ™, a /" are in operation. The lower excitation

yy 'z
16:)\}61 ocz:urs in orientation (3), for which only the electric
field is exciting the particle. Therefore, the first EC-SRR
resonance can be characterized as a magnetoelectric reso-
nance, which can be excited by both electric and magnetic
uniform fields with the appropriate polarization, generating
both electric and magnetic dipolar moments, and being the
electric excitation weaker than the magnetic one. All these
results are in agreement with the previous analysis.9’13 The
second EC-SRR resonance [Fig. 8(b)] shows a quite different
behavior. In fact, this behavior is completely similar to that
of the second BC-SRR resonance [Fig. 8(f)]. Therefore, it is
deduced that this resonance is an electric-type resonance
(rather than magnetoelectric), which is excited by a uniform
E, field, producing an electric resonant dipole in this direc-
tion. It is worth mentioning that from the symmetries of the

EC-SRR, the second resonance might exhibit magnetoelec-
tric coupling, however, this is not present, thus being a quite
surprising result. We will return to this point in the next
paragraph.

The fundamental mode of the considered rectangular
waveguide is a TE mode, with some variations of the elec-
tromagnetic field across the waveguide section. Thus, in fact,
we have analyzed the behavior of the SRRs under quasiuni-
form field excitation, not under strictly uniform field excita-
tion. To do that, we would need a transmission electron mi-
croscopy (TEM) mode. However, these modes do not
propagate in metallic waveguides. Nevertheless, we can nu-
merically simulate such modes by replacing the lateral side-
walls of the waveguide shown in Fig. 7 by perfect magnetic
conductors. These simulations (not shown in this paper), car-
ried out by using the commercial CST MICROWAVE STUDIO
electromagnetic solver, confirm the experimental results re-
ported in this section. In particular, they have confirmed that
the second EC-SRR resonance is only excited by the electric
field. This conclusion is illustrated in Fig. 9, where the be-
havior of two different EC-SRRs excited at the second reso-
nance inside a TEM waveguide has been simulated.

V. CONCLUSIONS

The resonant properties of EC-SRRs, NB-SRRs, and
BC-SRRs have been analyzed. Similarities between the NB-
SRR and the BC-SRR have been found due to the similar
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symmetry properties of both particles, whereas the phenom-
enology associated with the EC-SRR is more complex due to
the bianisotropic behavior of this resonator. The analysis of
the currents induced in these particles has revealed that for
the first-order resonances both rings are excited, being the
first (quasistatic) resonance classified as antisymmetric while
the second as symmetric. For higher-order resonances, a dif-
ferent behavior has been obtained for the EC-SRR and NB-
SRR. While for the NB-SRR it has been found that both
rings are excited and the resonances can be also classified in
terms of symmetric or antisymmetric, for the EC-SRR, we
have found that only one (the inner or the outer) ring is
excited, and the resonance frequency coincides to a good
approximation to that corresponding to a single ring with an
aperture (slit) and identical dimensions. Obviously, in this
case, the classification of higher-order resonances as sym-
metric or antisymmetric is no longer valid and resonances
can be identified by simply indicating the order (number of
current maxima) and the ring where currents have been in-
duced. For the NB-SRR (and BC-SRRs) antisymmetric reso-
nances have been associated with the presence of a nonzero
magnetic moment, while a dipolar electric moment is present
in the resonances classified as symmetric. By embedding the
resonators under study in a rectangular metallic waveguide,
it has been found that the lower-order (the first and the sec-
ond ones) resonances for NB-SRRs and BC-SRRs can be
either magnetically (quasistatic resonance) or electrically
(symmetric mode) excited, and this selective excitation has
been attributed to the lack of cross-polarization effects, that
is related to the inversion symmetry that the particles exhibit.
However, for the EC-SRRs cross-polarization effects are
present, with the result of both magnetic and electric excita-
tions for the quasistatic resonance. However, only electric

B Bs w0
frequency (GHz)

excitation has been observed for the second resonance. This
behavior has been attributed to the lack of magnetic moment
for the second resonance and has been corroborated by mul-
tiple simulations of TEM waveguides loaded with different
EC-SRRs. The main contribution of this work is the compre-
hensive analysis and classification of the resonances and po-
larizabilities in bianisotropic (EC-SRRs) and nonbianisotro-
pic (including NB-SRRs and BC-SRRs) SRRs. This analysis
has been supported by experiments (in a waveguide environ-
ment) and simulations (of microstrip and TEM waveguide
excitations).
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