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FREQUENCY RESPONSE
OF SPLIT-RING RESONATORS AT DIFFERENT
TYPES OF EXCITATIONS IN Ka-BANDUDC 537.6

The frequency response of split-ring resonators (SRRs) at different types of excitations in the
Ka-band has been investigated. The constructive parameters of SRRs are obtained from the
electromagnetic simulation. Two unilateral and two bilateral samples of SRRs are experimen-
tally investigated at the magnetic or electric excitation and a combination of both types of
excitation. In order to get the widest resonance band, it is necessary to use a combination of
magnetic and electric excitations. The resulting resonance width is 10 GHz. It is demonstrated
that bilateral structures, despite the theoretical assumptions, may get a residual electric reso-
nance. Since the depth of the resonance is less than -6 dB, it can be neglected, but the influence
of combining two excitations must be taken into account.
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1. Introduction
Metamaterials are a bright example how a purely the-
oretical assumption [1] can evolve in a very promis-
ing technology, which finds applications to many
fields of science and technology, in particular, to
optics [2, 3] and microwave technique [4, 5]. Some
promising research directions are as follows: mask-
ing objects (to avoid the detection by radars) [6],
plasma simulation [7], antenna design [8], overcom-
ing the diffraction resolution limit in coventional op-
tics [9, 10], various filters [11–13], etc. Among all va-
riety of metamaterials were chosen 𝜇-negative struc-
tures, namely, SRRs. SRRs are common structures
for the design of filters [11–13], creation of artifi-
cial environments, where negative values of effec-
tive magnetic susceptibility can be achieved [14], and
substrates in antennas [8]. Their popularity is ex-
plained by a relative simplicity of design and the
availability of materials that are used in their manu-
facture. Among the disadvantages are the lack of tun-
ability, although several constructive solutions, which
are based on SRR and have tunable properties, are
known [15, 16].

The majority of works devoted to this topic in the
microwave range deal with a narrow frequency band
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from 1 to 15 GHz [4,6,11–13]. The interest in this fre-
quency subrange is explained by its prevalence and
a relatively ease fabrication of samples. The typical
size of a resonator can be estimated as 𝜆0/10, where
𝜆0 is a resonance wavelength. The requirements of
the manufacturing precision proportionally increase
with decreasing the sample size. This imposes an ad-
ditional restrictions on the material of the substrate,
because the dispersive effects should not affect the
measurement in a working frequency range. The Ka-
band (26.5–40 GHz) was chosen. This range is begun
to develop for the satellite communication. The losses
in the atmosphere for this range are greater than for
other widely used, but occupied bands. This range is
also used in radiolocation at short distances.

The aims of this work are the calculation of pa-
rameters of SRRs, by using the electromagnetic sim-
ulation, and their experimental investigation at the
magnetic or electric type of excitation and their com-
bination.

2. Split-Ring Resonators.
The Calculation of Constructive Parameters

SRRs were first proposed in [2]. A SRR consists of
metallic split rings printed on a microwave dielec-
tric circuit board. There are two types of excita-
tion: magnetic and electric. When a resonator is ex-
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cited by a time-dependent external magnetic field
directed perpendicularly to the plane of rings, the
cuts on each ring force the electric current to flow
from one ring to another one across the slots be-
tween them, taking the form of a strong displace-
ment current. Some types of SRRs can be excited
by an electric field, which is located in the plane
of cuts [5]. The motion of charges leads to the for-
mation of an electric dipole in this case. The SRRs
with inverse symmetry have no electric excitation
[5, 17]. The case where the SRR has two types of
excitation is called the cross-polarization effect. This
effect can be considered as negative, because the
frequency response of the resonator will depend on
its position relative to the electric field. But, in
such a way, the frequency response can be con-

Fig. 1. Unilateral SRRs: EC-SRR (a); R-SRR (b). Metal-
lizations are in white, and the dielectric substrate is hatched

trolled in a small range (as compared to the tunable
resonators).

There are many variations of SRRs [5, 18]. The
following types of SRRs were chosen for the study:
edge-coupled SRR (EC-SRR) (Fig. 1, a) [5], rectan-
gular SRR (R-SRR) (Fig. 1, b) [6], broadside coupled
SRR (BC-SRR) (Fig. 2, a) [17, 19], and double BC-
SRR (DB-SRR) (Fig. 2, b) [19]. The first two struc-
tures are unilateral, the last two are bilateral. The
EC-SRR was proposed among the first ones, but now
they have not lost their actuality [20]. The R-SRR is
easiest to make as compared with EC-SRR, because
it has fewer parts. The R-SRR were used in the cre-
ation of artificial media, in which it is possible to
hide an object from radars [6]. Those structures have
a cross-polarization effect.

Fig. 2. Bilateral SRRs: BC-SRR (a); DB-SRR (b). Metal-
lizations are in white, and the dielectric substrate is hatched
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Fig. 3. Image of a part of DB-SRR

The BC-SRR [17] and DB-SRR [19] were proposed
to avoid a cross-polarization effect. Those resonators
consist of a dielectric substrate with metal strips on
both sides. They do not possess a bianisotropy, be-
cause they have a mirror symmetry. In other words,
the cuts in strips are located on opposite sides.

There are two different methods to determine the
constructive parameters of SRRs: electromagnetic
simulation and equivalent-circuit model. The main
idea of the second method is that the resonator is
replaced by an equivalent circuit, and the further cal-
culations are carried out like the case of a conven-
tional LC-circuit. The calculation of a resonance fre-
quency within this method can be found in works [5,
21, 22]. The main advantage of this approach is a rel-
atively simple calculation (with the use of any math-
ematical package including special Struve and Bessel
functions). This calculation has no sufficient accuracy
for the practical use in the Ka-band. Therefore, a lot
of simplifications are made. Actually, the SRRs in the
equivalent-circuit model is a system of resonant cir-
cuits. But, in such case, the calculation is quite dif-
ficult. However, in some cases, the accuracy may be
quite acceptable, and this approach finds its applica-
tion [5]. There is a risk that much of the resonance
curve will be outside the working frequency band of
measuring devices for the Ka-band. It is also possi-
ble to explore the behavior of the SRR at different
types of excitation, namely the distribution of fields,
currents, etc., by using the electromagnetic simula-
tion. This method was chosen for the determination
of constructive parameters of the resonators.

The software AWR Desing Environment 9.0.4847,
package Microwave Office, was used in calcula-
tions. The electromagnetic simulation use Maxwell’s
equations for the determination of device character-
istics, given its physical geometry. In addition, this
method is free from restrictions of the equivalent-
circuit model, because it uses a fundamental equa-
tions. However, the simulation time increases expo-
nentially with the complexity of a structure. There-
fore, it is important to minimize the complexity of
the structure without loss of accuracy at the ac-
ceptable duration of a simulation. In the electromag-
netic simulation, the Galerkin method in the spec-
tral field was applied. The following design parame-
ters were obtained for the EC-SRR: the external ra-
dius 𝑟ext = 0.6 mm, inner radius 𝑟0 = 0.3 mm, width
of rings 𝑐 = 0.1 mm, permittivity of the substrate
𝜖 = 2.2, thickness of the substrate 𝑡 = 0.125 mm, and
cell size of 1.5×1.5 mm. As a result, we obtained the
resonant frequency 𝑓0 = 32.2 GHz and the bandwidth
Δ𝑓 = 2.44 GHz. More details of the calculation can
be found in [23].

We used RT/duroid 5880 for dielectric substrate
with the following parameters: permittivity – 2.2±
± 0.02 (at 10 GHz), loss-angle tangent – 0.0009 (at
10 GHz), and thickness – 125 𝜇m. The thickness of
the metallization is 17 𝜇m. The size of each sample is
4.5× 4.5 cm (Fig. 3).

The production accuracy of samples is ±25 𝜇m.
The dependence of the resonance frequency on speci-
fied deviations of the design parameters can be es-
timated using Microwave Office. The following re-
sults were obtained for R-SRR: the deviation of
the width of one strip causes the deviation of the
resonance frequency by ±0.5 GHz; gap width –
±0.9 GHz. The following results were obtained for
BC-SRR: strip width – ±0.3 GHz; gap width –
±0.2 GHz; displacement of the rings relative to each
other – ±0.1 GHz. The absorption at the resonance
frequency and the resonance width deviate by less
than 1%. However, it should be noted that, for the ob-
servation of these changes of the resonance frequency
experimentally, we need to change the relevant de-
sign parameters simultaneously in all resonators in
the structure. Therefore, an accidental variation in
design parameters of SRRs in our experiments leads
to a broadening of the resonance curve. But the de-
vices based on SRR can be made on the basis of sev-
eral resonators, so this factor must be considered.
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3. Experimental Results and Discussion

The experimental setup comprises fabricated sam-
ples, microwave generator with working frequency
band 26–37 GHz, attenuation and SWR meter, ADC
and PC for the signal visualization. Our samples were
placed between two microwave horns to create a de-
sired distribution of the electromagnetic field. For the
excitation of samples, the TEM wave was used. The
TEM wave was chosen, because the structures, which
are based on SRRs, can be used to hide objects from
the external probing radiation. However, the losses
were about 12 dB, which increases a measurement

Fig. 4. Frequency response of unilateral SRRs: EC-SRR (a),
R-SRR (b). Thick solid line for the magnetic excitation, thin
solid line for the electric excitation, and dash line for their
combination

error. The foam holder was made to fix the sam-
ples. The effect of the holder on measurements was
taken into account by measuring the baseline wi-
thout SRR.

The measurements were made for several posi-
tions of the structure, i.e. at different types of exci-
tation. The magnetic excitation was obtained, when
the magnetic field was perpendicular to the plane of
the structure, and the electric field was parallel to the
cuts in the rings (or strips). The magnetic and elec-
tric excitations were obtained, when the structure was
turned by 90 degrees (without changing its spatial ori-
entation). The electric excitation was obtained, when

Fig. 5. Frequency response of bilateral SRRs: BC-SRR (a),
DB-SRR (b). Thick solid line for the magnetic excitation, thin
solid line for the electric excitation, and dash line for their
combination
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the magnetic and electric fields were in the plane of
SRR, and the electric field was perpendicular to the
direction of cuts.

The obtained frequency responses are presented at
Figs. 4 and 5. The comparison of the results obtained
by the electromagnetic simulation with experimental
data is presented in Table 1.

It should be noted that the electromagnetic simula-
tion gives a good results for the resonance frequency
𝑓0 for unilateral structures and acceptable ones (espe-
cially compared to the equivalent-circuit model) for
bilateral structures. Although the error for DB-SRR
is comparable with others. This can be explained by
the fact that this type of SRR is most difficult to man-
ufacture, and the small errors in teh locations of strips
that are opposite one another could lead to changes in
the frequency of several GHz, since the area of over-
lapping metallization layers is one of the main factors
that determine the resonant frequency. The determi-
nation of the resonance width Δ𝑓, by using the elec-

Table 1. Comparison of results
obtained by the electromagnetic simulation (EM)
and experimentally (Exp) at the magnetic excitation

SRR
type

𝑓0, GHz Δ𝑓 , GHz 𝐿0, dB Error for
𝑓0, %

EM Exp EM Exp EM Exp

EC 32.2 33 2.44 5.63 20.73 19.52 2.4
R 31.7 32.7 0.97 6.7 13.38 13.49 3.05
BC 31 29.43 1.05 7.75 18.02 19.7 5.33
DB 31.2 27.6 1.42 7.61 18.16 28.31 13

Table 2. Experimental results

SRR type Excitation type 𝑓0, GHz Δ𝑓 , GHz 𝐿0, dB

EC Mag. 33 5.63 13.49
Elect. 33.87 5.45 29.49

Mag.+Elect. 30.7 8.89 21.63

R Mag. 32.7 6.7 19.52
Elect. 34.06 5.74 29.5

Mag.+Elect. 30.34 >10 20.95

BC Mag. 29.43 7.75 19.7
Mag.+Elect. 29.42 6 26.39

DB Mag. 27.6 7.61 28.31
Mag.+Elect. 27.9 8.83 28.29

tromagnetic simulation, gives a too much error for
using these data for the quantitative analysis. They
can be used, with some caution, for the qualitative
analysis. A good agreement was obtained for the level
of absorption 𝐿0 at the resonant frequency.

The experimental results for the resonance fre-
quency and the width of the resonance band (at –
3 dB) are presented in Table 2. The artificial media,
in which an object is hidden from outer radiation
probe, require the resonators with the broadest reso-
nance band. A combination of two types of excitation
(magnetic and electric) is the best option for this pur-
pose. The most promising in this regard is R-SRR,
where the bandwidth is greater than 10 GHz. As was
noted above, the resonance at the electric excitation
in bilateral structures is absent, but the resonance
curve at a combination of two types of excitation is
noticeably different from the curve at the magnetic
excitation. This fact should be considered when de-
signing the devices based on this SRR.

4. Conclusions

In this paper, we have presented the frequency re-
sponses of four types of SRR at different types of ex-
citation (magnetic, electric, and their combinations).

It is shown that, for the widest resonance band, it
is the best to use such orientation of the structure,
where both magnetic and electric excitations are pre-
sent. This is because the frequencies for the magnetic
and electric excitations are not equal. The broadening
of resonance curves is obtained due to the interaction
of two oscillations with different resonance frequen-
cies. The difference between the resonance frequen-
cies in the structures, where the cross-polarization
effects are present is about 10%. This feature is usu-
ally not taken into account at frequencies of several
GHz. The difference between the resonance frequen-
cies of tens of GHz is already several GHz.

We have demonstrated that the bilateral struc-
tures, despite the theoretical assumptions, may get
a residual electric resonance. Since the depth of the
resonance is less than –6 dB, it can be neglected, but
the effect of a combination of two excitations must be
taken into account.
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ЧАСТОТНИЙ ВIДГУК ПОДВIЙНИХ
КIЛЬЦЕВИХ РЕЗОНАТОРIВ ПРИ РIЗНИХ
ТИПАХ ЗБУДЖЕННЯ В Ка-ДIАПАЗОНI

Р е з ю м е

У данiй роботi дослiджено частотний вiдгук подвiйних кiль-
цевих резонаторiв (ПКР) при рiзних типах збудження. Кон-
структивнi параметри ПКР були отриманi за допомогою
електромагнiтного моделювання. Два одностороннi та два
двостороннi зразки ПКР були експериментально дослiдже-
нi при магнiтному, електричному збудженнях та при їх ком-
бiнацiї. Було показано, що для отримання якнайширшої ре-
зонансної смуги потрiбно використовувати комбiнацiю ма-
гнiтного та електричного збуджень. Отримана ширина ре-
зонансу досягає 10 ГГц. Продемонстровано, що двосторон-
нi структури, попри теоретичнi припущення, мають зали-
шковий електричний резонанс. Оскiльки глибина резонан-
су менша за –6 дБ, то ним можна знехтувати, але потрiбно
враховувати вплив при комбiнацiї двох збуджень.

В.С.Черный, С.Л.Скрипка, О.Ю.Нечипорук

ЧАСТОТНЫЙ ОТКЛИК ДВОЙНЫХ
КОЛЬЦЕВЫХ РЕЗОНАТОРОВ ПРИ РАЗНЫХ
ТИПАХ ВОЗБУЖДЕНИЯ В Ка-ДИАПАЗОНЕ

Р е з ю м е

В данной работе исследован частотный отклик двойных
кольцевых резонаторов (ДКР) при различных типах возбу-
ждения. Конструктивные параметры ДКР были получены
с помощью электромагнитного моделирования. Два одно-
сторонних и два двусторонних образца ДКР были экспери-
ментально исследованы при магнитном или электрическом
возбуждении и при их комбинации. Было показано, что для
получения широкой резонансной полосы нужно использо-
вать комбинацию магнитного и электрического возбужде-
ний. Полученная ширина резонанса достигает 10 ГГц. Про-
демонстрировано, что двусторонние структуры, несмотря
на теоретические предположения, имеют остаточный эле-
ктрический резонанс. Поскольку глубина резонанса мень-
ше –6 дБ, то им можно пренебречь, но нужно учитывать
влияние при комбинации двух возбуждений.
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