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The turn ratio, coupling space between sections, and substrate permittivity effects on spilt ring resonator (SRR) are investigated.
The analysis of the presented SRR with respect to the effects of substrate and number of gaps per ring to further characterize
its peculiarities is experimented with miniaturized capability as our intent. Six different SRRs were designed with different turn
ratios, and the sixth is rectangular microstrip patch centre-inserted. Different numbers and gap sizes are cut on the SRRs while the
gap spacing between the conductors of the SRR was varied to determine their effects taking cognizance of the effects of different
substrates.The designs were investigated numerically using 3D finite integration technique commercial EM solver, and the resulting
designs were prototyped and subsequently measured. Findings indicate that the reflection coefficient of the MSRR with centre-
inserted patch antenna is better compared to MSRR without the patch antenna irrespective of the laminate substrate board, and so
is its gain.

1. Introduction

Theexplosive growth in the demand forwireless communica-
tion and information transfer using mobile phone, satellites,
and personal communications devices has created the need
for advanced antenna design technology. Microstrip planar
antennas are smart solutions for compact and cost effective
wireless communication systems, in particular due to its
significant attractive features of low profile, light weight,
easy fabrication, low volume, low profile, ease of integration
with printed circuit boards, low power handling capability
of printed circuits, and conformability to mounting hosts
[1]. Thus, these types of antennas are flexible due to their
conformability. As such, smaller antennas are feasible based
on the electrodynamics of the patch antenna, though they are
limited by their electrical length, in particular the conven-
tional patch antenna.

SRR and its derivatives have been one of the burning
issues on antenna miniaturization at microwave and mil-
limeter wave systems in recent times. One very notable
attribute that makes SRRs stands out is the increasing need

for the optimum usage of space in modern microwave
circuits. High Q, low cost, and low radiation loss are extra
additives that makes them common technology for filter
designs [2–6], antenna design [7–11], and recently applicable
in metamaterials [12, 13].

Theoretically, SRR structure exhibits the most common
negative permeability characteristics. When the alternating
magnetic field is applied perpendicular to the SRR plane,
the electromagnetic feature of the SRR can be excited by a
time-varying magnetic field with a nonnegligible component
applied parallel to the ring axis. This will form a resonant
circular current in the ring or rings and hence dictate the
resonant frequency. It therefore behaves like a magnetic field
driven by inductor and capacitor (𝐿𝐶) resonant tanks that are
externally driven by the magnetic field [14].

Hence in a rectangular multiple SRR (MSRR), the con-
ductor trace with opposite sides of the SRR may be treated
as coupled line sections. The total inductance is the sum
of self-inductance of the sections and the mutual induc-
tance between the turns on assumption that the magnitude
and phase of the current across the sections are constant.
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On the other hand, SRR has maximum electric field density
near the slit and, interestingly, the nature and the intensity of
the fringing fields between the gaps, and also the number of
rings determines the nature and the strength of the coupling.
Ironically, the SRR has themaximum electric charge densities
at the gap edges with opposite signs, whereas the current flow
is optimum along the ring ribs opposite to the rib.

Therefore the effect of the magnetic field excitation at
the perpendicular plane of the SRR with respect to its
electromagnetic feature vis-à-vis, its resonance frequency,
and the spacing between the parallel coupled sections and
the effect of electric field intensity near the slits are examined
in this work. Much more, the nature and the extent of the
fringing field with respect to different dielectric substrate are
investigated.

2. Materials and Methods

The proposed SRR structure consists of 𝑁 number of con-
centric split ring resonators to obtain magnetic resonances
at distinct frequencies. The value of each frequency can be
adjusted by changing the design parameters such as the
metal width (𝑤) and gap size (𝑔) for each ring as well as
ring to interrings spacing (𝑑). As a result, increasing the
number of rings (𝑁) will increase the resonance frequency.
Self-inductance also increases when the side length of the
metal ring increases with a corresponding decrease in the
𝐿𝐶 resonance frequency of the resonator, as corroborated by
Turkmen et al. [15].

The frequency response of the SRR is obtained using (1),
where 𝐿

𝑇
represent the total equivalent inductance while 𝐶eq

represent the equivalent capacitance.The𝐿
𝑇
value is obtained

by using (2a), whereas 𝐶eq is obtained using (2b) [16]:
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where ℓ = 8𝑎ext−𝑔,𝐶0 = (4𝑎avg−𝑔)𝐶pul, and, 𝑎avg = 𝑎ext−𝑤−
𝑑/2. 𝐶

0
is the series capacitance between two adjacent rings,

𝐶pul is the capacitance per unit length of the ring, 𝛾 constant
(= 2.853) for wire loop of square geometry, and 𝑔 is the slit
gap, whereas 𝑑 is the gap between the rings. The equation
to calculate 𝐶pul is stated in (3) while (4) defines the gap
capacitance (𝐶

𝑔
) between the slits, whereas 𝜀

𝑟
is the relative

dielectric permittivity of the substrate,𝑍
0
is the characteristic

impedance (set at 50Ω), and 𝑐 is the speed of light
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The dimensions of the SRR were determined using the above
equations with 𝑔 = 3mm, 𝑑 = 0.3mm, and 𝑤 = 0.5mm.
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Figure 1: Topology of the proposed SRR.

Figure 1 depicts the geometry of the SRR, Figure 2 is the
proposed designs simulated using 3M EMmicrowave solver,
and Figure 3 is the fabricated designs of the propose design.
The optimized prototypes of the proposed were photoetched
on (1) Roger duroid laminate microwave substrate of per-
mittivity (𝜀

𝑟
) of 3.38, height of 0.813mm, and metallization

of 35 𝜇m; (2) duroid permittivity (𝜀
𝑟
) of 6.45, height of

2.5mm, and metallization of 35 𝜇m; (3) FR4 epoxy substrate
of permittivity (𝜀

𝑟
) of 2.4, height of 1.6mm, andmetallization

of 35 𝜇m; and, finally, (4) FR4 of permittivity (𝜀
𝑟
) of 4.4,

height of 5mm, and metallization of 35 𝜇m. The resulting
designs were tested using the HP 8720D (50MHz–20GHz)
network analyzer in order to measure the reflection coeffi-
cients, the antenna impedance, and the voltage standing wave
ratio (VSWR). For this measurement process, HP 8720D
(50MHz–20GHz) network analyzer was used to measure
the reflection coefficient, resonant frequency, bandwidth,
and input impedance. For bandwidth measurement, −10 dB
point was used to determine the range of frequency. Prior
to measurement, a kit is required to calibrate the network
analyzer at the frequency required for one port only. The
recorded data from the network analyzer measurement was
plotted and compared with simulated results.The connection
configuration of the network analyzer is shown in Figure 4(a).

The radiation pattern characteristics of these fabricated
antennas represent graphically their radiation properties as a
function of space coordinates.These properties are the power
density, radiation intensity, field strength, directive phase, and
polarization.

The measurement of the radiation patterns was done
using HP 83620B (10MHz to 20GHz) signal generator,
transmitting antenna, a rotating machine, and Agilent 8565E
(9KHz–50GHz) spectrum analyzer, whereas each antenna
under measurement (AUT) was attached to the rotating
machine where the AUT acts as a receiving antenna.
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Figure 2: The proposed SRR designs (a)𝑁 = 2, (b)𝑁 = 3, (c)𝑁 = 4, (d)𝑁 = 5, (e)𝑁 = 6, and (f)𝑁 = 2 patch inserted.

(a) (b) (c)

(d) (e) (f)

Figure 3: The fabricated SRR designs (a)𝑁 = 2, (b)𝑁 = 3, (c)𝑁 = 4, (d)𝑁 = 5, (e)𝑁 = 6, and (f)𝑁 = 2 centre patch inserted.

The transmitting antenna used is a standard dipole antenna.
Both receiving and transmitting antenna were placed such
that both of them were aligned with each other. The nor-
malized input power data of each 10∘ was subsequently used
to plot radiation pattern on the polar graph for each of the
designed antennas. The measured radiation patterns were
finally compared with the radiation patterns from the 3D EM
simulated results. The measurements were done two times
for each antenna design. First, the copolarization in the 𝐸
plane was measured. Both the receiving and transmitting
antennaswere placed in vertical positionswhere the receiving
antenna was rotated 360∘ while the measured data was

recorded. The next step was to measure the copolarization
in the 𝐻-copolarization. Both receiving and transmitting
antennas were placed in horizontal positions. Then the
receiving antenna was rotated 360∘ while the measured data
was recorded.Then, normalized input power data for each 10∘
was used to plot radiation pattern on the polar graph for each
of designed antennas. The testing arrangement for gain mea-
surement is the same as in Figure 4(b). According to IEEE
Standard Test Procedures for Antennas, ANSI/IEEE Std 149-
1979, themost commonly employedmethod for antenna gain
measurement is gain-transfer (gain-comparison) method.
This technique utilizes a gain standard antenna to determine
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Figure 4: Equipment setup measurement. (a) Reflection coeff. (b) Radiation pattern and impedance matching.

the absolute gains. The procedure requires two sets of mea-
surements. In one set, using the test antenna as receiving
antenna, the received power (𝑃

𝑇
) was recorded. In the other

set, the test antenna was replaced by the standard gain
antenna and the received power (𝑃

𝑆
) was recorded. In both

sets, the geometrical arrangement wasmaintained intact, and
the input power was maintained the same. This method is
deployable both in the anechoic chamber and in open space.
Equation (5) was used to calculate the gain of the AUT as
follows:

(𝐺
𝑇
)dB = (𝐺

𝑆
)dB + 10 log10 (

𝑃
𝑇

𝑃
𝑆

) , (5)

where 𝐺
𝑇
is the gain of tested antenna, 𝐺

𝑆
is the gain of

standard antenna, 𝑃
𝑇
is the power received by tested antenna,

and 𝑃
𝑆
is the power received by the standard antenna.

Equation (5) can be written as
𝐺
𝑇 (dB) = 𝑃

𝑇 (dBm) − 𝑃𝑆 (dBm) + 𝐺𝑆 (dB) . (6)
If the test antenna is circularly or elliptically polarized,
gain measurements using the gain-transfer method can be
accomplished by at least two different methods. One way
would be to design a standard gain antenna that possesses
circular or elliptical polarization. This approach would be
attractive in mass productions of power-gain measurements
of circularly or elliptically polarized antennas (ANSI/IEEE
Std 149-1979, 1979).The other way would be to use a standard
linearly polarized antenna. Thus, the gain of the AUT has
to be measured in two orthogonal orientations. In these
types of measurements, the first method would require a
standard known gain helical antenna.However, this is outside
the scope of our work seeing that the propose designs are
linearly polarized.The effects of number of turns (𝑁), gap size
(𝑔), and inter-ring spacing (𝑑) and, finally, effect of different
substrates permittivity (𝜀

𝑟
) were examined both experimen-

tally and through numerical method. These effects were first
parametrically investigated using 3D EM commercial solver
and, secondly, were investigated analytically.The findings are
presented in Section 3.

3. The Results and Discussions

Figure 5 depicts the simulated and measured reflection
coefficient of the multiple SRR (MSRR) with respect to
different substrates. Figure 5(a) is the simulated frequency
pattern, whereas measured frequency response is shown in
Figure 5(b). Table 1 summarizes the performance profile of
the proposed based onRoger duroid 4003C substrate. Figures
5 and 6 are similarly based on the same substrate. The
resonance occurred at an average frequency of 12.4GHz as
against 12GHz target frequency with an average differential
of 3.33% notwithstanding the value of the turn ratio (𝑁). The
reflection coefficients are also reasonable and agreed to a large
extent.

The input impedances are largely resistive andmarginally
reactive. Therefore, instead of storing energy, the electro-
magnetic energy is properly radiated as supported by the
reasonable gain exhibited by the designs across the numbers
of turn ratios (𝑁). The standing wave ratios (VSWR) are also
commensurate and appropriate. It is observed that resonance
occurred at 12GHz for 𝑁 = 2 in both simulated and
measured patterns.

In particular, it is observed that, as𝑁 > 2, the frequency
responses shift to the right hand, indicating higher frequency
though with a marginal value of 0.3 GHz. By antenna theory,
the only feasible reason for this is if a smaller size dimension
is obtained. On the contrary, the aperture size becomes larger
as𝑁 increases. In Figure 5(b), the shift was left hand side by
an amount equal to 0.5 GHz. Seeing that these observations
contradict themselves when comparing both simulated and
measured frequency patterns, it is definitely certain that there
is another factor that could be responsible other than aperture
effect. It was observed that as inter-ring spacing 𝑑 decreases,
the coupling becomes stronger and the reflection coefficient
improves significantly. In effect, this also shifts the frequency.
In addition, the fringing fields’ effect is experienced at the
gap ends of the gap edges, which inadvertently increases the
effective length of the SRR conductor trace, thus shifting the
frequency as a result. Much more, the conductor trace forms
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Table 1: The performance results of the propose.

Parameters Output results
𝑁 = 2 𝑁 = 3 𝑁 = 4 𝑁 = 5 𝑁 = 6 Average

Centre freq., GHz 12.38 12.34 12.39 12.43 12.44 12.396
Reflection coeff., 𝑆

11
(dB) −23.53 −24.16 −25.1 −24.59 −25.68 −24.612

Input impedance, Ω 46.68 + 𝑗0.4 49.4 + 𝑗0.1 44.94 + 𝑗0.6 50.23 + 𝑗0.4 50.67 + 𝑗0.3 48.384 + 𝑗0.36

Gain (dBi) 6.55 6.58 6.59 6.59 6.93 6.698
VSWR 1.14 : 1 1.13 : 1 1.12 : 1 1.12 : 1 1.11 : 1 1.124 : 1
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Figure 5: The proposed SRR designs: (a) simulated and (b) measured.

lumped inductance with magnetic field effect and as such
the inductive contribution. The gaps between the rings also
form the capacitive effects and thus their respective capacitive
contributions.This value increases as the turn ratio increases.
In effect, these properties affect the performance of these
designs significantly.

In Figure 6, the simulated and measured radiation pat-
terns across the impedance bandwidth of 11.5–12.4GHz are
presented in both 𝑥𝑧- and 𝑦𝑧-planes. In all, the sole maxima
occurred at the boresight, and the radiated energy in all is
generally directional, though marginal values of back lobes
in few of the patterns were noticed. It is noted that the
gain of the antennas increases with increases in the number
of rings (𝑁). There are not any established findings where
variance of gap size (𝑔) and inter-ring spacing (𝑑) influences
the gain in any way. Ironically, the effects of gap size (𝑔) on
resonance frequency with respect to different substrate are
demonstrated in Figure 7, whereas the effects of inter-ring
spacing (𝑑) on resonance frequency with respect to different
substrate are depicted in Figure 8.

In both figures, the numerical results using 3D EM com-
puter simulation, theoretical results, and experimental results
using the stated equations are plotted in order to compare
the level of agreement. In Figure 7, resonance responses vary
marginally with varying gap sizes and are most noticeable for
substrate with substrate dielectric constant of 3.38 notwith-
standing the resonant frequency of consideration. Similar
observation was noticed in Figure 8 but much significant for

Table 2: The performance results of the propose.

Number of
gaps/rings

Varied
gap size (mm)

Turn ratio
𝑁

Simulated
𝑆
11

1 0.25 2 −23.58

1 0.50 3 −24.16

1 0.75 4 −24.59

1 1.00 5 −25.68

1 1.25 6 −24.61

substrate with substrate dielectric constant of 6.42 as inter-
ring spacing increases. Similar observation was noticed for
substrate with substrate dielectric constant of 2.40.

Table 2 also summarizes the effects of the number of
gap sizes on the reflection coefficients. Finding indicates that
neither the numbers of turn ratios (𝑁) nor the number of
gap sizes (𝑔) per turn influences the reflection coefficients
significantly.

4. Conclusions

The effects of turn ratio (𝑁), gap size (𝑔), inter-ring spacing
(𝑑), and, finally, the dielectric constant of the substrate (𝜀

𝑟
)

were examined both analytically and numerically. These val-
ues were varied and the resulting designs were fabricated on
four types of substrates, namely, Roger duroid 4003C, 6010,
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Figure 6: Continued.
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Figure 6: The simulated and measured radiation pattern of the proposed SRR. (a)𝑁 = 2, (b)𝑁 = 3, (c)𝑁 = 4, (d)𝑁 = 5, (e)𝑁 = 6, and
(f)𝑁 = 2 patch inserted.
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Figure 8: The effect of interring spacing (𝑑) on the resonance
frequency.

and Epoxy FR4with dielectric constants of 2.4 and 6.42.Their
respective effects on the designed antennas were investigated
using numerical solution (via computer simulation) and
theoretical formulas. Findings indicate that (1) the reflection
coefficients are affected by neither the number of turn ratios,
the gap size, nor the number of gap sizes per turn; (2) the
gain improves as the turn ratio increases, whereas the gain
of the centre-inserted patch proves to be better; and (3)

the resonance frequency shifts away from the frequency of
consideration as the gap sizes vary.
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