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Abstract: In this study, the effects of the position and the gap orientation of the split ring resonator (SRR) structure,
which is applied as a superstrate, on transmission characteristics (i.e. |S21|) are investigated numerically and experi-
mentally. For that purpose, the left edge of the transmission line has been designated as the reference line and the SRR
structure is shifted towards both left and right for three different gap orientations. Subsequently, |S21| characteristics
of the SRR structure having several substrate thicknesses and several substrate dielectric constants are investigated
parametrically for three different gap orientations. The results reveal that the position and the gap orientation of the
SRR structure have effects on the amplitude and the resonance frequency observed in S21 . Moreover, it has been
observed that the substrate thickness and the dielectric constant of the loaded SRR have significant effects on S21 in
terms of amplitude and the resonance frequency. Lastly, transmission, reflection, and power distribution plots together
with radiation patterns are investigated for three gap orientation cases to reveal power distribution mechanism. In
general, this study verifies the literature, combine the analyses as a whole for fairer comparison due to the fact that the
analyses have been concerned on the same characterization setup, and fill the gaps by completing the missing analyses.
This comprehensive study is believed to be a useful guide for researchers in their studies conducted on sensor and filter
designs.

Key words: Split ring resonator, microstrip transmission line, resonator loaded transmission line, transmission charac-
teristics, split ring resonator position, split ring resonator gap orientation

1. Introduction
Metamaterials are artificial structures that present negative electrical permittivity and negative magnetic
permeability [1]. The commonly used resonator structure in metamaterial designs, the split ring resonator
(SRR), was proposed by Pendry et al. in the late 20th century [2]. The SRR is currently a popular structure
that is used in sensor [3–11], filter [12–14], absorber [15, 16], electromagnetic induced transparency [17, 18],
antenna [19, 20], and other applications. It is commonly excited by microstrip transmission lines (MSTL) in
sensing [3–11] and filtering [12–14] applications.

The position and the gap orientation of the SRR with respect to the transmission line are important
parameters that affect transmission characteristics (i.e. |S21|) [13, 21–24]. In the literature, the position
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[13, 21, 22] and the gap orientation [23, 24] of the SRR with respect to the transmission line on transmission
characteristics were investigated in separate studies.

In this study, an SRR loaded MSTL configuration was studied to investigate the effects of the position,
the gap orientation, and the substrate thickness of the SRR on the transmission characteristics on the same
characterization setup in whole with additional and detailed parametric analyses. To investigate the SRR
position with respect to the MSTL on transmission spectrum, the analyses were conducted for two different
shift directions (i.e. shift to the left and shift to the right relative to MSTL). The position analyses were
repeated for three different gap orientations of the SRR in simulations and in experiments. Subsequently, the
effects of SRR substrate thickness and dielectric constant on transmission characteristics, while keeping the SRR
position as constant, were investigated for several substrate thicknesses and three different gap orientations in
simulations. In addition, the SRR sensitivities on the dielectric constants of dielectric loadings were investigated
in a comparative manner for three different gap orientations. Lastly, transmission, reflection, and power
distribution plots are investigated together with radiation patterns for three gap orientation cases to figure
out power distribution mechanism.

As the contributions to the existing studies in the literature, in this study, the position and the gap
orientation of the SRR structure were investigated together in whole and the effect of SRR substrate thickness
and substrate dielectric constant on the transmission characteristics were investigated in detail for three different
gap orientations. Besides, the effects of gap orientations on the sensitivity were studied for sensing applications.
Finally, the power distribution mechanism was discussed in terms of the delivered power to the ports, the
dissipated power in the structure, and the radiated power.

The preliminary results of this study has already been published as a national conference paper in Turkish
[25]. This study presents significant extensions including additional analyses and discussions.

2. Design
The schematical views and the design parameters of the designed MSTL and the SRR, which is placed as a
superstrate on MSTL, are shown in Figure 1a. The MSTL is composed of three layers; a copper ground at the
bottom, a dielectric substrate in the middle, and a copper transmission line at the top. An FR4 type dielectric
substrate material was used in common for the MSTL and the SRR at the first stage. Note that the dielectric
constant of the SRR substrate (εr ) and its height (hr ) were set as variables for further parametric analyses. The
copper (σcu = 5.8×107 S/m) and the dielectric thicknesses were defined as t = 0.035 mm and h = hr = 1.5 mm,
respectively. The dielectric properties of the substrate were retrieved by the implementation of Nicolson-Ross-
Weir method [26, 27] in our laboratory by using S-parameters measurements and the properties were determined
to be εr = εrt = 4.53 and tanδ = 0.01 at 3.7 GHz. The MSTL sizes were designed as Lx×Ly = 80 × 100

mm2 . The copper line width wf were calculated to be 2.75 mm for 50 Ω characteristic impedance by using
CST Studio Suite®1 impedance calculation tool; however, it was modelled as wf = 2.87 mm (corresponds to
approximately 49 Ω characteristic impedance) in simulations, since the fabricated MSTL had wf = 2.87 mm
line width due to fabrication errors. The square-shaped SRR had metallic side length ls = 9.2 mm, line width
ws = 1.1 mm, gap with g = 1 mm, square-shaped SRR substrate side length Ls = 11 mm, and substrate
height hr = 1.5 mm. The parameter ϕ presented in Figure 1a was used to define the gap orientation and it
took three values from 0◦ to 180◦ with a 90◦ step-size in counter-clockwise direction. To define the position of

1CST STUDIO SUITE®, Dassault Systèmes, the 3DEXPERIENCE® Company (online). Website www.3ds.com/products-
services/simulia/products/cst-studio-suite/ [accessed 30 December 2021].
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the SRR on MSTL, s and sr parameters were defined as shown in Figure 1a. The photograph of the fabricated
structures is shown in Figure 1b. The black dots in the photograph (on the right of the SRR) are a scale to
position the SRR, composed with 1 mm step width. During the simulations and experiments, the left edge
of the wf -thick copper line was defined as the reference line (0 mm line). The SRR structure was shifted
to left with s and shifted to right with sr parameters to observe the effects on |S21| characteristics. While
shifting towards the right, the SRR structure was lifted up to as much as the transmission line thickness (t) in
simulations to avoid coincidence of the SRR structure with the metallic transmission line. In the design, the
SRR and the MSTL were fabricated separately (i.e. in different layers), and no adhesive material was used in
between them since both structures had planar interfaces and the final design was placed parallel to the earth’s
crust. The fabrication of the SRR on a different layer compared to the MSTL allowed all investigations (i.e. all
shifting cases including three different gap orientations) possible with a single production. However, coplanar
designs were also studied in simulations to complete the picture and provide a comparison. All investigations
were conducted on the fundamental resonance mode of the SRR.
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Figure 1. Microstrip transmission line (MSTL) and SRR structure. (a) Schematic views and the design
parameters. (b) A photograph of SRR-loaded MSTL from the top view.

3. Simulations and experiments

The designs and the numerical analyses were conducted by commercial CST Studio Suite® software frequency
domain solver. The simulation setup is shown in Figure 2. During the simulations, the space surrounding the
structure was terminated by open boundary conditions and MSTL was excited by two waveguide ports at each
end. The dimensions of the waveguide ports were determined and automatically constructed by the “calculate
port extension coefficient” tool of CST Studio Suite®. For quasitransverse electromagnetic (quasi-TEM) mode

propagation, the wave vector −→
k , the electric field vector −→

E , and the magnetic field vector −→
H are along −y -,

z -, and −x - axes, respectively [28].
For the experimental measurements, MSTL was terminated by 50 Ω SMA type connectors at each end

as shown in Figure 1b. The excitation of the MSTL and S -parameter measurements were performed by Agilent
FieldFox N9926A vector network analyzer. The network analyzer was calibrated by SOLT (short-open-load-
thru) calibration technique before the measurements.
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Figure 2. The simulation setup for the SRR-loaded MSTL.

4. Results
Firstly, |S11| (reflection) and |S21| (transmission) graphs for unloaded (i.e. SRR not deployed) MSTL were
obtained for both simulations and experiments. The results are shown in Figure 3. The reflection coefficient is
observed to be almost below −25 dB for all frequencies under interest. On the other hand, the transmission
is around −1 dB level, which is assumed to be due to the use of a relatively lossy substrate. The experiments
agree well with the simulations.
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Figure 3. |S11| and |S21| plots of the unloaded MSTL obtained by simulations and experiments.

Subsequently, the effects of the position of the SRR with respect to the MSTL on |S21| characteristics
were investigated for three different gap orientations. Firstly, the SRR was shifted to the left by using the
parameter s , where it was changed from s = 0 mm to 5 mm with 1 mm steps. Herein, the parameter s

specifies the distance between the reference line and the SRR as depicted in Figures 1 and 4. The corresponding
simulation and experiment results are shown in Figure 4. The results reveal that as s increases, corresponding
|S21| value observed at the f0 resonance frequency (i.e. the frequency which |S21| makes a dip) increases
for each gap orientation. Moreover, the resonance strength obtained for each s value decreases as ϕ tends to
increase to 180◦ from 0◦ . It has been figured out that the decrease in the resonance strength depending on the
increase in s is due to the decrease in the coupling between the SRR and the transmission line. As it can be
observed in Figures 4e and 4f, for ϕ = 180◦ case, no resonance is observed in simulations and experiments for
s = 3 mm and beyond; therefore, |S21| plots are almost overlapped. In addition to that, f0 shifts to the left
for ϕ = 0◦ case and shifts to the right for ϕ = 90◦ and ϕ = 180◦ cases as s increases.
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Figure 4. |S21| plots for several s values. (a) ϕ = 0◦ simulation, (b) ϕ = 0◦ experiment, (c) ϕ = 90◦

simulation, (d) ϕ = 90◦ experiment, (e) ϕ = 180◦ simulation, and (f) ϕ = 180◦ experiment. The insets show
the SRR shift towards the left for three gap orientation cases.

Secondly, the effects of SRR position on |S21| characteristics were investigated by the parameter sr for
again three gap orientations, where sr specifies the distance between the reference line and the SRR as depicted
in Figures 1 and 5. For that purpose, the SRR was shifted to the right, where sr was changed from 1 mm to
13 mm with a step-size of 1 mm. The related simulation and experiment results are shown in Figure 5. The
white dots in Figure 5 represents the resonance frequency f0 . Figure 5 reveals that changing sr both changes
f0 and |S21| . Especially for the cases ϕ = 0◦ and 180◦ , f0 is highly dependent on sr . On the other hand,
obtaining stronger resonances are possible with changing the value of sr . For example, in simulations, |S21|
value at f0 for ϕ = 0◦ and ϕ = 180◦ cases reach −10 dB levels, and it reaches to −14 dB level for ϕ = 90◦

case. As observed in Figure 5, the resonance strength reaches its maximum for ϕ = 0◦ at around sr = 3 mm,
for ϕ = 90◦ at around sr = 3 mm and sr = 11 mm, and for ϕ = 180◦ at around sr = 11 mm. It was figured
out that the coupling between the SRR and the transmission line are the maximum at these specific cases.

Throughout the study, the simulation and the experiment results agree very well. The small discrepancies
may be due to fabrication errors, possible errors that may occur during the substrate dielectric property
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Figure 5. Two-dimensional |S21| graphs and f0 values for several sr values and gap orientations. Herein,
white dots represent f0 values. (a) ϕ = 0◦ simulation, (b) ϕ = 0◦ experiment, (c) ϕ = 90◦ simulation, (d)
ϕ = 90◦ experiment, (e) ϕ = 180◦ simulation, and (f) ϕ = 180◦ experiment. The insets show the SRR shift
towards the right for three gap orientation cases.

retrieval, the unwanted connector/adapter losses used in the experiments, and tiny errors which may occur
in the alignment/positioning of the SRR on the MSTL.

Furthermore, the effects of the thickness of the SRR substrate on the transmission characteristics were
investigated for the cases where SRR was positioned on the metallic transmission line. For the analyses, at
sr = 3 mm, the SRR substrate thickness hr was increased from 0.5 mm to 3 mm with a step-size of 0.5

mm without changing the remaining SRR substrate parameters. sr = 3 mm was chosen since it was the shift
parameter where the strongest resonances were observed for all gap orientation cases. The simulation results for
ϕ = 0◦ , 90◦ and 180◦ are presented in Figures 6a–6c, respectively. The results show that the |S21| value at f0

increases (i.e. the resonance strength decreases) as hr increases for each gap orientation. This is an expected
result since the metallic part of the SRR structure moves further and further away vertically from the metallic
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transmission line as hr is increased; therefore, the coupling between the SRR and the MSTL decreases. Not
only the amplitude, but also f0 gets affected in response to increase of hr for each gap orientation case. For
ϕ = 0◦ orientation, f0 shift to the left up to hr = 1.5 mm, and it shifts to the right after hr = 1.5 mm. For
ϕ = 90◦ and 180◦ orientations, the shift is to the right for all hr values under investigation. The shift ∆f0

in f0 is observed to be highest for ϕ = 180◦ and it is lowest for ϕ = 0◦ . Besides, ∆f0 decreases when hr

increases for three gap orientation cases. Herein, the responses of f0 are different in each gap orientation, due
to the different coupling mechanisms between the SRR and the MSTL.
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Figure 6. |S21| graphs for several hr values at sr = 3 mm and for three different gap orientations. (a)
ϕ = 0◦ , (b) ϕ = 90◦ , and (c) ϕ = 180◦ . |S21| graphs for several hr values at s = 0 mm and for three different
gap orientations. (d) ϕ = 0◦ , (e) ϕ = 90◦ , and (f) ϕ = 180◦ .

To complete the picture, the effects of the thickness of the SRR substrate on the transmission character-
istics was also investigated for the cases where SRR was not positioned on the metallic transmission line. For
the analyses, the SRR was positioned at s = 0 mm, where the resonance strength is the highest, and hr was
increased from 0 mm to 3 mm with a step-size of 0.5 mm again without changing the remaining SRR substrate
parameters. The results are shown in Figures 6d–6f for ϕ = 0◦ , 90◦ , and 180◦ , respectively. In the literature,
SRR is commonly positioned co-planarly with the transmission line, i.e. hr = 0 mm [3–14, 21, 23, 24]. However,
Figures 6d–6f show that designing the SRR as a separate layer with a nonzero hr (i.e. for hr = 0.5 mm in Fig-
ures 6d and 6e and hr = 1 mm in Figure 6f) increases the resonance strength compared to the hr = 0mm case.
For all three cases, further increase in hr decreases the resonance strength. On the other hand, increasing hr

increases f0 . Therefore, designing the SRR as a separate layer provides the flexibility of adjusting its position
and gap orientation which may result in tuning the resonance strength and f0 . These responses may be used
in a position sensing application.

Subsequently, the effects of the dielectric constant of the SRR substrate (εr ) on |S21| were investigated.
For that purpose, εr was swept from 2 to 5 with a step-size of 1 for three gap orientations and several substrate
thicknesses (i.e. hr = 0.5, 1, 1.5, 2, 2.5 , and 3 mm). The simulation results are given in Figure 7. For each gap

2532



KARACAN et al./Turk J Elec Eng & Comp Sci

orientation, increasing εr decreased f0 ; moreover, as hr increases, the amplitude of |S21| at f0 is increased
for all values of εr under consideration. In addition, f0 increases as hr increases at ϕ = 90◦ and ϕ = 180◦ for
all εr values; however, the increment amount in f0 reduces as εr increases. On the other hand, for εr = 2 , f0

increases as hr increases and for εr = 3 and beyond, f0 firstly decreases then increases at ϕ = 0◦ . The results
confirm that f0 and the amplitude of S21 both depend on the SRR substrate thickness and the dielectric
constant for the three gap orientations.
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Figure 7. |S21| graphs for various hr and εr values at sr = 3 mm for three gap orientations. For εr = 2 (a)
ϕ = 0◦ , (b) ϕ = 90◦ , and (c) ϕ = 180◦ . For εr = 3 (d) ϕ = 0◦ , (e) ϕ = 90◦ , and (f) ϕ = 180◦ . For εr = 4 (g)
ϕ = 0◦ , (h) ϕ = 90◦ , and (i) ϕ = 180◦ . For εr = 5 (j) ϕ = 0◦ , (k) ϕ = 90◦ , and (l) ϕ = 180◦ .
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Moreover, the effects of gap orientation on the sensitivity, which is important for sensor applications
[7, 8, 29], were investigated. For that purpose, the SRR position was kept constant at sr = 3 mm and it
was loaded by three different dielectric materials which completely cover the upper surface of the SRR. Hence,
the side lengths of the dielectric loadings were Ls = 11 mm the thickness were 0.762 mm. The dielectric
materials were chosen as Arlon AD255A (εdiel = 2.55 and tanδ = 0.0015), Arlon AD300A (εdiel = 3 and
tanδ = 0.002) and Arlon AD350A (εdiel = 3.5 and tanδ = 0.003). The simulation results are shown in
Figures 8a–8c. Figure 8 reveals that f0 decreases in response the dielectric constant increments of the dielectric
loadings (εdiel ). However, the shifts ∆f0 of f0 are nearly the same for the three gap orientations. The results
show that the choice of gap orientation has no meaningful effect on the sensitivity to dielectric loadings.
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Figure 8. |S21| graphs of SRR structures loaded by Arlon AD255A (εdiel = 2.55 and tanδ = 0.0015), Arlon
AD300A (εdiel = 3 and tanδ = 0.002) and Arlon AD350A (εdiel = 3.5 and tanδ = 0.003). (a) ϕ = 0◦ , (b)
ϕ = 90◦ , and (c) ϕ = 180◦ . Herein, sr = 3 mm, hr = 1.5 mm, εr = 4.53 , and tanδ = 0.01 .

Lastly, the power distribution mechanism was examined in simulations for ϕ = 0◦ , 90◦ , and 180◦ cases
at sr = 3 mm and hr = 1.5 mm. In the analyses, to observe the power radiated, the boundaries were
terminated by open (add space) boundary conditions. The results are shown in Figure 9. In more detail, the
absorption, reflection, and transmission plots for ϕ = 0◦ , 90◦ , and 180◦ cases are presented in Figures 9a–9c,
respectively. The absorption is calculated by 1 − |S11|2 −|S21|2 formula where |S11|2 represents reflectance
and |S21|2 transmittance [30, 31]. Herein, the calculated absorption value includes both the dissipated power
in the structure, and the power radiated from the structure. In other words, it consists of the dielectric losses,
metallic losses, and the radiated power [32, 33]. To confirm that the power distribution plots obtained by CST
Studio Suite® are presented in Figures 9d–9f for ϕ = 0◦ , 90◦ , and 180◦ cases, respectively. In the figures,
Power Stimulated refers to the total power at which the overall structure (including the MSTL and the SRR) is
excited, the Power Outgoing all Ports refers to the power delivered to the ports (i.e. reflected and transmitted
power), Power Accepted refers to the accepted power from the overall structure (regarding dielectric losses,
metallic losses, and radiation), Power Radiated refers to the radiated power from the overall structure, and Loss
in Dielectrics and Loss in Metals refer to the lost power in the dielectric and metallic inclusions of the overall
structure, respectively2. In the light of this information, Figures 9d–9f show that some power incident to the
overall structure is reflected, some is transmitted, some is dissipated in dielectric and metallic parts, and very
little of it is radiated. Finally, antenna gain plots at the corresponding f0 values are calculated and shown in
Figures 9g–9i for ϕ = 0◦ , 90◦ , and 180◦ cases, respectively. Supporting the low calculated Power Radiated

2CST STUDIO SUITE®, Dassault Systèmes, the 3DEXPERIENCE® Company (online). Website www.3ds.com/products-
services/simulia/products/cst-studio-suite/ [accessed 30 December 2021].
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values (Figure 9d–9f), the maximum antenna gains are obtained as −4.76 dB, −1.49 dB, and −3.5 dB for
ϕ = 0◦ , 90◦ , and 180◦ cases, respectively. The results show that the designs do not act as radiation elements.
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Figure 9. Absorption, reflection, and transmission plots for (a) ϕ = 0◦ , (b) ϕ = 90◦ , and (c) ϕ = 180◦ . Power
distribution plots for (d) ϕ = 0◦ , (e) ϕ = 90◦ , and (f) ϕ = 180◦ . Radiation patterns in terms of antenna gain
for (g) ϕ = 0◦ , (h) ϕ = 90◦ , and (i) ϕ = 180◦ . Herein, sr = 3 mm, hr = 1.5 mm, εr = 4.53 , and tanδ = 0.01 .

5. Conclusion
In this study, the effects of SRR position and its gap orientation (i.e. ϕ = 0◦ , 90◦ and 180◦ ) with respect to
the MSTL on the transmission characteristics are investigated numerically and experimentally. For the first
case, it has been observed that the resonance strength decreases as the SRR shift distance to the left (s)
increases, while the resonance frequency f0 is slightly changed. Moreover, the resonance strength decreases as
ϕ is increased form 0◦ to 180◦ . The resonance even disappears at ϕ = 180◦ for s = 3 mm and beyond. In the
second case, it has been observed that f0 and the S21 amplitude at f0 are very sensitive to sr . During these
analyses, stronger resonances have been obtained when the SRR is just above the metallic transmission line due
to stronger coupling between the SRR and the MSTL. It has been also revealed by the parametric analyses that
the coupling is highly dependent on the SRR substrate thickness hr . The amplitude of S21 at f0 increases
with the increase of hr for the three gap orientation cases under consideration. Moreover, f0 has been observed
to be highly dependent on the substrate dielectric constant for the three gap orientations. Furthermore, the gap
orientation has no meaningful effect on the sensitivity of the SRR in response to the dielectric loadings. Lastly,
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the power distribution mechanism has been investigated, and it has been observed that some of the incident
power is reflected, some is transmitted, some is dissipated in dielectric and metallic parts, and negligible part
is radiated. It has been seen as an important observation that designing the SRR as a separate layer provides
a simplicity in terms of adjusting its position and gap orientation, and it may provide an advantage in terms of
S21 amplitude with a proper setting of hr value. It is believed that this comprehensive study will be a quick
guide for researchers working on sensor and filtering applications whose designs are based on MSTL-loaded
resonators.
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