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Abstract
The electromagnetic band gap properties through a
two-dimensional plate constructed with centimetre-sized
spherical foam balls surrounded by aluminium rings are studied
in the microwave range of 0.7–18 GHz. We observe from both
experiments and finite-difference time-domain simulations that
multiple band gaps appear and correspond to different resonant
modes localized in the rings. The principal stop band, the lowest mode,
appears at low frequencies and is robust to any lattice structure, even
disorder. However, the remaining auxiliary stop bands, caused by
high-order resonances, are usually located at higher frequencies and
are more sensitive to the configuration of the structure formed by the
ring resonators. We note that the stop bands would be broadened and
strongly attenuated if more layers of the same plates were packed
together. In addition, even or odd modes can be excited under different
orientations of the rings with respect to the polarization of the
illuminating radiation.

1. Introduction

Photonic crystals (PCs) have stimulated increasing interest
due to their wide application in optical communications at
frequencies ranging from the visible to the microwave [1–4].
Both two- and three-dimensional PCs have been developed and
studied extensively in the past decades [5–9]. Compared with
the two-dimensional PC structure, the three-dimensional PC
structure has the advantage of having stop bands in a
broader range of incident angles; however, realization of
a three-dimensional PC structure is extremely difficult on
the scale of the visible frequency regime. The conventional
microlithography approach is required, which is complex
and time-consuming. It has been found that the inverse-opal
technique and the glancing angle deposition (GLAD) method
are suitable for microfabrication of three-dimensional PCs in
the optical or infrared frequencies [10–12]. Recently, the
introduction of a metal scattering centre with a small volume
fraction as the composite material instead of pure dielectrics
has allowed the construction of so-called metallodielectric
photonic crystals (MDPCs) [13–15]. This class of composite
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PC exhibits much larger stop bands and deeper band rejection
than the conventional PC made of only dielectrics. Very
recently, left-handed materials (LHMs) made of conducting
elements have attracted a lot of attention because of their
peculiar property of displaying simultaneously negative
permittivity, ε, and negative permeability, µ, [16–19].
Although most photonic band gap (PBG) materials are
commonly composed of dielectric or metal scatterers or both
arranged in a periodic way, the aperiodic arrangement of
these building blocks has been observed to exhibit frequency
forbidden regions [20, 21].

Split ring resonators (SRRs) are extensively used to
build LHMs, providing the obtainment of negative µ through
magnetic coupling resonance [17, 18]. However, electric
field induced resonance is also found to exist in SRRs when
electromagnetic (EM) waves illuminate the SRR with the E

vector parallel to the gap-bearing sides [22, 23], for which
the result was limited to the low-frequency regime. The
resonant current distribution at the stop band frequency was
shown to be a circular current with its maximum amplitude
at the side opposite to the gap. Actually the distribution is
the first harmonic mode of the resonant current, i.e. the lowest
resonant mode, and should certainly be responsible for the
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lowest frequency band gap [24]. In this study, we investigated
the band gap properties of the resonator composed of one
split ring in the frequency range spanning from 0.7 to 18 GHz.
We found that through experiments and finite-difference time-
domain (FDTD) simulations, multiple band gaps can be
obtained. We also found that the lowest gap, or the principal
stop band, is very robust to any lattice structure, while higher
frequency gaps or auxiliary stop bands are sensitive to its
neighbours. There is an analogous effect occurring in MDPCs,
where the lowest gap, which originates from the dipole
particle-plasmon modes, is also quite structure-insensitive and
survives even in the presence of disorder [25]. Here we
showed that the underlying reason is that the ring is excited
into different resonant modes.

2. Samples and measurements

In the construction of our samples, a piece of paper with
lateral dimensions of 35 cm ×35 cm was used as the substrate.
The building block was a single ring resonator: a foam ball,
25 mm in diameter, was closely surrounded by an aluminium
ring (width 2 mm and thickness 0.1 mm) with an opening gap
of 1 mm (see figure 1(b) inset for details of the geometry).
The building blocks were affixed to the paper substrate to
construct the different planar structures shown in figure 1, with
the centre-to-centre separation between the neighbouring balls
being 28 mm except in the random case. Two identical double-
ridged waveguide horn antennae (RHODE & SCHWARZ
HF906) were employed as the microwave generator and
receiver, which were 68 cm apart from each other. An
S-parameter network analyser (HP Agilent 8720ES) was
connected to the horns to measure the transmission spectrum
in the range of 0.7–18 GHz. The ball-array structures were
placed on top of a rotary stage, 15 cm from the receiving horn.

3. Results and discussions

The transmission at normal incidence of TEM waves for
samples with different configurations of the ball arrangements
was measured and the results are plotted as open circles in
figures 1(a)–(e), where the data are normalized with respect
to the free space spectrum. The plate constructed with only
foam balls was used as the control sample. It can be seen
from figure 1(a) that the fluctuation for the control sample was
within ±1 dB, which indicates that both the paper substrate
and the foam balls are totally transparent in our testing range.
Figure 1(b) shows the transmittance of EM waves for the
ball arrangement with a square lattice. In order to get a
clear picture of the stop band position, the band edge is
identified as the frequencies where the transmittance value
is −5 dB and, consequently, the middle frequency of a stop
band can be defined as fc = (f− + f+)/2, where f− and
f+ are frequencies for the lower edge and the upper edge,
respectively. Four stop bands can be identified and are marked
as A, B, C and D, with their middle frequencies located at
1.57 GHz, 5.57 GHz, 9.41 GHz and 11.2 GHz, respectively.
The maximum rejection at these stop bands decreases when
the frequency increases. All such salient features can be
detected in the structures with hexagonal (figure 1(c)) and
quasicrystal (figure 1(d )) patterns. We note that the same

Frequency  (GHz)

Tr
an

sm
itt

an
ce

 (
dB

)

(a)

(b)

(c)

(d)

(e)

0 2 4 6 8 10 12 14 16 18

Figure 1. The transmittance at normal incidence of TEM waves for
(a) a control sample, (b) a square lattice structure, (c) a hexagonal
lattice structure, (d ) a quasicrystal-structure and (e) a random
configuration, with E parallel to the ring plane and H
perpendicular to it. The inset of (d ) shows the normal
transmittance of the quasicrystal structure when H is parallel
to the ring plane and E is perpendicular to it. The open circles
represent the experimental measurements and the solid lines
represent the simulations.

phenomena could be observed for the structure where the
balls were randomly distributed (see figure 1(e)). One thing
that should be emphasized here is that these band gaps were
measured when the TEM mode microwave was normally
incident on the samples with the magnetic field perpendicular
to the ring plane. However, there exists no band essentially
in any structure if the incident magnetic field is parallel to the
ring plane (see figure 1(d ) inset for the quasicrystal-structure
case) since there is neither electric nor magnetic coupling of
EM waves to the ring resonators at this polarization. In figure 1
the principal stop band has almost the same middle frequency,
∼1.7 GHz, regardless of the configuration, which indicates that
such a stop band is mainly dictated by the characteristics of
the building block, i.e. the individual ball. In sharp contrast to
the principal stop band, all the auxiliary stop bands are more
sensitive to the configuration. In other words, the auxiliary
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Figure 2. The distribution of the resonant current envelope on the
ring at frequencies A, B, C and D of figure 1(b). In the grey scale
plot, white represents a large amplitude and black represents zero
amplitude. The background colour is irrelevant here; the black
contour is the exterior of the ring; the arrow indicates the current
direction at a fixed time; the positive and negative signs represent
the charges.

stop bands are not only determined by the building blocks but
also by the interactions among them.

In order to understand the band gap properties of the ring
resonator, the transmission responses of these structures were
studied using an approximate analytical formula and the FDTD
numerical method. After deducting the gap from the perimeter
of a split ring, the resonant frequencies, fn, for a separate ring
resonator are formulated as [26]

fn = nc

(2πr − g)
√

εeff
, (1)

where n is a positive integer, c is the speed of light in vacuum,
r is the radius of the Al ring, g is the size of the gap and εeff

is the effective dielectric constant. For the square lattice in
figure 1, εeff = 5.85 is chosen to fit the first stop band position.
The following resonant frequencies are 4.8, 9 and 11.2 GHz,
which roughly match the measured values of these band gaps.
The value of εeff depends on both the structure of the metal
elements and the supporting medium in the building block,
and the resonant structure usually gives rise to a considerable
εeff , due to resonance nature, despite the tiny volume fraction
of metals. It should be noted that only odd numbers n can
satisfy the resonance condition [26].

FDTD is employed here for our simulations due to its
reliability in analysing the propagation of EM waves in PBG
materials [27]2. In the simulations, we first built planar lattices
2 Simulations were performed using the software package CONCERTO 3.1,
developed by Vector Fields Limited, England, 2003.
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Figure 3. The normal transmittance of the 30 cm × 30 cm × 10 cm
paper box after it is shaken from time to time, where the ring
resonators are randomly packed.

consisting of ring resonators and then let a plane wave with a
specified polarization direction be incident upon them. For the
microwave frequency, we treated aluminium as a perfect metal
and extracted the transmission spectrum from the S-parameter
calculation. The simulation results, drawn in solid lines in
figure 1, can be seen to agree well with the experimental curves.
The stop bands A, B, C and D can be understood from the
resonant current distributions obtained in the calculations, as
illustrated in figure 2. For the principal band A, the current
is seen to have the distribution of the first harmonic mode
along the circumference of the ring. At both sides of the
gap, i.e. two ends of the ring, the charges of the opposite sign
accumulate, producing the capacitance for the fundamental
mode resonance, while the inductance in the equivalent LC
circuit is basically the ring [24]. Because both are formed
inside the ring itself, the mode resonance is self-supported,
which leads to a robust gap that is determined by the building
block and is hardly affected by its neighbours. For the auxiliary
bands, the third, fifth and seventh harmonic modes are excited
(see figure 2). It can be noted that more and more current
nodes appear along the ring. These nodes act like charge
reservoirs and store either positive or negative charges during
resonances. In figure 2 the oscillating charges and currents at
a fixed time are explicitly drawn for the third harmonic mode.
The split gap and two nodes divide the ring into three segments
where the resonant currents are flowing. Consequently, there
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Figure 4. The normal transmittance for a one-layer stack, a
two-layer stack, a three-layer stack and a four-layer stack of a
square lattice structure. The bandwidth–middle-frequency ratio
(�f/fc) and the maximum rejection are shown in the insets.
The open circles represent the experimental measurements
and the solid lines represent the simulations.

are inter-ring capacitances formed between a ring’s node and
its neighbours’ nodes with opposite charges, in addition to the
intra-ring capacitance in the gap. The resonant electric fields
concentrated into the capacitances change their distribution
accordingly when the structure varies from square lattice to
random, since the inter-ring capacitances of a ring are related
to its surroundings. Thus, the auxiliary bands shift somewhat
with the lattice configuration, and meanwhile their rejections
become weak with decreased filling ratio (the area per sphere
is a2 for a square lattice, 1.3a2 for a hexagonal pattern, 1.5a2

for a quasicrystal and 2.4a2 for random, where a = 28 mm),
as seen in figure 1. However, the band A, as a fundamental
excitation, is expected to survive in any arrangement of
building blocks. This can be confirmed by putting the balls
in a box (30 × 30 × 10 cm3 in volume) in which all the balls
are randomly packed and measuring the transmittance of EM
waves through the box after shaking it from time to time. The
measured results in figure 3 show that the band gap appearing at
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Figure 5. The transmittance measured for a four-layer stack of
square lattice structures at incident angles of (a) 0˚, (b) 15˚, (c) 30˚
and (d ) 45˚.

a low frequency (∼1.7 GHz) remains unchanged which is just
the lowest resonant mode. At higher frequencies, the band gaps
from the high-order resonances exhibit complex structures, for
instance the enormous twin rejection bands at ∼4 and ∼5 GHz
in the third curves. This is understandable, taking into account
the fact that the balls in the box are completely randomized
and the resultant transmittance is the hybridization of several
effects: multilayer, off-normal incidence and orientations of
the ring, which are discussed as follows.

The normal transmission of one- to four-layer stacks of
square lattice structures is depicted in figure 4, where the open
circles and solid lines denote the experimental and simulation
results, respectively. It can be seen that both the width and
the maximum rejection increased when more layers of the
same structure were packed together to form a stack. The
bandwidth–middle-frequency ratio (�f/fc) and the maximum
rejection are shown in the insets of figure 4. (The stop band
edge is set as the frequency where the transmittance is −10 dB.)
All these are the simple consequence of piling multiple PBG
layers together. However, the feature of the individual gap
evolving into a serration with increasing layers might be
attributed to the coupling of EM fields between layers in both
the in-phase and out-of-phase senses [22]. The transmission
measured at off-normal incidence is shown in figure 5 for a
four-layer stack of square lattices, where the principal stop
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(a)

(b)

Figure 6. The measured (◦) and calculated (——) transmittance at normal incidence of TEM waves for a square lattice structure, into
which the resonators are arranged in a way that the ring plane is parallel to the paper substrate with the gap pointing (a) right and (b) down.
E is polarized along the horizontal axis and H along the vertical axis.

band is almost static, while the auxiliary bands undergo a
frequency shift with the incident angle.

Figure 6 shows the transmittance of the square array
of ring resonators for another orientation. Instead of being
aligned perpendicular to the paper substrate, the ring plane
was arranged parallel to the paper substrate, with the gap
openings pointing right and pointing down. Both were arranged
in a square lattice structure, and the plane wave was
normally incident on them with the E vector polarized in
the horizontal direction. Under the illumination condition,
no magnetic coupling resonance can be excited, as the incident
magnetic field is in-plane with the ring. For the case of the
gap pointing to the right, as shown in figure 6(a), one stop
band is identified at 3.7 GHz with rejection −15 dB, while two
bands can be detected at 1.8 GHz and 5 GHz with maximum
rejection −20 dB and −14 dB, respectively, if the gap is
directed downwards (figure 6(b)). The simulation reveals the
resonant current distribution of these three bands. The 1.8 GHz
and 5 GHz bands in figure 6(b), which are found to be the
first and third harmonic excitations, have the same current
map as the A and B bands in figure 1(b) and, consequently,
the band gap positions are consistent with bands A and B.
The consistency of the auxiliary bands in figure 1(b) and
figure 6(b) implies that high-order modes should be electric
coupling resonances. The band appearing at 3.7 GHz, shown
in figure 6(a), when the ring resonator has mirror symmetry
with respect to the incident E field is proved to be a second
harmonic resonance with one node lying at the arc opposite
to the gap. We may think that such a resonant frequency is
almost two times the fundamental one. It is worth noting that
the high-order modes of the ring resonator are induced by the
normal incident TEM mode, i.e. zero-order EM waves, and

it is not necessary to require an oblique angle of incidence in
order to excite them [24].

4. Conclusion

We measured the transmission spectra of a single SRR under
various types of arrays and different orientations with TEM
wave illuminating. We found that the band gaps that originate
from different resonant modes localized in the ring have a
distinct response to the array type of ring resonators. We
discovered that the lowest resonance, self-supported by the
intra-ring capacitance, gives rise to the principal stop band,
which depends only on the individual building blocks rather
than on the block arrangement. It has been pointed out that
the negative µ comes from this resonant mode, and our study
here shows the mode is very stable to structural periodicity.
However, the remaining auxiliary bands, induced by high-
order resonances and appearing in the higher frequency regime,
are more sensitive to the configuration of the block array. The
bands are also found to be broadened and further attenuated
when more layers of identical planar structures are piled up.
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