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In this work, transmission characteristics of rectangular split-ring resonators with
single-split and two-splits are analyzed at microwave frequencies. The resonators
are coupled with monopole antennas for excitation. The scattering parameters of
the devices are investigated under different polarizations of E and H fields. The
magnetic resonances induced by E and H fields are identified and the differences
in the behavior of the resonators due to orientations of the fields are explained
based on simulation and experimental results. The addition of the second split of the
device is investigated considering different configurations of the excitation vectors. It
is demonstrated that the single-split and the two-splits resonators exhibit identical
transmission characteristics for a certain excitation configuration as verified with
simulations and experiments. The presented resonators can effectively function as
frequency selective media for varying excitation conditions. C 2015 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4935910]

I. INTRODUCTION

Metamaterials are artificially engineered structures that exhibit unique properties such as hav-
ing negative values of permittivity and permeability simultaneously in a specific frequency band,
resulting in negative values of index of refraction.1–3 These structures usually operate at resonance
and their resonant frequencies depend highly on the geometry of the structure. Metamaterials have
been demonstrated in a wide range of frequencies, spanning from GHz to optical frequencies4 for
various applications such as cloaking,5,6 super lenses,7,8 sub-diffraction focusing,9 perfect absorp-
tion,10 and biosensing.11–16 Split-ring resonators (SRR) are among the basic building blocks to
realize metamaterials.17 SRRs are thin metallic rings or square loops with a split on top of a dielec-
tric substrate. SRRs are one of the first metamaterial-based microwave resonators whose geometries
are smaller than the wavelength of exciting electromagnetic waves.18

So far, different designs have been introduced in the field of metamaterials and the most
conventional ones are circular and rectangular split-ring resonators. These are investigated regard-
ing different performance parameters such as sensitivity for sensing applications. Rectangular de-
signs are capable of providing higher sensitivity when they are employed for sensing applications.19

Furthermore, rectangular resonators are more suitable for miniaturization and dense packing as
compared to circular structures.19 In addition, some modifications have been introduced to conven-
tional designs such as fabricating multi-gap rectangular or circular split-ring resonators. It is shown
that additional gaps to the structures prevent magnetic resonance due to the induced current by the
electric field.20–22 In addition, the resonant frequency usually shifts towards higher values.

In this paper, we present rectangular split-ring resonators that operate at microwave frequen-
cies. We investigate resonators with a single-split and two splits. Our findings indicate that these
resonators can exhibit the same frequency response under specific circumstances, which is counter-
intuitive. In section II, we explain the structure and present the design of the device. We present the
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FIG. 1. The schematic of the proposed device.

results of device characterization in section III. We discuss the results in section IV and conclude
the studies in Section V.

II. STRUCTURE AND DESIGN OF THE RESONATORS

The device is composed of a 35 µm-thick metallic rectangular loop on a 0.8 mm thick FR-4
substrate as shown schematically in Figure 1. Two types of devices are defined with a single split
(Figure 1(a) and two splits (Figure 1(b). Side A and side B of the outer rectangle are 30 and 60 mm,
respectively. The width, w, of the loop is 6 mm and the gap of the split, g, is 2 mm.

We modeled the resonators with different boundary conditions using commercially available
electromagnetic simulation software (CST Studio Suite, Darmstadt Germany). First, the wave vec-
tor, k⃗, is aligned with the x-axis (see Figure 1), electric field (E⃗) and magnetic field (H⃗) vectors are
aligned with the y-axis and the z-axis, respectively. The results of the simulation for the single-split
resonator are shown in Figure 2. Magnetic field is perpendicular to the loop, so it supports circu-
lating current along the conductive path. In addition, electric field is polarized along the gap that
also contributes a circulating current. The combined effect results in the first resonant frequency,
which can be identified as magnetic resonance at 0.65 GHz. The vectors for current density at this
frequency are shown in Figure 2(b). The second resonant frequency is observed at 3.28 GHz, which
is identified as an electric resonant frequency due to the electric field aligned along the side B of the
resonator. The distribution of the electric field at this frequency is shown in Figure 2(c).

In the second setting, E⃗ is aligned with the x-axis, k⃗ and H⃗ are aligned with the y-axis and
the z-axis, respectively. The resultant spectrum of s21 for the single-split resonator is shown in
Figure 3(a). In this case, magnetic field is perpendicular to the loop similar to the previous setting.
This results in a resonant behavior that supports a circulating current along the conducting path.
Consequently, the first resonant frequency is observed at 0.61 GHz and the current field distribution
for this resonance is plotted in Figure 3(b). The first resonant frequency for this setting is almost
the same with the one for the first setting. However, the electric field is now along the x-axis and
is polarized along the side A of the resonator. This supports a certain circulating current pattern
as will be explained for the third setting (see Figure 4). The magnetic resonance is induced due to
the combinatory effect of the electric and the magnetic field. The resonant frequency is 1.14 GHz,
for which a density of current vectors as shown in Figure 3(c). So, changing the polarization of
the electric field and the propagation vector results in an additional magnetic resonance. The third
resonant frequency is due to electric resonance at 3.73 GHz. At this frequency, the electric field is
aligned along with the side A of the resonator as shown in Figure 3(b).

In the third setting, E⃗ is aligned with the x-axis, H⃗ and k⃗ are aligned with the y-axis and
the z-axis, respectively. The results of the simulation for the single-split resonator are shown in
Figure 4. Unlike the previous settings, the magnetic field is not perpendicular to the loop. Thus,
a circulating current stemming from the magnetic field is not expected in this case. However, the
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FIG. 2. a) s21 spectrum of the single-split resonator for the excitation setting shown in the figure. b) Distribution of the current
density at the first resonant frequency of 0.65 GHz. c) Distribution of the electric field at the second resonant frequency of
3.28 GHz.

electric field is polarized along the side A of the device. Left and right hand sides of the structure are
polarized with opposite charges at resonance and the presence of the split defines a symmetry axis
along the x-axis through the split. This results in two identical circulating current loops in opposite
directions in the upper and lower halves of the resonator as shown in Figure 4(b). The rectangular
shape of the resonator and relatively short length of side A support the circulation of the current
paths shown in Figure 4(b). The lengths of the current loops are shorter as compared to the previous
cases. Thus, the resonant frequency for the magnetic resonance is higher at 1.86 GHz. The second
resonant frequency of 4.73 GHz is due to the electric resonance as a result of electric field along
with the side A of the resonator.

In the forth setting, H⃗ is aligned with the x-axis, E⃗ and k⃗ are aligned with the y-axis and
the z-axis, respectively. The results of the simulation for a single-split resonator are shown in
Figure 5. Similar to the third setting, the magnetic field is not perpendicular to the device. So, circu-
lating current along the loop is not expected due to the magnetic field. However, the electric field
is polarized along the split, inducing a single path of circulating current in the loop. The resonant
frequency of this magnetic resonance is 0.81 GHz for which the distribution of current vectors is
shown in Figure 5(b). The first resonant frequency is 25% larger than the one obtained for the case
of magnetic field that is perpendicular to the loop (the first and the second settings), because of the
smaller length of the equivalent conductor path as observed in Figure 5(b). The second and the third
resonant frequencies are due to electric resonances. The distributions of the electric field for the
electric resonances are shown in Figure 5(c)-5(d).

All the simulation results obtained for the single-split resonator under different excitations are
summarized in Table I. The orientation for E, H and k vectors are defined with respect to the
coordinate axes and device orientation defined in Figure 1.
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FIG. 3. a) s21 spectrum of the single-split resonator for the excitation setting shown in the figure. Distribution of current
densities at b) the first resonant frequency of 0.61 GHz, c) at the second resonant frequency of 1.14 GHz. d) Distribution of
electric field at the third resonant frequency of 3.73 GHz.

Figure 6 shows the dependency of the resonant behavior to the orientation of the electric field.
Inset to the Figure 6, we define an angle θ between the electric field and the side B of the resonator.
An angle of zero degrees corresponds to the case of fourth setting (see Figure 5) whereas an angle
of ninety degrees corresponds to the case of third setting (see Figre 4). The first and the second
resonant frequencies shown in Figure 6 correspond to the magnetic resonances as explained before.
The third resonant frequency corresponds to the electric resonance. The magnetic resonances are
induced based on the presence of the electric field vector along the x-axis and the y-axis (see
Figure 1). For the extreme angles of zero and ninety, the electric field is aligned either along the
y-axis or the x-axis. So, only one of the magnetic resonances is excited. On the other hand, for an
oblique angle, the electric field has components on both axes that results in magnetic resonance
at both frequencies. The resonant frequencies for magnetic resonances are the same for different
orientations of the incident. We have observed a slight variation in the second resonant frequency
due to a change in the conduction path that is determined by the electric field vector along the
x-axis. On the other hand, the electric resonant frequency is varying with the angle as observed in
Figure 6. The frequency shifts with the effective conductor length along the direction of electric
field vector. The effective conductor length is the shortest for the angle of zero and this corresponds
to the largest resonant frequency.

In the fifth setting, two-splits resonator (see Figure 1(b)) was simulated. The resultant spectrum
of s21 for the two-splits resonator is shown in Figure 7(a) for a case where E⃗ is aligned with the
x-axis while H⃗ and k⃗ are aligned with the y-axis and the z-axis, respectively. The magnetic field
is not perpendicular to the resonator, preventing the occurrence of magnetic resonance due to a
circulating current. On the other hand, the electric field is along with the side A of the device. The
settings of the field vectors are the same with the third case presented in Figure 4. The first resonant
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FIG. 4. a) s21 spectrum of the single-split resonator for the excitation setting shown in the figure. b) Distribution of current
density at the first resonant frequency of 1.86 GHz c) Distribution of electric field at the second resonant frequency of
4.73 GHz.

frequency is at 1.87 GHz and the resultant distribution of current vectors is shown in Figure 7(b).
The frequency and the distribution of current vectors are identical with the results presented in
Figure 4. It is surprising to observe an identical response for a two-splits device as compared to a
single-split one considering the first resonant frequency. The resonators are functionally identical
considering the electric field polarization. The electric field supports two paths of circulating current
in opposite directions in bottom and top halves of both resonators. Hence, two virtual nodes are
defined along the x-axis passing through the split, regardless of the number of splits as verified in
Figure 4(b) and Figure 7(b).

III. EXPERIMENTAL CHARACTERIZATION

We fabricated the resonators on an FR4 substrate with a thickness of 0.8 mm utilizing standard
printing circuit board manufacturing techniques. The thickness of the metal lines is 35 µm. We used
a pair of monopole patch antennas with a length of 30 mm and a width of 3.5 mm to excite the
resonators. The distance between two antennas is 10 cm. We placed the resonators and the antennas
on an aluminum back plate that we used as a ground plane. We connected the antennas to a vector
network analyzer (Rohde and Schwarz, Munich, Germany) to obtain the transmission parameters.
The setup is shown in Figure 8. In this orientation, the propagation vector, k, is along the short sides
of the rectangle as shown in the figure.

The antennas have omnidirectional radiation pattern. Therefore, the location and the orientation
of the resonators between the antennas can be adjusted to excite the resonators in a desired setting.
Figure 9 shows the spectrum of s21 for the single-split resonator in a certain configuration where the
excitation is the same with the case explained in Figure 5. The simulated s21 spectrum of Figure 5 is
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FIG. 5. a) s21 spectrum of the single-split resonator for the excitation setting shown in the figure. b) Distribution of current
density at the first resonant frequency of 0.81 GHz. Distributions of electric field at c) the second resonant frequency of
2.59 GHZ and d) at 3.77 GHz.

also plotted in Figure 9 for convenience. The measured values of the resonant frequencies are 0.82
GHz, 2.1 GHz and 4.29 GHz. The first resonant frequency is due to the magnetic resonance because
of the electric field that is polarized along the gap of the device. The measured value is 1% larger
than the simulation result. The second and the third resonant frequencies are due to the electric
resonance as explained before. The measured value for the second resonant frequency is smaller
than the simulation result by 19%, whereas the measured value for the third resonant frequency is
higher than the simulation result by 14%.

Then, we changed the orientation of the single-split resonator to have the electric field aligned
with side A similar to the case explained in Figure 4. Figure 10 shows the spectrum of s21 in this
configuration. The simulated s21 spectrum of Figure 4 is also plotted in Figure 10 for convenience.
We observed a single resonance within 0-4 GHz range at 2.14 GHz. This corresponds to the mag-
netic resonance due to the electric field along side A. The measured value of the resonant frequency
is larger than the simulation result by 15%.

TABLE I. Summary of Simulation Results under Different Excitations.

Orientation 1st resonant frequency 2nd resonant frequency 3rd resonant frequency Corresponding Figure

k:x, E:y, H:z 0.65 GHz 3.28 GHz - Figure 2
E:x, k:y, H:z 0.61 GHz 1.14 GHz 3.73 GHz Figure 3
E:x, H:y, k:z 1.86 GHz 4.73 GHz - Figure 4
H:x, E:y, k:z 0.81 GHz 2.59 GHz 3.77 GHz Figure 5
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FIG. 6. s21 spectra of the single-split resonator for different orientations of the electric field.

We repeated this measurement configuration for the two-splits resonator and observed a very
similar spectrum of s21 as compared to the single-split device of Figure 10. The spectrum is shown
in Figure 11 with a single resonance at 2.12 GHz. This value is larger than the simulation result
of Figure 7 by 13%. The simulated s21 spectrum of Figure 7 is also plotted in Figure 11 for

FIG. 7. a) s21 spectrum of the two-splits resonator for the excitation setting shown in the figure, compared to that of Figure 4.
b) Distribution of current density at the first resonant frequency of 1.87 GHz.
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FIG. 8. The experimental setup.

convenience. The experimental results verify the resonance behavior of the single-split and two-
splits resonators are the same for the specific excitation configuration shown in Figure 4 and 7.

IV. DISCUSSION

An important conclusion of this paper as mentioned previously is that the two-split and
one-split rectangular rings can have identical behaviors under specific E field polarization. It can
be inferred from Figure 4 and Figure 7 that electric field generates two circulating current paths on

FIG. 9. Spectrum of s21 for a single-split resonator in an excitation setting similar to that of Figure 5. The measured values
of resonant frequencies are 0.82 GHz, 2.1 GHz and 4.29 GHz.
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FIG. 10. Spectrum of s21 for a single-split resonator in an excitation setting similar to that of Figure 4. The measured value
of resonant frequency is 2.14 GHz.

FIG. 11. Spectrum of s21 for a two-splits resonator in an excitation setting similar to that of Figure 7. The measured value
of resonant frequency is 2.12 GHz.
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top and bottom halves of the rings and thus generating two virtual nodes on long sides (side B, see
Figure 1) of each rectangle. So, the first resonant frequency, which is due to magnetic resonance,
is the same for both devices regardless of the number of splits. We presented the experimental
characteristics of these devices in Figure 10 and Figure 11 that show the experimental results are in
a good agreement with simulation results.

The discrepancies between resonant frequencies in experimental results and simulation results
vary from 1% in the case of magnetic resonant frequencies to 19% in the case of second electric
resonance in Figure 9. The possible sources of errors include the possibility of slight geomet-
rical differences between the fabricated rings and the simulated ones. Specifically, differences in
the effective path length shown in Figure 5(c) and 5(d) between the simulated and experimen-
tally characterized devices can result in a discrepancy between electric resonances as observed in
Figure 9.

We have used monopole antennas since they allow us to control different excitations in a single
setup by manipulating the position of the devices. Also, we can effectively couple these compact
antennas with the devices. However, because of omnidirectional radiation paths of these antennas,
it is difficult to have control in a very strict sense over the orientations of E and H fields and this
contributes to the minor divergence between the simulation and experimental results. In addition,
we have observed that the resonant dips in simulations are generally sharper than the ones in exper-
imental results indicating that the fabricated rings are lossier than the models used in simulation
settings.

V. CONCLUSION

In summary, we present modeling and experimental characterization results for rectangular
split-ring resonators with a single split and two-splits that operate at microwave frequencies be-
tween 1 and 5 GHz. Different excitation conditions are imposed on the resonators that result in
different resonance behavior. The orientation of the electric and the magnetic field determines
the resonant mode and the frequency as explained with electromagnetic simulations. We observe
magnetic resonance as a result of magnetic field perpendicular to the plane of the resonator. This
induces a circulating current pattern along the conductor of the resonator. A similar current pattern
is obtained when the electric field is polarized along with the gap of the resonator. We also observe
a different mode of magnetic resonance when the electric field is along with the short side of the
resonator. In this case, two different current paths with opposing current directions are present in
bottom and top halves of the resonator. The rectangular shape of the resonators supports this mode
of operation where two virtual nodes are defined along the gap of the resonator. We show that the
presence of the node and the paths of circulating current are the same for the two-splits resonator
with identical excitation conditions. We place the second split of the resonator exactly at the second
node so that the circulating current path is not altered. So, the magnetic resonance behavior of the
resonators is the same regardless of the splits on the structure for a certain excitation condition.
We fabricated the resonators on an FR4 substrate for experimental characterization and used a pair
of monopole antennas to excite the resonators. We verify the results of the simulations with the
experiments. The results are in good agreement with a maximum deviation of 19% between the
values of resonant frequencies. Experimental results show that the presented devices can effectively
function as frequency selective media for varying excitation conditions.
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